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This special issue is focused on promoting telerobotic 
remote handling technologies integrated with system 
engineering. Integration matters are particularly relevant 
in scientific facilities such as CERN (European 
Organization for Nuclear Research), GSI-FAIR (Facility 
for Antiproton and Ion Research), JET (Joint European 
Torus) and ITER (International Thermonuclear 
Experimental Reactor), where the complexity of these 
facilities require top-down analysis. 
 
Fourteen papers have been reviewed and accepted to this 
issue. These papers are related to specific topics 
concerning the application of robots in scientific facilities 
and how to integrate and schedule them in the lifecycle of 
scientific facilities, specifically as it relates to CERN and 
GSI. Three papers describe the primary maintenance 
tasks performed in these facilities and how robots are 
integrated within maintenance plans. Five papers focus  
 
 
 
 
 

on several topics around system engineering such as 
lifecycle processes and advanced planning techniques. 
Six more papers focus on matters related to telerobotics, 
mobile platforms and augmented reality techniques 
applied to maintenance tasks in scientific facilities. 
 
Papers published in this issue were produced by 
researchers participating in the PURESAFE (264336) ITN-
Marie Curie project funded by the Seventh Framework 
Programme. This network is led by Tampere University 
of Technology (TUT) in Finland in partnership with 
Universidad Politécnica de Madrid (UPM) in Spain, the 
Karlsruhe Institute of Technology (KIT) in Germany, the 
European Organization for Nuclear Research (CERN) in 
Switzerland, the Helmholtz Centre for Heavy Ion 
Research/Facility for Ion and Antiproton Research (GSI) 
in Germany, Oxford Technologies Ltd (OTL) in the UK 
and SenseTrix Ltd and bgator Ltd Finland. 
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Abstract Remote inspection, measurement and handling 
techniques are under development for use in CERN’s 
particle accelerator facilities to reduce radiation exposure 
of personnel and reduce facility downtime when 
scheduled maintenance or breakdown repairs are needed. 
This paper gives an explanation of the potential benefits 
to CERN of remote inspection, measurement and 
handling along with a brief history of remote handling 
work at CERN. Recent projects are then described, 
covering the development work and operations forming 
part of CERN’s recent remote inspection, measurement 
and handling activities. 

Keywords Tele-Operation, Radiation, Remote Handling, 
Remote Inspection, CERN 

1. Introduction 

In this introductory chapter we will briefly describe the 
CERN accelerator complex, explain the main radiation issues 
and their implications, and then provide some background 
information about remote system development at CERN.  

1.1 CERN accelerator complex 

CERN, the European Organization for Nuclear Research, 
is an intergovernmental organization with 20 Member 
States, based in Geneva. CERN’s mission is to enable 
international collaboration in the field of high-energy 
particle physics research; to this end it designs, builds 
and operates particle accelerators and the associated 
experimental areas. At present more than 10,000 scientific 
users from research institutes all over the world use 
CERN’s installations for their experiments. The 
accelerator complex at CERN includes a succession of 
machines with increasingly higher energies. The flagship 
of this complex is the 27-km-circumference Large Hadron 
Collider (LHC). The different machines making up the 
CERN accelerator complex are shown in figure 1. 

1.2 Radiation issues 

The majority of CERN’s accelerator beam lines are 
installed in approximately 50 km of underground 
tunnels; the earth above and around the tunnels provides 
radiation shielding. When particle beams are circulating 
in the machines, personnel access is not permitted for 
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radiation safety reasons. Collisions between the particles 
present in the circulating beams and the components 
making up the accelerators result in the accelerator 
components becoming radioactive to varying degrees. 
This means that even when the beams are no longer 
circulating, personnel access to certain areas of the 
accelerators is not possible until sufficient time has 
passed for the radiation levels to reduce due to decay. 
The time needed for this decay varies and personnel 
access in some areas can be tightly restricted for periods 
of one year or more after the beam is stopped, whereas in 
other areas access can be made after a matter of minutes. 
The CERN Radiation Protection Group defines these 
access restrictions, and for certain zones a radiation 
protection technician has to enter the area to measure 
radiation levels to ensure they are low enough for repair 
or maintenance work to start.  

Figure 1. CERN accelerator complex  

The successful operation of the Large Hadron Collider 
(LHC) and its planned energy increases, along with 
developments in experiments such as ISOLDE (Isotope
Separator On Line Device), mean that radiation dose 
rates in some key facilities at CERN are increasing and 
will continue to increase. These radiation dose rate 
increases have implications for the maintenance and 
operation of these facilities, which often need personnel 
interventions for routine maintenance and investigation 
and repair of problems.  

CERN has safety structures and procedures in place to 
keep radiation exposure of personnel as low as 
reasonably achievable (ALARA) [1]. Interventions by 
personnel need to be carefully planned and assessed 
beforehand to ensure radiation doses are optimized.  

In the event of a breakdown, the first step for the 
accelerator operation and maintenance teams is to 
understand what has happened in order to plan and 
prepare for repair interventions. However, as explained 

above, it is not always possible for personnel to enter to 
carry out inspections until radiation levels have dropped. 

Remote inspection therefore offers the possibility for 
diagnosis to start before personnel access is possible; this 
allows earlier understanding of the problem and 
preparation of the repair and, as a result, reduced down 
time of high-value facilities. 

As remote techniques evolve, the possibilities to reduce 
the need for personnel to enter the radioactive zones to 
carry out inspection, measurements and handling are 
increasing. However, even when remote techniques can 
be applied, certain interventions will necessitate a 
combination of remote means and personnel access. This 
is because the level of dexterity required (when coupled 
with access difficulties) means that these interventions 
are beyond the abilities of currently available remote 
equipment.

1.3 Remote system development at CERN 

Remote handling development activities at CERN were 
initiated in the 1960s, with much work done throughout 
the 1970s and 1980s. [2]. This work included development 
of remote mobile inspection devices (Private Eye series), a 
remote mobile multi-purpose remote handling vehicle 
equipped with twin force-reflecting Mascot servo 
manipulators (Mantis) and a remotely operated custom-
designed mobile crane for ACOL (Antiproton Collector): 
the ACOL Service Vehicle. In addition, modular drive 
units were developed for custom geometry manipulator 
arms, along with tooling developments for specific tasks. 
Remote handling development activities were reduced in 
the 1990s during the construction of the LHC, as priority 
was placed on this flagship project.  

This paper concentrates on the remote systems 
development and operation work carried out in the 
period since the LHC installation was completed in 2007. 
Particular concerns common to all these projects are the 
need for high reliability, the risk of damage to delicate 
accelerator equipment and the need to carefully consider 
failure modes and recovery techniques in the event of 
breakdown of the tele-operated equipment in a radiation 
area. Space is often limited in underground areas because 
of the need to keep civil engineering costs down during 
construction. A major concern, due to the nature of 
CERN’s underground accelerator tunnel environments, is 
radio transmission for communication between the 
control station and the tele-operated equipment.  

CERN’s remote system development projects run from 
initial problem definition, studies and analysis using 
digital mock-ups, through building and commissioning 
to operation and further development. The work involves 
cooperation between the remote equipment developers 
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and operators, the teams responsible for the different 
types of accelerator equipment, the accelerator operations 
staff and the Radiation Protection Group. Whenever 
possible, commercially available equipment is used to 
meet project needs in order to keep development costs 
and times down. 

The recent projects described in this paper can be split 
into remote inspection and measurement and remote 
handling, as outlined below. 

Remote inspection and measurement: 
• LHC remote inspection train 
• LHC remote alignment survey train 

Remote handling: 
• ISOLDE robots 
• Collimator Exchange remotely operated Crane 
• LHC TAN mini cranes 
• Remote overhead travelling crane operation 
• Remotely operated vehicle (ROV) 
• Service vehicle Refurbishment. 

Details of these projects are given in the following 
chapters. 

2. LHC remote inspection train  

For the LHC tunnel, a remote inspection train has been 
developed that is capable of carrying out remote visual 
inspections as well as taking measurements of radiation 
and oxygen levels along the tunnel. The train runs on a 
monorail I beam secured to the roof of the tunnel. Early 
developments are described in [3]. Details of the issues 
considered and the work carried out over recent years are 
given below. 

2.1 Infrastructure  

Radiation in the LHC during operation is not compatible 
with the use of standard industrial electronics; however, 
once the particle beams have been dumped the radiation 
levels are compatible with the use of standard electronics 
for the train. A solution allowing the train to be built 
using commercial electronics yet enabling it to have 
immediate access to the LHC tunnel, before personnel 
access is permitted, was found by parking the train in the 
by-pass gallery around the CMS experiment.  

A key restriction on the train design was the need for it to 
be able to operate without any major modifications to the 
existing infrastructure. This means, for example, that the 
train can only communicate with the control room on the 
surface via a low bandwidth mobile phone network. 
Another constraint is the need for the train itself to have a 
small cross-section; this is necessary for it to be 

compatible with small openings in the sector and 
ventilation doors along the tunnel. See figure 2. 

In order for the train to be able to drive around the LHC 
it was necessary to implement hatches in the ventilation 
doors around the tunnel. These hatches must be closed 
except when the train needs to pass them, and must be 
able to withstand the pressure differences between the 
two sides of the ventilation panels.  

Figure 2. The train passing an LHC sector door 

In the event of a failure of the hatch control system, the hatch 
has to close. For safety reasons, the ventilation door and 
hatch design have to ensure that personnel can easily open 
the ventilation door even if the train is stopped halfway 
through the door. The solution used is based on vertically 
sliding hatches installed in the ventilation doors. The sliding 
hatches close the opening under the monorail, whilst 
additional pneumatically operated flaps are installed to close 
the space around the monorail itself. See figure 3. 

Figure 3. Pneumatic hatch in an LHC ventilation door 
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In the event of a failure of the hatch control system, the hatch 
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hatch design have to ensure that personnel can easily open 
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For radiation tolerance reasons, no electronics could be 
used in the hatch control system. Fully pneumatic logic 
circuits are therefore used to open and close the hatches 
as needed for the passage of the train and also to open 
and close the hatches when the ventilation doors are 
opened by personnel in the tunnel. Pairs of pneumatic 
valve switches positioned at about 8 m from each side of 
the ventilation panel detect the arrival and departure of 
the train. The pneumatic logic circuits detect the direction 
of motion of the train and so can deal with cases where 
the train stops halfway through the door and reverses out 
again.

2.2 Navigation 

In the long term, the train is intended to be used by 
personnel working in shifts in the CERN Control Centre. 
For this reason it has been designed to be as autonomous 
as possible so that it does not require an operator to 
monitor its operation during all the time it is in 
movement. The operator specifies the required 
destination and the train travels autonomously to the 
position. Two counter wheels fitted with encoders are 
used to measure the train’s speed and displacement along 
the tunnel; code bars installed approximately every 100 m 
reset the distance counter to ensure that cumulative 
positioning errors do not build up as the train makes 
journeys of several kilometres. 

2.3 Communication between the train and the control station 

Operation of the train requires transmission of control 
and data signals between the control station on the 
surface and the train, wherever it is in the tunnel. In 
addition, images from the train’s cameras are 
transmitted to the control station. Transmission of 
images takes place at the rate of one frame every few 
seconds, and there is a delay in transmission of around 
one second. This slow data transmission is a result of 
the characteristics of the mobile telephone network 
installed in the LHC tunnel.  

Radio transmission takes place via a leaky feeder cable all 
along the tunnel; the characteristics of the leaky feeder 
mean that the mobile phone network in the tunnel has 
not followed the increases in bandwidth that have been 
available on the surface. Improvements have been made 
recently to the mobile telephone infrastructure in the 
tunnel by CERN’s IT department, allowing transmission 
rates of 384 kb/s. Further work to investigate how to 
optimize the available communication is planned.  

In addition to the images transmitted as the train travels, 
the on-board pan-tilt-zoom cameras can be used for 
detailed visual inspection once the train arrives at its 
destination. See figure 4. 

2.4 Energy 

When the monorail I beam was originally built into the 
tunnel, it was part of the system used to transport 
components, such as magnets, during the installation of 
the LEP (Large Electron-Positron collider) accelerator that 
was housed in what is now the LHC tunnel. An electrical 
power rail was installed alongside the monorail I beam to 
supply the power to the monorail transport traction units. 
In order to avoid problems with sliding contacts and to 
ensure that the inspection train will be able to operate 
even if power is lost in a section of the rail, the train is 
battery powered. The train plugs into the power rail to 
charge the batteries when stationary. A battery monitor 
integrates the current drawn from, and charged into, the 
battery so that the remaining energy is known at any 
time.

Figure 4. Remote inspection of cooling system seals  

2.5 Safety 

A risk analysis was carried out early in the project and 
has been updated as the project has developed. In 
addition to the issues mentioned above, a key safety 
consideration is collision detection; laser scanners are 
fitted at both ends of the train and these are used to detect 
obstacles and stop the train as appropriate. These 
scanners are also used to check that the automatic hatches 
in the ventilation doors are fully open before the train 
passes through.  

2.6 Remote LHC radiation survey 

The remote radiation survey uses a specially equipped 
wagon, developed in collaboration with CERN’s 
Radiation Protection Group, which is incorporated into 
the remote inspection train. The measured radiation dose 
rates corresponding to the position along the tunnel are 
recorded as the train travels alongside the machine and 
transmitted to the operator on the surface (see figure 5). 
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The radiation dose rate probe is mounted on a retractable 
arm so that, when fully lowered, the probe is at the same 
height as the particle beam as the train travels along the 
tunnel. The arm is raised to pass through the safety door 
openings and lowered again once the door is passed. 
Dose rates measured by the train are compared with 
manual surveys to check the satisfactory operation of the 
system. The train clearly identifies ‘hotspots’ of local high 
radiation levels; however, there is a scaling effect as the 
train probe is further away from the beam-line than a 
hand-held probe.  

Figure 5. Radiation measurement display 

2.7 Recent train development and operations  

Recent developments have focussed on increasing 
reliability by a thorough review and simplification of the 
train operation programs and electrical hardware. 
Improvements have been made to the communication 
system, including the use of more advanced modems to 
take advantage of infrastructure upgrades. All this was 
verified by extensive mock-up testing before re-
installation in the LHC tunnel. Recent operational 
experience includes several rapid radiation surveys made 
during short (typically three hours or less) technical stops 
of the LHC. The use of the train during short technical 
stops necessitates good reliability and close collaboration 
with the LHC control centre.  

2.8 Future developments of the inspection train 

Future developments include the design of a new train 
based on the experience gained from the prototype. The 
design brief includes simplification where possible, safety 
and maintainability improvements, a more efficient 
traction system and an energy management system.  

3. LHC remote alignment survey train 

Another project based on the use of the LHC monorail-
mounted remote inspection train is a system for the 
precise measurement of the alignment of the collimators, 
which will have the highest radiation dose rates of all the 
equipment in the LHC tunnel. 

The system measures the precise alignment of collimators 
with respect to reference magnets. The technique uses a 
combination of probes mounted on two telescopic arms, 
which automatically follow a stretched wire installed in 
front of the collimators, and photogrammetry to measure 
the precise position and alignment of the collimators with 
respect to the stretched wire. Tests in the LHC tunnel 
mock-up and the LHC tunnel itself have shown good 
correlation with the results of manual surveys. Details are 
given in [4]. 

4. New robot systems for ISOLDE target handling 

A new robot system is being developed for radioactive 
target exchange at ISOLDE. The existing robot system is 
coming to the end of its design life, and energy increases 
at ISOLDE mean that the new system will be exposed to 
higher radiation levels.  

4.1 System description 

The existing system is made up of two six-degree-of-
freedom industrial robots mounted on linear axes that are 
permanently installed in the radiation area. The robots 
are pre-programmed to carry out transfers of radioactive 
targets from their point of irradiation to shielded storage 
shelves. The control system interfaces with the other 
equipment in the area such as the target supports and 
motorized shield doors. The new system will interface 
with the same equipment and will also operate in a pre-
programmed manner. 

The existing robot linear axis rails are installed in trenches 
in the target area floor. The ISOLDE operations team 
requested that the replacement system should avoid the 
need for these trenches as they lead to problems during 
other activities in the area – in particular exchange of the 
radioactive “front ends” that support the targets during 
operation of the facility. In order to allow the trenches to be 
filled in the new robots will be suspended from the ceiling.  

The new system will use two Kuka robots with all 
electronics removed and the non-radiation-tolerant 
components, such as the wiring loom and some motor 
components, replaced with suitable alternatives. The 
robots use resolvers rather than encoders for axis position 
measurement, which makes the relocation of electronics 
away from the robot arm possible without the need for 
major changes in the robot controller.  

4.2 Design studies and tests 

The integration of the robots in the target area was 
modelled using 3-D Catia digital mock-ups of the zone 
and KukaSIM software to ensure compatibility with the 
existing interfaces (see figure 6). 
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For radiation tolerance reasons, no electronics could be 
used in the hatch control system. Fully pneumatic logic 
circuits are therefore used to open and close the hatches 
as needed for the passage of the train and also to open 
and close the hatches when the ventilation doors are 
opened by personnel in the tunnel. Pairs of pneumatic 
valve switches positioned at about 8 m from each side of 
the ventilation panel detect the arrival and departure of 
the train. The pneumatic logic circuits detect the direction 
of motion of the train and so can deal with cases where 
the train stops halfway through the door and reverses out 
again.

2.2 Navigation 

In the long term, the train is intended to be used by 
personnel working in shifts in the CERN Control Centre. 
For this reason it has been designed to be as autonomous 
as possible so that it does not require an operator to 
monitor its operation during all the time it is in 
movement. The operator specifies the required 
destination and the train travels autonomously to the 
position. Two counter wheels fitted with encoders are 
used to measure the train’s speed and displacement along 
the tunnel; code bars installed approximately every 100 m 
reset the distance counter to ensure that cumulative 
positioning errors do not build up as the train makes 
journeys of several kilometres. 

2.3 Communication between the train and the control station 

Operation of the train requires transmission of control 
and data signals between the control station on the 
surface and the train, wherever it is in the tunnel. In 
addition, images from the train’s cameras are 
transmitted to the control station. Transmission of 
images takes place at the rate of one frame every few 
seconds, and there is a delay in transmission of around 
one second. This slow data transmission is a result of 
the characteristics of the mobile telephone network 
installed in the LHC tunnel.  

Radio transmission takes place via a leaky feeder cable all 
along the tunnel; the characteristics of the leaky feeder 
mean that the mobile phone network in the tunnel has 
not followed the increases in bandwidth that have been 
available on the surface. Improvements have been made 
recently to the mobile telephone infrastructure in the 
tunnel by CERN’s IT department, allowing transmission 
rates of 384 kb/s. Further work to investigate how to 
optimize the available communication is planned.  

In addition to the images transmitted as the train travels, 
the on-board pan-tilt-zoom cameras can be used for 
detailed visual inspection once the train arrives at its 
destination. See figure 4. 

2.4 Energy 

When the monorail I beam was originally built into the 
tunnel, it was part of the system used to transport 
components, such as magnets, during the installation of 
the LEP (Large Electron-Positron collider) accelerator that 
was housed in what is now the LHC tunnel. An electrical 
power rail was installed alongside the monorail I beam to 
supply the power to the monorail transport traction units. 
In order to avoid problems with sliding contacts and to 
ensure that the inspection train will be able to operate 
even if power is lost in a section of the rail, the train is 
battery powered. The train plugs into the power rail to 
charge the batteries when stationary. A battery monitor 
integrates the current drawn from, and charged into, the 
battery so that the remaining energy is known at any 
time.

Figure 4. Remote inspection of cooling system seals  

2.5 Safety 

A risk analysis was carried out early in the project and 
has been updated as the project has developed. In 
addition to the issues mentioned above, a key safety 
consideration is collision detection; laser scanners are 
fitted at both ends of the train and these are used to detect 
obstacles and stop the train as appropriate. These 
scanners are also used to check that the automatic hatches 
in the ventilation doors are fully open before the train 
passes through.  

2.6 Remote LHC radiation survey 

The remote radiation survey uses a specially equipped 
wagon, developed in collaboration with CERN’s 
Radiation Protection Group, which is incorporated into 
the remote inspection train. The measured radiation dose 
rates corresponding to the position along the tunnel are 
recorded as the train travels alongside the machine and 
transmitted to the operator on the surface (see figure 5). 
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The radiation dose rate probe is mounted on a retractable 
arm so that, when fully lowered, the probe is at the same 
height as the particle beam as the train travels along the 
tunnel. The arm is raised to pass through the safety door 
openings and lowered again once the door is passed. 
Dose rates measured by the train are compared with 
manual surveys to check the satisfactory operation of the 
system. The train clearly identifies ‘hotspots’ of local high 
radiation levels; however, there is a scaling effect as the 
train probe is further away from the beam-line than a 
hand-held probe.  

Figure 5. Radiation measurement display 

2.7 Recent train development and operations  

Recent developments have focussed on increasing 
reliability by a thorough review and simplification of the 
train operation programs and electrical hardware. 
Improvements have been made to the communication 
system, including the use of more advanced modems to 
take advantage of infrastructure upgrades. All this was 
verified by extensive mock-up testing before re-
installation in the LHC tunnel. Recent operational 
experience includes several rapid radiation surveys made 
during short (typically three hours or less) technical stops 
of the LHC. The use of the train during short technical 
stops necessitates good reliability and close collaboration 
with the LHC control centre.  

2.8 Future developments of the inspection train 

Future developments include the design of a new train 
based on the experience gained from the prototype. The 
design brief includes simplification where possible, safety 
and maintainability improvements, a more efficient 
traction system and an energy management system.  

3. LHC remote alignment survey train 

Another project based on the use of the LHC monorail-
mounted remote inspection train is a system for the 
precise measurement of the alignment of the collimators, 
which will have the highest radiation dose rates of all the 
equipment in the LHC tunnel. 

The system measures the precise alignment of collimators 
with respect to reference magnets. The technique uses a 
combination of probes mounted on two telescopic arms, 
which automatically follow a stretched wire installed in 
front of the collimators, and photogrammetry to measure 
the precise position and alignment of the collimators with 
respect to the stretched wire. Tests in the LHC tunnel 
mock-up and the LHC tunnel itself have shown good 
correlation with the results of manual surveys. Details are 
given in [4]. 

4. New robot systems for ISOLDE target handling 

A new robot system is being developed for radioactive 
target exchange at ISOLDE. The existing robot system is 
coming to the end of its design life, and energy increases 
at ISOLDE mean that the new system will be exposed to 
higher radiation levels.  

4.1 System description 

The existing system is made up of two six-degree-of-
freedom industrial robots mounted on linear axes that are 
permanently installed in the radiation area. The robots 
are pre-programmed to carry out transfers of radioactive 
targets from their point of irradiation to shielded storage 
shelves. The control system interfaces with the other 
equipment in the area such as the target supports and 
motorized shield doors. The new system will interface 
with the same equipment and will also operate in a pre-
programmed manner. 

The existing robot linear axis rails are installed in trenches 
in the target area floor. The ISOLDE operations team 
requested that the replacement system should avoid the 
need for these trenches as they lead to problems during 
other activities in the area – in particular exchange of the 
radioactive “front ends” that support the targets during 
operation of the facility. In order to allow the trenches to be 
filled in the new robots will be suspended from the ceiling.  

The new system will use two Kuka robots with all 
electronics removed and the non-radiation-tolerant 
components, such as the wiring loom and some motor 
components, replaced with suitable alternatives. The 
robots use resolvers rather than encoders for axis position 
measurement, which makes the relocation of electronics 
away from the robot arm possible without the need for 
major changes in the robot controller.  

4.2 Design studies and tests 

The integration of the robots in the target area was 
modelled using 3-D Catia digital mock-ups of the zone 
and KukaSIM software to ensure compatibility with the 
existing interfaces (see figure 6). 
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Figure 6. 3-D model of target area with suspended robots 

A risk analysis was carried out, identifying breakdown 
recovery as a particular area of concern because of the 
increasingly severe restrictions on personnel access as 
radiation levels increase. The system therefore includes 
features to either avoid foreseeable problems or to enable 
recovery in the event of failure when the robots are 
handling highly radioactive targets. One example of 
problem avoidance is the implementation of robot motor 
current monitoring during pre-programmed operations; 
if a joint current exceeds its normal value for a given 
stage of an operation, the robot will stop. This monitoring 
allows detection of problems before the robot generates 
large forces on the other equipment in the area, and 
recovery is not hampered by the robot having cut out 
after exceeding the maximum joint current limit. 

An example of a design for recovery is the new gripper 
shown in figure 7; the gripper is compatible with the 
existing target interfaces but includes improved remote 
recovery capabilities such as a remotely releasable lower 
jaw and open sides (rather than the closed sides used in 
the existing gripper) to allow more recovery trajectories 
if, for example, a robot joint drive fails.  

A mock-up was built to allow assembly and testing of the 
new system (see figure 8). Programming and testing was 
carried out using real targets, a front-end support 
interface and storage shelves. The new system will be 
fully commissioned including recovery trials in the mock-
up before the existing system is removed from ISOLDE. 
Preparation of the infrastructure will start in spring 2013 
and the installation of the new system will be completed 
by the end of 2013. 

4.3 Remote handling of ISOLDE and Medicis targets 

In view of the good results already obtained during 
mock-up trials it has been decided to use a third identical 
robot mounted on the ceiling to carry out target transfers 
in a new target handling and storage area that will be 

part of a new medical isotope preparation facility 
(Medicis – Medical isotopes collected from ISOLDE). The 
new facility will be built onto the ISOLDE target area. The 
third robot will form part of an integrated handling 
system for the Medicis facility and will transfer targets 
between storage shelves, two shielded remote handling 
cells and a front-end support. The third robot will also 
interface with a new monorail-based shuttle system that 
will be used to transfer targets between the Medicis area 
and the existing ISOLDE target area. The shuttle system 
will be used to transfer Medicis targets to a position in the 
ISOLDE beam line for irradiation. 

Figure 7. New design of ISOLDE target gripper 

Figure 8. Robot trials in mock-up of target area 

5. Collimator exchange remotely operated crane  

LHC operation requires approximately 100 collimators at 
certain points around the ring to stop particles that stray 
from the desired beam orbits. The collimators become 
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radioactive as a result of the collisions with these 
particles, which means that repair scenarios to minimize 
personnel access needed to be developed. The approach 
followed was to repair failed collimators by replacing the 
whole unit rather than trying to replace component parts. 
The collimators have been designed to facilitate remote 
replacement; vacuum connections are made using special 
beam pipe vacuum clamps and the collimator sits on 
supports fitted with guiding pins to ease their 
installation. Electrical and cooling water connections are 
established by automatic plug-in devices when the 
collimator is lowered onto its supports [5].  

Initial installation of the LHC collimators was carried 
out using custom-designed trailer-cranes to transport 
the collimators along the tunnel and then transfer them 
onto their supports. These trailer-cranes rely on hands-
on guidance from operators to guide the collimators 
during installation and close visual checks are needed to 
ensure the plug-in connections are engaging correctly 
(see figure 9).  

Figure 9. Guidance during collimator installation  

Relying on manual guidance was not a problem for initial 
installation before the LHC started operation, but the 
process will need to be carried out remotely in future as 
radiation levels increase. Based on the experience gained 
with the trailer-cranes, a conceptual design of a one-
tonne-capacity remotely operated crane, specifically 
designed for collimator installation within the tight 
constraints of the LHC tunnel was produced. This was 
developed into a technical specification, and the 
equipment is currently under construction at a specialist 
supplier. The vision system needed for its operation is 
being developed separately at CERN and will be finalized 
in the LHC tunnel mock-up.  

In accordance with risk analysis findings, the design 
specification includes collision detection and fail-safe 
features. The design incorporates elements to minimize 
radiation exposure of personnel carrying out recovery in 
the event of failure; an example of this is the steering 
system, which is based on all four wheels being 
mechanically/hydraulically linked so that the vehicle 
can be easily towed out of the collimation area in the 
event of a steering system or drive failure. The vehicle is 
fitted with radiation shielding panels at both ends to 
reduce radiation exposure if personnel need to 
intervene in the event of a breakdown during operation 
(see figure 10). 

A separate project is currently looking into the remote 
disconnection of collimators, in particular the 
disconnection of the beam vacuum pipe flanges 
mentioned above. This work is tied in with the remotely 
operated vehicle described later in this paper. 

Figure 10. Remote collimator exchange crane 

6. LHC TAN remote mini-cranes 

The TAN (Target Absorber Neutrals) remote mini-cranes, 
are two very compact, 100 kg capacity, remotely operated 
cranes that are used to exchange TAN detectors and 
shielding elements in the LHC tunnel on either side of the 
ATLAS experiment. The cranes are permanently installed 
in the LHC tunnel above the TAN shielding blocks that 
house the detectors and shielding elements. The space 
available for the cranes is extremely restricted; it was 
therefore necessary to design the mechanical components 
of the lifting mechanism from scratch, as commercially 
available mechanisms were too voluminous. As long as 
the detectors and shielding elements are inside the TAN 
shielding blocks, the ambient radiation levels are 
sufficiently low to make it possible to carry out pre-
intervention preparation activities by hand. 
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Figure 6. 3-D model of target area with suspended robots 

A risk analysis was carried out, identifying breakdown 
recovery as a particular area of concern because of the 
increasingly severe restrictions on personnel access as 
radiation levels increase. The system therefore includes 
features to either avoid foreseeable problems or to enable 
recovery in the event of failure when the robots are 
handling highly radioactive targets. One example of 
problem avoidance is the implementation of robot motor 
current monitoring during pre-programmed operations; 
if a joint current exceeds its normal value for a given 
stage of an operation, the robot will stop. This monitoring 
allows detection of problems before the robot generates 
large forces on the other equipment in the area, and 
recovery is not hampered by the robot having cut out 
after exceeding the maximum joint current limit. 

An example of a design for recovery is the new gripper 
shown in figure 7; the gripper is compatible with the 
existing target interfaces but includes improved remote 
recovery capabilities such as a remotely releasable lower 
jaw and open sides (rather than the closed sides used in 
the existing gripper) to allow more recovery trajectories 
if, for example, a robot joint drive fails.  

A mock-up was built to allow assembly and testing of the 
new system (see figure 8). Programming and testing was 
carried out using real targets, a front-end support 
interface and storage shelves. The new system will be 
fully commissioned including recovery trials in the mock-
up before the existing system is removed from ISOLDE. 
Preparation of the infrastructure will start in spring 2013 
and the installation of the new system will be completed 
by the end of 2013. 

4.3 Remote handling of ISOLDE and Medicis targets 

In view of the good results already obtained during 
mock-up trials it has been decided to use a third identical 
robot mounted on the ceiling to carry out target transfers 
in a new target handling and storage area that will be 

part of a new medical isotope preparation facility 
(Medicis – Medical isotopes collected from ISOLDE). The 
new facility will be built onto the ISOLDE target area. The 
third robot will form part of an integrated handling 
system for the Medicis facility and will transfer targets 
between storage shelves, two shielded remote handling 
cells and a front-end support. The third robot will also 
interface with a new monorail-based shuttle system that 
will be used to transfer targets between the Medicis area 
and the existing ISOLDE target area. The shuttle system 
will be used to transfer Medicis targets to a position in the 
ISOLDE beam line for irradiation. 

Figure 7. New design of ISOLDE target gripper 

Figure 8. Robot trials in mock-up of target area 

5. Collimator exchange remotely operated crane  

LHC operation requires approximately 100 collimators at 
certain points around the ring to stop particles that stray 
from the desired beam orbits. The collimators become 
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radioactive as a result of the collisions with these 
particles, which means that repair scenarios to minimize 
personnel access needed to be developed. The approach 
followed was to repair failed collimators by replacing the 
whole unit rather than trying to replace component parts. 
The collimators have been designed to facilitate remote 
replacement; vacuum connections are made using special 
beam pipe vacuum clamps and the collimator sits on 
supports fitted with guiding pins to ease their 
installation. Electrical and cooling water connections are 
established by automatic plug-in devices when the 
collimator is lowered onto its supports [5].  

Initial installation of the LHC collimators was carried 
out using custom-designed trailer-cranes to transport 
the collimators along the tunnel and then transfer them 
onto their supports. These trailer-cranes rely on hands-
on guidance from operators to guide the collimators 
during installation and close visual checks are needed to 
ensure the plug-in connections are engaging correctly 
(see figure 9).  

Figure 9. Guidance during collimator installation  

Relying on manual guidance was not a problem for initial 
installation before the LHC started operation, but the 
process will need to be carried out remotely in future as 
radiation levels increase. Based on the experience gained 
with the trailer-cranes, a conceptual design of a one-
tonne-capacity remotely operated crane, specifically 
designed for collimator installation within the tight 
constraints of the LHC tunnel was produced. This was 
developed into a technical specification, and the 
equipment is currently under construction at a specialist 
supplier. The vision system needed for its operation is 
being developed separately at CERN and will be finalized 
in the LHC tunnel mock-up.  

In accordance with risk analysis findings, the design 
specification includes collision detection and fail-safe 
features. The design incorporates elements to minimize 
radiation exposure of personnel carrying out recovery in 
the event of failure; an example of this is the steering 
system, which is based on all four wheels being 
mechanically/hydraulically linked so that the vehicle 
can be easily towed out of the collimation area in the 
event of a steering system or drive failure. The vehicle is 
fitted with radiation shielding panels at both ends to 
reduce radiation exposure if personnel need to 
intervene in the event of a breakdown during operation 
(see figure 10). 

A separate project is currently looking into the remote 
disconnection of collimators, in particular the 
disconnection of the beam vacuum pipe flanges 
mentioned above. This work is tied in with the remotely 
operated vehicle described later in this paper. 

Figure 10. Remote collimator exchange crane 

6. LHC TAN remote mini-cranes 

The TAN (Target Absorber Neutrals) remote mini-cranes, 
are two very compact, 100 kg capacity, remotely operated 
cranes that are used to exchange TAN detectors and 
shielding elements in the LHC tunnel on either side of the 
ATLAS experiment. The cranes are permanently installed 
in the LHC tunnel above the TAN shielding blocks that 
house the detectors and shielding elements. The space 
available for the cranes is extremely restricted; it was 
therefore necessary to design the mechanical components 
of the lifting mechanism from scratch, as commercially 
available mechanisms were too voluminous. As long as 
the detectors and shielding elements are inside the TAN 
shielding blocks, the ambient radiation levels are 
sufficiently low to make it possible to carry out pre-
intervention preparation activities by hand. 
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Figure 11. TAN remote mini-crane lifting copper bar 

Before carrying out exchange operations the cranes are 
equipped with cameras, and the remote control station, 
with its viewing screens, is connected to the crane. 
Separate free-standing pan-tilt zoom cameras are also 
positioned to provide an overview of operations. 
Shielded containers are brought alongside the TAN 
shielding block, ready to receive the radioactive 
components removed from the TAN. The remote control 
station is positioned behind shielding walls and the 
exchange operations are then carried out. 

Figure 12. TAN remote mini-crane control station 

7. Remote overhead travelling crane operation 

In this chapter we describe two recent projects where 
remote techniques were applied to the operation of 

existing overhead travelling cranes in order to reduce 
radiation exposure of personnel carrying out the handling 
operations.

7.1 Decommissioning of neutrino facility 

Remote techniques were used to greatly reduce radiation 
exposure during decommissioning of an old neutrino 
facility at CERN prior to its re-use as a material 
irradiation test area (HiRadMat). Preparation for remote 
operation included the design and development of 
remotely controlled load attachment and rotation devices 
to be suspended from the existing overhead travelling 
crane.

Remote viewing needs were studied, and a viewing 
system to allow fully remote operation was implemented. 
The viewing system was based on the use of cameras 
positioned on the crane, on the load attachment spreader 
beam, and also on free-standing supports. The mobile 
control station used for the TAN mini-crane (see section 
6) was used for viewing. Initially, Wi-Fi was used to 
transmit the camera images to the control station, but this 
was replaced by optical fibre transmission in order to 
resolve problems encountered with delays in image 
transmission, which were a problem for the operators.  

The dismantling was successfully carried out and the 
remote operation of the crane was one of many initiatives 
that contributed to a reduction in the radiation dose to 
personnel from a pre-optimization estimate of 210 mSv to 
60 mSv [6]. The same remote techniques are used in the 
operation of the new HiRadMat test facility now installed 
in the tunnel. 

7.2 Repairs in experimental hall 

Lessons learned in the HiRadMat project were applied to 
a repair intervention in an experimental hall. The 
challenge was to remotely remove precision shielding 
blocks weighing up to 15 tonnes and their supporting lift 
tables in order to allow replacement of the lift table drive 
motors. Twelve tables needed to be repaired in this way 
and only six months were available for preparation for 
the intervention. After a feasibility study, the following 
work was carried out: modification of the overhead 
travelling crane to provide remote control of its 
movements; definition and installation of remote viewing 
cameras on the crane including on the lifting hook; 
design, build and test of remotely operated attachment 
and rotation devices to be fitted to the crane hook (see 
figure 13).  

The intervention was planned in collaboration with the 
groups responsible for the repair of the equipment, the 
operation of the facility and radiation protection. Mock-
up testing was used to validate the operations before 
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starting work in the radioactive area. The replacement of 
the motors was carried out manually once the tables had 
been transferred to a shielded area.  

Figure 13. 3-D studies of remote lifting equipment 

Figure 14. Remote crane operations control station  

8. Remotely operated vehicle (ROV) 

The projects described above are based on developments 
for specific tasks or facilities. In addition, CERN 
identified the need for a general-purpose, remotely 
operated vehicle to carry out a variety of tasks in several 
different radioactive areas of CERN’s accelerator 
complex. The tasks include: 

• Remote visual inspection 
• Remote radiation dose-rate measurement 
• Remote manipulation of loads and dedicated tools 
• Provision of two-way audio communication 

between remote positions and the operator console. 

As previously mentioned, accelerator equipment is often 
relatively fragile, and it is difficult to replace; the vehicle 
design and performance needs to ensure that the risk of 
damage to the accelerator due to operation of the vehicle 
is minimized. For these reasons it was decided that a 

relatively light vehicle would be preferable and therefore 
the load handling requirements for the vehicle’s six-
degrees-of-freedom manipulator arm were set at a 
minimum of 3 kg at 1.5 m from the turret centre in the 
horizontal plane. 

The ROV will usually intervene in response to a 
breakdown or operational problem in one of the many 
different underground areas. In addition to the widely 
differing nature of the equipment to be worked on, 
constraints such as the space available, distances to be 
travelled and obstacles to be negotiated vary greatly from 
one intervention to the next. For example, the ROV must 
be able to negotiate the following:  

• Slopes – up to 20% on industrial grade concrete 
floors, even wet; 

• Vehicle loading ramps up to 40%; 
• Normalized steps and stairs; 
• Cables – must be capable of driving over cables 

between 3 and 40 mm in diameter, in random 
orientations, without damaging them; 

• Water – compatible with pools of water on the floor 
of depths up to 100 mm. 

In view of the variety of tasks and environments, and 
considering the need to be able to intervene at short notice, 
the control approach selected is tele-operation (“man in the 
loop”) rather than autonomous robotic control.  

A survey of commercially available vehicles was made, 
and selected vehicles were rented in order to carry out 
practical tests at CERN. During the rental period an 
urgent intervention was required to investigate a vacuum 
leak on a radioactive component. Using the ROV it was 
possible at short notice to carry out a visual inspection 
followed by leak testing using a helium probe. As a result 
it was possible to avoid the need for personnel to spend 
considerable amounts of time next to radioactive 
components for this painstaking task. 

Following the trials, a Telemax ROV was purchased from 
Telerob (Germany). The Telemax has a base equipped 
with tracks, is capable of climbing stairs, and is fitted 
with a six-axis manipulator arm. The arm has some 
robotic capabilities, allowing the operator to select a tool 
mode of operation where the movements of the arm 
joints are combined to provide orthogonal movements of 
the gripper. The control station is portable and 
communication between the control station and the ROV 
is either by optical fibre or via radio.  

The remote viewing requirements specified by the team 
responsible for the accelerator equipment are for colour 
images, and the image quality should permit the 
assessment of corrosion and small defects (0.5 mm at 50 
cm). The vehicle is fitted with an on-board camera to 
allow this. 
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Figure 11. TAN remote mini-crane lifting copper bar 
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Shielded containers are brought alongside the TAN 
shielding block, ready to receive the radioactive 
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Figure 12. TAN remote mini-crane control station 

7. Remote overhead travelling crane operation 

In this chapter we describe two recent projects where 
remote techniques were applied to the operation of 

existing overhead travelling cranes in order to reduce 
radiation exposure of personnel carrying out the handling 
operations.

7.1 Decommissioning of neutrino facility 

Remote techniques were used to greatly reduce radiation 
exposure during decommissioning of an old neutrino 
facility at CERN prior to its re-use as a material 
irradiation test area (HiRadMat). Preparation for remote 
operation included the design and development of 
remotely controlled load attachment and rotation devices 
to be suspended from the existing overhead travelling 
crane.

Remote viewing needs were studied, and a viewing 
system to allow fully remote operation was implemented. 
The viewing system was based on the use of cameras 
positioned on the crane, on the load attachment spreader 
beam, and also on free-standing supports. The mobile 
control station used for the TAN mini-crane (see section 
6) was used for viewing. Initially, Wi-Fi was used to 
transmit the camera images to the control station, but this 
was replaced by optical fibre transmission in order to 
resolve problems encountered with delays in image 
transmission, which were a problem for the operators.  

The dismantling was successfully carried out and the 
remote operation of the crane was one of many initiatives 
that contributed to a reduction in the radiation dose to 
personnel from a pre-optimization estimate of 210 mSv to 
60 mSv [6]. The same remote techniques are used in the 
operation of the new HiRadMat test facility now installed 
in the tunnel. 

7.2 Repairs in experimental hall 

Lessons learned in the HiRadMat project were applied to 
a repair intervention in an experimental hall. The 
challenge was to remotely remove precision shielding 
blocks weighing up to 15 tonnes and their supporting lift 
tables in order to allow replacement of the lift table drive 
motors. Twelve tables needed to be repaired in this way 
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starting work in the radioactive area. The replacement of 
the motors was carried out manually once the tables had 
been transferred to a shielded area.  

Figure 13. 3-D studies of remote lifting equipment 

Figure 14. Remote crane operations control station  
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Figure 15. Telemax ROV

Two types of radiation survey are required: 
1) General survey of a zone – for example following a 

path that runs parallel to the accelerator beam line. 
2) Manipulation of a radiation dose–rate-monitoring 

probe to allow local point measurements to be 
taken. The ROV has to provide the necessary camera 
views to allow the operator to position the probe 
next to relatively delicate beam-line equipment. 
CERN will provide the radiation monitoring 
equipment.

Work is now underway to prepare for interventions 
during the forthcoming shut-down of CERN’s accelerator 
complex. Preparation work will be mock-up-based to 
enable operators to practise and special tool 
developments to be tested. In addition, the mock-up trials 
will enable the persons responsible for the zone and the 
specific accelerator equipment involved to validate the 
intervention in terms of risk to personnel and equipment 
before the real intervention is carried out.  

9. ACOL service vehicle refurbishment 

The ACOL Service Vehicle was developed in the 1980s to 
handle targets and magnets in the antiproton target zone 
(loads ranging from 7 kg to 7 tonnes). It is essentially a 
very compact, custom-designed 7-tonne-capacity mobile 
crane equipped with remote control and viewing systems 
to allow remote operation.  

The Service Vehicle offers the only means of changing 
radioactive elements in the Antiproton Decelerator, 
which is still in operation. To ensure the service vehicle’s 
safety, reliability and availability at short notice, it is 
currently undergoing a full refurbishment, which 
includes replacement of the hydraulic systems and the 
control system using up-to–date technologies. The 

refurbishment includes work to ensure compatibility with 
modern safety standards and the provision of radio 
control rather than via the previous tether connection.  

Figure 16. Service vehicle being lowered down access shaft 
(before refurbishment) 

10. Other developments 

Additional development work is being carried out that is 
not project-specific, but addresses issues that have been 
raised during the project work described above. 

10.1 Viewing 

A common aspect of many of the above projects is the 
need for good remote viewing systems. Work is 
underway to consolidate the lessons learned and 
establish a set of viewing system ‘building blocks’ ready 
for use in future interventions.  

10.2 Communication 

Communication between the control station and remote 
equipment is a particular concern in the accelerator 
tunnels. A Marie Curie Early Stage Researcher has been 
recruited to carry out research and identify optimal 
solutions for communication systems as part of the 
PURESAFE Initial Training Network funded by the EU.  

10.3 Intervention planning 

As mentioned above, interventions in radioactive areas 
have to be planned and optimized to reduce radiation 
exposure of personnel. This optimization process may 
conclude that a fully remote, a mixed remote and hands-
on or a fully hands-on approach is most appropriate. In 
order to help with the optimization process, two research 
projects within the PURESAFE Early Training Network 
are aimed at developing software tools to be used during 
intervention preparation. One project is developing tools 
for 3-D visualization of radiation levels in accelerator 
areas; the other is developing optimization tools for 
higher-level planning of interventions.  
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11. Conclusions  

Several projects have been or are being carried out and to 
apply remote techniques in radiation areas at CERN in 
order to reduce personnel radiation exposure. 

The projects cover remote measurement, inspection and 
handling. The distances covered for inspection and 
measurement range from tens of metres to tens of 
kilometres; the loads handled remotely range from 
several kilogrammes to tens of tonnes. The remote 
systems developed are multi-disciplinary and include 
mechanical, pneumatic, hydraulic, electrical, electronic, 
and software elements.  

The projects carried out over the last few years have 
helped build up a knowledge base and analysis, design, 
test and operation methodologies, as well as establishing 
equipment building blocks that can be applied to future 
projects.

While force reflection was implemented in the Mantis 
system used in the 70s and 80s, recent applications have 
not been able to make use of Mantis because of space 
and load constraints. Tele-operation interventions have 
therefore been restricted to handling operations 
requiring relatively low levels of dexterity. The new 
ISOLDE and Medicis robots will use pre-programmed 
handling routines – as was the case with their 
predecessors.  

Remote handling projects have concentrated on tele-
operation interventions during times when there are no 
particle beams in the accelerators; this means that the 
effects of radiation damage to electronics can be ignored 
for most interventions. For the ISOLDE robots the issue of 
damage to electronics has been addressed by locating the 
electronics outside the radioactive area. The electronic 
elements for the TAN mini-cranes are only taken into the 
radioactive area when the LHC beam is no longer 
circulating.

Safety issues are a large part of these projects, in view of 
the risks associated with radioactive environments and 
with the lifting of heavy loads in restricted spaces. A key 
lesson learned is that in addition to the engineering, 
research and development needed to ensure the systems 
meet their basic functional requirements, a considerable 
amount of work is needed to study failure modes and 
devise recovery techniques that will ensure that the main 
aim of these systems, i.e. radiation dose reduction, is 
achieved.  

Remote handling techniques need to be considered when 
accelerator components and infrastructure are being 
designed. In particular by optimizing the design of 
interfaces with supports and connections, the associated 
remote handling equipment can be made simpler, 
thereby minimizing costs and risks of encountering 
problems and hence personnel radiation exposure.  

The use of mock-ups has been a major contribution to 
efforts to reduce radiation exposure, as it allows problems 
to be identified before they occur in the accelerator 
tunnels. Mock-ups also promote communication between 
teams from different areas of the organization so that 
solutions can be agreed and implemented before entering 
the radiation area. 
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Abstract The Super-FRS, Superconducting Fragment 
Separator, is a unique machine that presents several 
challenging technical problems. One of these is regarding 
how to conduct maintenance in the target area where 
high levels of radiation will be generated and human 
access is forbidden. To address this problem the use of a 
remote maintenance system is foreseen. The objective of 
this paper is to develop a systems engineering (SE) 
research and development (R&D) approach suitable to 
develop the Super-FRS Target Area Remote Maintenance 
Systems (TARMS) and the RH design adaptation of the 
components in the target area. The Super-FRS target area 
is described in detail in order to introduce the need for a 
remote maintenance system. Components in the target 
area are classified by adopting ITER RH maintenance 
classification. The general scenario of remote handling 
and the current target area remote maintenance system 
are described. Finally, the proposed systems engineering 
approach is presented. 
 
Keywords Remote Handling (RH), Systems Engineering, 
Remote Maintenance, Superconducting Fragment Separator 
(Super-FRS) 
 

1. Introduction 
 
Around the world there are many accelerator facilities 
employed to conduct scientific experiments; such 
experiments provide a better understanding about the 
structure of matter and the universe. This has led to the 
development of many applications in fields like health 
care, national security, environmental protection, energy 
and industry. In order to provide the state-of-the-art 
accelerator facilities necessary to conduct novel precision 
experiments, facilities are permanently being improved in 
order to produce beams of higher energies and 
intensities. This has several implications for designing, 
maintaining and operating the devices for the new 
accelerator facilities. In addition, higher levels of 
radiation are generated and radiation protection becomes 
more critical and difficult. It is then when remote 
handling (RH) becomes a key technology for the 
operation of the new accelerator facilities. 
 
The Helmholtz Centre for heavy Ion research (GSI) is a 
large-scale accelerator facility, located in Darmstadt, 
Germany. The main research program of GSI focuses on 
the field of nuclear physics and atomic physics, but 
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Abstract The Super-FRS, Superconducting Fragment 
Separator, is a unique machine that presents several 
challenging technical problems. One of these is regarding 
how to conduct maintenance in the target area where 
high levels of radiation will be generated and human 
access is forbidden. To address this problem the use of a 
remote maintenance system is foreseen. The objective of 
this paper is to develop a systems engineering (SE) 
research and development (R&D) approach suitable to 
develop the Super-FRS Target Area Remote Maintenance 
Systems (TARMS) and the RH design adaptation of the 
components in the target area. The Super-FRS target area 
is described in detail in order to introduce the need for a 
remote maintenance system. Components in the target 
area are classified by adopting ITER RH maintenance 
classification. The general scenario of remote handling 
and the current target area remote maintenance system 
are described. Finally, the proposed systems engineering 
approach is presented. 
 
Keywords Remote Handling (RH), Systems Engineering, 
Remote Maintenance, Superconducting Fragment Separator 
(Super-FRS) 
 

1. Introduction 
 
Around the world there are many accelerator facilities 
employed to conduct scientific experiments; such 
experiments provide a better understanding about the 
structure of matter and the universe. This has led to the 
development of many applications in fields like health 
care, national security, environmental protection, energy 
and industry. In order to provide the state-of-the-art 
accelerator facilities necessary to conduct novel precision 
experiments, facilities are permanently being improved in 
order to produce beams of higher energies and 
intensities. This has several implications for designing, 
maintaining and operating the devices for the new 
accelerator facilities. In addition, higher levels of 
radiation are generated and radiation protection becomes 
more critical and difficult. It is then when remote 
handling (RH) becomes a key technology for the 
operation of the new accelerator facilities. 
 
The Helmholtz Centre for heavy Ion research (GSI) is a 
large-scale accelerator facility, located in Darmstadt, 
Germany. The main research program of GSI focuses on 
the field of nuclear physics and atomic physics, but 
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applied research in the areas of materials, plasma physics, 
biophysics and nuclear medicine is also conducted. The 
GSI accelerator facility is currently transformed into the 
new Facility for Antiproton and Ion Research (FAIR). 
This accelerator facility will supply rare isotopes and 
antiproton beams of unprecedented intensity and 
quality [1]. 
 
The existing GSI and the future FAIR facilities have a 
fragment separator, the FRS and Super-FRS respectively. 
The Super-FRS represents a major component of the FAIR 
facility. It is an in-flight particle separator where rare 
isotopes of all elements (up to uranium) will be produced 
and separated within few hundreds of nanoseconds, 
allowing the study of short-lived nuclei [2]. The Super-
FRS is divided into two main sections: the Pre-Separator 
and the Main-Separator, as shown in Figure 1. 
 

 
Figure 1. Lay out of the Super-FRS [3] 
 
The FRS and the Super-FRS host a target area in which 
high levels of radiation are generated. Due to radiation 
human access to those areas is restricted; in the case of the 
FRS human intervention in the target area is possible after 
a cooling time has passed and the necessary safety 
measures are taken. In contrast, based on current 
simulations regarding the amount of radiation that will 
be generated inside the Super-FRS target area [4], it is 
foreseen that human access will be totally forbidden. In 
any case, an RH system is required to conduct 
maintenance and inspection interventions. The existing 
concept of RH for the Super-FRS target area is based on a 
vertical plug system very similar to the one utilized at the 
Paul Scherer Institute (PSI) in Switzerland [5]. 
 
Section 2 provides a description of the Super-FRS target 
area and the plug system. Section 3 presents a 
classification of the main components in the target area 
based on the ITER RH maintenance classification. The 
general scenario of RH for the components in the target 
area is presented in Section 4. Section 5 describes the 
existing conceptual design of the Super-FRS Target Area 
Remote Maintenance System (TARMS). Finally, in 
Section 6 a systems engineering R&D approach to 
develop the TARMS and the RH design adaptation of the 
target area components is presented. 

2. Super-FRS Target Area 
 
The first halve of the Pre-Separator region of the Super-FRS 
is the target area; this is a very critical zone due to the levels 
of radiation that will be generated. Special considerations [4] 
like adding beam catchers and dividing a dipole stage into 
three dipole units have been taken in developing the layout 
shown in Figure 2. The approximate length and height of the 
target area are 25m and 5m, respectively. All components in 
the target area are surrounded by iron and concrete shielding 
in order to lower the radiation dose rates in nearby areas. 
 
At the beginning of the target area there is a vacuum 
chamber that contains the high-power production target, 
some detectors and a collimator. After the vacuum 
chamber, there is a triplet arrangement of quadrupole 
magnets. In addition there is a dipole stage divided into 
three dipole units allowing the installation of vacuum 
chambers containing beam catchers (beam dumps) at 
specific positions between the individual dipole units. All 
magnets are designed to be radiation resistant based on 
an estimated annual dose of ≈10 MGy (considering an 
operational time of 4000 hours/year) [2]. 
 
On top of the magnets and the vacuum chambers there is 
a working platform where the more radiation sensitive 
devices are located. The shielding in the target area is 
such that manual maintenance to the devices on the 
working platform (e.g., electric drives and vacuum 
pumps) is possible. 
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Figure 2. Target area layout showing the concrete and iron 
shielding and its main components 

2.1 Activation in the target area 
 
In [4] a setup was simulated with the heavy ion transport 
code FLUKA in order to know the activation of the 
components in the target area. The scenario is based on 
irradiation with a 1.5 AGeV 238U beam of 1012 particle/s 
during four periods of 90 days with a following cooling 
time of 120 days. Refinements have been done to the 
previous setup (e.g., adding pumping ports); the new 
results are shown in Figure 3. The prompt dose refers to 
when the beam is on and is passing through the target 
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area. The dose by activation refers to the dose generated by 
activated components. Higher activation is presented in the 
beam catcher (BC) receiving most of the primary beam.  
 

 
 

 
Figure 3. Distribution of ambient dose rate H*(10) shown in a cut 
of the target area. The primary beam is dumped after penetration 
of the target in the indicated beam catcher (BC). 
 
The prompt dose rate is 100,000 times higher than the 
dose by activation. For maintenance considerations of the 
components in the target area, only the dose by activation 
is of interest. While the dose by activation in the beam 
catcher goes up to 5 Sv/h, the level in the working 
platform reaches only about 10 µSv/h. 

2.2 Target Area Vertical Plug System 
 
To achieve low activation on the working platform a close 
shielding all around the beam path along the target area 
is required. This imposes a technical problem regarding 
how to access (for example to conduct maintenance tasks) 
the devices that directly interact with the beam such as 
detectors, targets and beam catchers.   
 
A solution for this problem is by means of a vertical plug 
system; this is an already proven concept and has been 
used in many facilities [5][6]. As mentioned earlier the 
vertical plug concept chosen for the Super-FRS target area 
is very similar to the one in PSI. The concept comprises a 
combination of vertical beam-line inserts (target, beam 
catchers, slits, diagnostics detectors and others) with 
massive mobile shielding assembled into a vacuum 
chamber, as shown in Figure 4.  
 

 
Figure 4. Vacuum chamber showing five plugs. At the bottom of 
the plugs can be seen the devices along the beam path. In this case 
(from left to right) there is a detector, an empty plug, another 
detector, the high-power production target wheel and a collimator.  
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Figure 5. The main parts in a plug: the beam interaction device 
(BID), mobile shielding (iron and concrete), on top the devices 
more sensitive to radiation and the lifting-hook 
 
Each plug insert can be removed vertically from its 
vacuum chamber and handled as one unit. At the bottom 
of each plug there is normally a beam interaction device 
(BID). Figure 5 depicts the plug with the high-power 
production target wheel. 
 
In general the plugs are all different in size and weight. 
On average, the plugs have an approximate total height 
of 3400mm; the height of the mobile shielding is 1970mm 
and the lifting hook at the top of the plug has an 
approximate height of 1100mm. The weight of the plugs 
varies depending on their size; the heaviest plug weighs 
roughly 7500kg. 
 
In total the target area has four big vacuum chambers; the 
one shown in Figure 4 and three more hosting plugs with 
beam catchers. Figure 6 shows the components in the 
target area, the shielding has been removed in this figure 
for a better view.   
 
Since only 10 to 50% of the primary beam will be 
converted in the production target, the remaining 
primary beam has to be stopped because high power 
pulses can destroy the steel vacuum chambers in one 
shot. Dedicated devices called beam catchers (beam 
dumps) are foreseen to stop the primary beam. 
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Figure 6. Target area components. From left to right there is the 
vacuum chamber hosting the production target, then the triplet 
arrangement of quadrupole magnets and finally three dipoles 
units having in between the vacuum chambers hosting beam 
catchers. 
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applied research in the areas of materials, plasma physics, 
biophysics and nuclear medicine is also conducted. The 
GSI accelerator facility is currently transformed into the 
new Facility for Antiproton and Ion Research (FAIR). 
This accelerator facility will supply rare isotopes and 
antiproton beams of unprecedented intensity and 
quality [1]. 
 
The existing GSI and the future FAIR facilities have a 
fragment separator, the FRS and Super-FRS respectively. 
The Super-FRS represents a major component of the FAIR 
facility. It is an in-flight particle separator where rare 
isotopes of all elements (up to uranium) will be produced 
and separated within few hundreds of nanoseconds, 
allowing the study of short-lived nuclei [2]. The Super-
FRS is divided into two main sections: the Pre-Separator 
and the Main-Separator, as shown in Figure 1. 
 

 
Figure 1. Lay out of the Super-FRS [3] 
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simulations regarding the amount of radiation that will 
be generated inside the Super-FRS target area [4], it is 
foreseen that human access will be totally forbidden. In 
any case, an RH system is required to conduct 
maintenance and inspection interventions. The existing 
concept of RH for the Super-FRS target area is based on a 
vertical plug system very similar to the one utilized at the 
Paul Scherer Institute (PSI) in Switzerland [5]. 
 
Section 2 provides a description of the Super-FRS target 
area and the plug system. Section 3 presents a 
classification of the main components in the target area 
based on the ITER RH maintenance classification. The 
general scenario of RH for the components in the target 
area is presented in Section 4. Section 5 describes the 
existing conceptual design of the Super-FRS Target Area 
Remote Maintenance System (TARMS). Finally, in 
Section 6 a systems engineering R&D approach to 
develop the TARMS and the RH design adaptation of the 
target area components is presented. 

2. Super-FRS Target Area 
 
The first halve of the Pre-Separator region of the Super-FRS 
is the target area; this is a very critical zone due to the levels 
of radiation that will be generated. Special considerations [4] 
like adding beam catchers and dividing a dipole stage into 
three dipole units have been taken in developing the layout 
shown in Figure 2. The approximate length and height of the 
target area are 25m and 5m, respectively. All components in 
the target area are surrounded by iron and concrete shielding 
in order to lower the radiation dose rates in nearby areas. 
 
At the beginning of the target area there is a vacuum 
chamber that contains the high-power production target, 
some detectors and a collimator. After the vacuum 
chamber, there is a triplet arrangement of quadrupole 
magnets. In addition there is a dipole stage divided into 
three dipole units allowing the installation of vacuum 
chambers containing beam catchers (beam dumps) at 
specific positions between the individual dipole units. All 
magnets are designed to be radiation resistant based on 
an estimated annual dose of ≈10 MGy (considering an 
operational time of 4000 hours/year) [2]. 
 
On top of the magnets and the vacuum chambers there is 
a working platform where the more radiation sensitive 
devices are located. The shielding in the target area is 
such that manual maintenance to the devices on the 
working platform (e.g., electric drives and vacuum 
pumps) is possible. 
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shielding and its main components 

2.1 Activation in the target area 
 
In [4] a setup was simulated with the heavy ion transport 
code FLUKA in order to know the activation of the 
components in the target area. The scenario is based on 
irradiation with a 1.5 AGeV 238U beam of 1012 particle/s 
during four periods of 90 days with a following cooling 
time of 120 days. Refinements have been done to the 
previous setup (e.g., adding pumping ports); the new 
results are shown in Figure 3. The prompt dose refers to 
when the beam is on and is passing through the target 
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area. The dose by activation refers to the dose generated by 
activated components. Higher activation is presented in the 
beam catcher (BC) receiving most of the primary beam.  
 

 
 

 
Figure 3. Distribution of ambient dose rate H*(10) shown in a cut 
of the target area. The primary beam is dumped after penetration 
of the target in the indicated beam catcher (BC). 
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Figure 5. The main parts in a plug: the beam interaction device 
(BID), mobile shielding (iron and concrete), on top the devices 
more sensitive to radiation and the lifting-hook 
 
Each plug insert can be removed vertically from its 
vacuum chamber and handled as one unit. At the bottom 
of each plug there is normally a beam interaction device 
(BID). Figure 5 depicts the plug with the high-power 
production target wheel. 
 
In general the plugs are all different in size and weight. 
On average, the plugs have an approximate total height 
of 3400mm; the height of the mobile shielding is 1970mm 
and the lifting hook at the top of the plug has an 
approximate height of 1100mm. The weight of the plugs 
varies depending on their size; the heaviest plug weighs 
roughly 7500kg. 
 
In total the target area has four big vacuum chambers; the 
one shown in Figure 4 and three more hosting plugs with 
beam catchers. Figure 6 shows the components in the 
target area, the shielding has been removed in this figure 
for a better view.   
 
Since only 10 to 50% of the primary beam will be 
converted in the production target, the remaining 
primary beam has to be stopped because high power 
pulses can destroy the steel vacuum chambers in one 
shot. Dedicated devices called beam catchers (beam 
dumps) are foreseen to stop the primary beam. 
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Figure 6. Target area components. From left to right there is the 
vacuum chamber hosting the production target, then the triplet 
arrangement of quadrupole magnets and finally three dipoles 
units having in between the vacuum chambers hosting beam 
catchers. 
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Figure 7. Plugs with beam catchers. The V shape beam catcher 
for energy absorption (left) and the massive iron block for 
shielding of fast neutrons (right). 
 
The beam catchers have two main objectives. One is to 
absorb the kinetic energy of the heavy ions that does not 
interact with the production target. The second is to 
shield the following parts of the separator from high 
levels of secondary radiation [4]. Since energy absorption 
and shielding require different types of materials [3], two 
successive types of beam catchers, as shown in Figure 7, 
are foreseen. 
 
The catcher close to the entrance of the vacuum chamber 
is made of graphite (for energy absorption) and 
aluminium; it has a V shaped opening. It is required to be 
cooled with a coupled heat sink by water-cooling. Behind 
is a solid rectangular shape beam catcher made of iron for 
shielding. Certain beam catchers require one or two 
degrees of motion (vertical and horizontal). 
 
3. Target Area Components Requiring Remote Handling 
 
During the design phase of accelerator facilities, several 
studies are conducted to estimate the levels of radiation that 
will be generated. The results indicate the highly activated 
components making where to apply remote handling 
techniques obvious. Besides identifying which components 
require RH, it is important to define priorities for the 
development of RH tools and techniques for each component. 

3.1 Remote Handling Maintenance Classification 
 
This paper uses a components classification defined by 
ITER [7] as an approach to classify the components in the 
target area of the Super-FRS. Such classification helps to 
define priorities for the development of RH tools and 
techniques for each component. The classification 
comprises four classes of components:  

• RH class 1 = components requiring regular planned 
replacement  

• RH class 2 = components that are likely to require 
repair or replacement 

• RH class 3 = components that are not expected to 
require maintenance or replacement during the 
lifetime of the facility but would need to be replaced 
remotely in case they fail 

• RH class 4 = components that do not require remote 
handling 

3.2 Classification of the major components in the target area 
 
The components in the Super-FRS target area were 
assigned to a component class. Table 1 shows the 
classification; many major components were assigned to 
RH Class 3. The plugs are the only major components 
with three different RH classes assigned. 
 

System Major components RH class
Magnet system Magnets 3

Alignment support 3
Plug system Vacuum chamber 3

Alignment support 3
Plugs 1, 2 and 4

Working
platform

All components 
(vacuum pumps, 
drives, media 
connections, among 
others).

4

 
Table 1. RH class for each major component in the target area 

3.2.1 RH class 4 components in the target area 
 
Because the working platform is a place for hands-on 
intervention, all components in the working platform are 
considered RH Class 4. Additionally, the plugs have some 
components of RH Class 4; the ones located at the top of the 
plug, which are at the working platform level. These are 
shown in Figure 5 as devices more sensitive to radiation. 

3.2.2 RH Class 3 components in the target area 
 
Most of the major components in Table 1 were assigned 
to RH Class 3. The main reason for this is that these 
components are designed and developed to be radiation 
resistant [3]. These components are required to be highly 
reliable and it is assumed that they will not fail during 
normal operation. One recommendation about these 
components made in [7] is that preliminary maintenance 
schemes should be studied. 

3.2.3 RH Class 2 components in the target area 
 
All components along the mobile shielding used to 
transport cooling water and electrical signals, as well as 
to transfer motion to the BIDs are assigned to RH Class 2. 
All of these components are considered of low complexity 
and low probability of failure (hoses, pipes, cables, rods 
and shafts among others).  
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One concern about generalizing all components along the 
mobile shielding to this class is the fact that components 
at the bottom of the shielding will be more activated than 
the ones at the top. This is an important consideration 
because depending on what type of component is at the 
very bottom; the operational environment can reduce its 
lifetime, making a possible jump from RH Class 2 to 1. 
For the purpose of this initial classification, to generalize 
is acceptable. Later, based on more information about the 
components, a detailed classification will be conducted. 

3.2.4 RH Class 1 components in the target area 
 
All components in the BIDs are considered as RH Class 1. 
These components are subjected to a demanding 
operational environment: radiation, high-energy 
deposition and vacuum (meaning no lubrication for 
moving parts) among others. These components will thus 
be the most activated, presenting high levels of wear even 
during normal operation. 
 
Regular maintenance will be required and all activities 
have to be conducted using RH equipment. In order to 
keep the scientific facility running for several years, RH 
strategies have to be developed to conduct maintenance 
on RH Class 1 components. 
 
4. Remote maintenance scenario  
in the Super-FRS target area 
 
In order to provide maintenance for the RH Class 1 and 2 
components in the target area, plugs have to be retrieved 
from their vacuum chambers and send to a dedicated 
place (a hot cell) where RH maintenance tasks can be 
performed.  

4.1 RH transfer of the plugs 
 
The remote handling scenario to transfer a plug from a 
vacuum chamber to the hot cell is depicted in Figure 8. 
The first step is to remove concrete shielding blocks on 
top of the working platform, such blocks are required 
when experiments are running in order to shield against 
prompt radiation.  
 
Once the working platform is accessible different media 
connections (e.g., vacuum, water cooling and electricity 
among others) linked to the plug of interest are 
disconnected manually. Then a bridge-like support 
structure (see Figure 8) is installed. On this bridge, a 
transfer-shielding flask can be supported. Once the flask 
is properly mounted a sliding door at its bottom is 
opened. A lifting mechanism is deployed and hooked to 
the plug and then the plug is vertically retrieved from the 
vacuum chamber. When the plug is inside the shielding 
flask the sliding door is closed and by means of an 80-ton 
crane, the shielding flask is transported to the hot cell. 

Bridge support
structure

Vacuum chamber
with plugs

Transfer shielding
flask

Hot cell and 
storage cell

Docking 
port

 
Figure 8. Handling scenario for transferring a plug from the 
target area to the hot cell 
 
In the roof of the hot cell there is a docking port on which 
the shielding flask is mounted, after this the sliding door 
is opened and the plug is lowered down to a dedicated 
holding fixture that clamps the plug in a reliable and safe 
position. 

4.2 RH maintenance of the plugs  
 
Once the plugs are inside the hot cell (one at a time) 
dedicated RH equipment is used to conduct 
maintenance tasks (Figure 9). Plugs have to be designed 
considering and incorporating RH features that allow 
the operator by means of RH equipment to conduct 
remote maintenance activities. Common RH maintenance 
activities inside the hot cell are the exchange of worn RH 
Class 1 and 2 components. Next to the hot cell there is a 
storage cell planned for the disposal of old parts and 
components. 
 

 
Figure 9. A plug inside the hot cell can be remote maintained by 
means of two master-slave mechanical manipulator arms, one 
power manipulator and dedicated tools 
 
Transferring and conducting RH maintenance and 
disposal activities to the plugs and their components 
requires dedicated RH equipment. Such equipment 
includes custom and off-the-shelf (OTS) devices. A 
detailed description of the RH equipment foreseen for the 
target area is presented in the following section.   
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Figure 7. Plugs with beam catchers. The V shape beam catcher 
for energy absorption (left) and the massive iron block for 
shielding of fast neutrons (right). 
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Because the working platform is a place for hands-on 
intervention, all components in the working platform are 
considered RH Class 4. Additionally, the plugs have some 
components of RH Class 4; the ones located at the top of the 
plug, which are at the working platform level. These are 
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components are designed and developed to be radiation 
resistant [3]. These components are required to be highly 
reliable and it is assumed that they will not fail during 
normal operation. One recommendation about these 
components made in [7] is that preliminary maintenance 
schemes should be studied. 

3.2.3 RH Class 2 components in the target area 
 
All components along the mobile shielding used to 
transport cooling water and electrical signals, as well as 
to transfer motion to the BIDs are assigned to RH Class 2. 
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One concern about generalizing all components along the 
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Bridge support
structure
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Figure 8. Handling scenario for transferring a plug from the 
target area to the hot cell 
 
In the roof of the hot cell there is a docking port on which 
the shielding flask is mounted, after this the sliding door 
is opened and the plug is lowered down to a dedicated 
holding fixture that clamps the plug in a reliable and safe 
position. 

4.2 RH maintenance of the plugs  
 
Once the plugs are inside the hot cell (one at a time) 
dedicated RH equipment is used to conduct 
maintenance tasks (Figure 9). Plugs have to be designed 
considering and incorporating RH features that allow 
the operator by means of RH equipment to conduct 
remote maintenance activities. Common RH maintenance 
activities inside the hot cell are the exchange of worn RH 
Class 1 and 2 components. Next to the hot cell there is a 
storage cell planned for the disposal of old parts and 
components. 
 

 
Figure 9. A plug inside the hot cell can be remote maintained by 
means of two master-slave mechanical manipulator arms, one 
power manipulator and dedicated tools 
 
Transferring and conducting RH maintenance and 
disposal activities to the plugs and their components 
requires dedicated RH equipment. Such equipment 
includes custom and off-the-shelf (OTS) devices. A 
detailed description of the RH equipment foreseen for the 
target area is presented in the following section.   
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5. Target Area Remote Maintenance System (TARMS)  
 
The target area remote maintenance system (TARMS) 
comprises three main subsystems: housing, manipulation 
and transferring, each of those consists of some major 
components. Table 2 shows the TARMS sub-systems and 
their major components. The concept of TARMS is taken 
from the PSI remote handling of Target-E and the hot cell. 
 

System Sub-system Major Components
TARMS Housing Hot cell

Storage cell

Manipulation Manipulator arms

Handling devices

Tools

Transferring Transfer shielded 
flask
Bridge like support
structure

 
Table 2. TARMS sub-systems and components 

5.1 Housing sub-system 
 
The housing sub-system refers to dedicated places in 
which it is possible to manipulate and handle activated 
parts. The identified components are the hot cell and the 
storage cell. Inside the hot cell it is planned to conduct 
maintenance activities. The storage cell will store 
activated parts coming from the hot cell. The conceptual 
design of the hot cell and storage cell developed by 
Siempelkamp Nukleartechnik GmbH is shown in Figure 
10.  
 
Both cells host components of the manipulation sub-
system. Each has one pair of master-slave mechanical 
manipulators mounted on the wall frames of radiation 
safety windows. The hot cell and storage cell also have 
interfaces to place new components inside them. 
 

 
Figure 10. Hot cell on the left and storage cell on the right 

A double lid port with a conveyor connects the two 
cells. Such a handling device is used to transport 
barrels filled with activated parts (waste) coming from 
the hot cell. Once a barrel is full, it will be properly 
sealed and transported by a crane to a storage place 
made of tubes inside the concrete floor of the storage 
cell. After further cooling down of radioactivity many 
such barrels can be assembled in a disposal unit for 
external storage. 

5.2 Manipulation sub-system 
 
The manipulation sub-system refers to all devices that 
provide the means for an operator to work with activated 
parts. These are manipulator arms, handling devices and 
tools. In this application four master-slave mechanical 
manipulator arms and one power manipulator are 
planned for (Figure 11). 
 
Master-slave mechanical manipulators have been used to 
manipulate activated parts since the 1940s. These 
manipulators are radiation tolerant. Some of the benefits 
in using such manipulators are that they are reliable and 
easy to use and to maintain. The drawback is that most of 
the physical work has to be performed by the operator, 
making it more difficult and tiring to conduct 
maintenance tasks. 
 
The power manipulators typically have five to seven 
degrees of freedom and are electrically driven as well as 
radiation resistant. This type of manipulator arm is 
normally installed in a telescopic boom mounted on a 
bridge-crane carrier installed in the top of the hot cell. 
This way the power manipulator workspace covers 
almost the entire hot cell volume. Contrary to the simple 
master-slave manipulators they can be used for heavier 
equipment.  
 
The handling devices refer to equipment necessary for 
handling activated parts but are not considered as 
manipulators. These are the movable platform with the 
fixture to hold the plugs inside the hot cell (shown in 
Figure 9), the conveyor with the double lid port system, a 
crane and a lifter inside the storage cell. 
 

 

 
Figure 11. Master-slave mechanical manipulator (left) [8], power 
manipulator (right) [9] 
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At the moment only general-purpose tools are 
considered. These are for example: grippers, wrenches, a 
cutting grinder and bow saws and screwdrivers. The idea 
in identifying RH Class 1 and 2 components is to 
understand the type of maintenance activities that must 
be conducted in order to develop proper tools and 
procedures. 

5.3 Transferring sub-system 
 
The transferring sub-system stand for the system is 
required for transferring one plug from the target area 
(vacuum chamber) to the hot cell and vice versa. Two 
components were identified, the transfer-shielding flask 
and the bridge like support structure.  
 
The transfer-shielding flask is dedicated equipment 
utilized to retrieve the plugs from the vacuum chambers 
and transport them to the hot cell. Because a dose rate up 
to many Sv/h is foreseen close to the BIDs (Figure 3), the 
transfer-shielding flask provides shielding for human 
access on the outside to ensure a safe transfer. The wall 
thickness is tapered towards the top because at the top 
the plug is much less activated. This component has 
many sub-components and functions like opening ports, 
guiding mechanisms and lifting mechanisms.  
 
The bridge-like support structure component is the 
interface between the working platform (target area) and 
the transfer-shielding flask (RH equipment). Because of 
this, the design should be fully compatible with both 
major components. 
 
6. Systems Engineering R&D approach for the 
development of the TARMS and the RH adaptation  
of the plug system components 
 
The proposed approach is to develop the TARMS and the 
RH adaptation of the target area plug system 
components. The R&D approach is based on systems 
engineering principles; it comprises six processes, as 
shown in Figure 12. The first process (components 
analysis) receives as inputs the latest designs of the target 
area plug system components and TARMS. 
 
The approach addresses the problem of coping with 
changes in the component designs (plug system) once the 
RH solutions are under development. This has been 
addressed according to [10] by definition of the order of 
magnitude of the requirements parameters with respect 
to tolerance margins. Based on this solution we have 
proposed considering flexibility and variety in the 
development of the RH solutions and RH design 
adaptation respectively. Certain activities within the 
processes of the proposed approach are dedicated to track 
and address the design changes of the plug system 
components (RH Class 1 and 2). 

Components 
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Scenario and 
requirements

Conceptual 
RH solution 

development

Verification, 
Validation 

and
integration of 
RH solutions

Latest 
designs

Detail RH 
solution 

development

RH solutions

 
Figure 12. Phases of the systems engineering R&D approach 

6.1 Components analysis 
 
In this process, an in-depth analysis will be performed to 
obtain a good understanding of the current development 
of the target area plug system components and TARMS. 
The main activities of this process are: 

• Understand and define the actual development of 
the plug system and TARMS 

• Develop a functional analysis for an in-depth 
understanding 

• Analyse the procedures of assembly and disassembly 
of the components 

• Analyse components interfaces 
• Classify components into mature or under 

development 

6.2 Scenario and requirements 
 
The requirements will be developed based on RH 
scenarios to conduct RH maintenance tasks. The main 
activities of this process are: 

• Define RH maintenance tasks 
• Detail classification of components based on ITER 

RH maintenance classes 
• Define development priorities    
• Develop RH maintenance scenarios  
• Initial RH components assessments 
• Preliminary RH requirements, e.g. 

- Tooling 
- Equipment 
- Definition of sizes and weights 

6.3 Conceptual RH solution development 
 
In this process, the concept of each RH maintenance task 
will be developed and tested by means of virtual reality 
(VR) simulations. The main activities in this process are: 

• Develop preliminary RH solutions, definition of: 
- RH equipment 
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in identifying RH Class 1 and 2 components is to 
understand the type of maintenance activities that must 
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- RH tools 
- RH techniques 
- RH sequences 

• Develop preliminary adaptation of the designs 
• Consider possible changes in the components designs 

(add flexibility to the preliminary RH solutions) 
• Consider different RH adaptation concepts of the 

components based on possible changes 
• Develop VR simulations for the RH tasks 
• Identify RH concepts and solutions that have to be 

tested on real prototypes 
• Update RH requirements 

6.4 Detail RH solution development 
 
This process is to detail procedures and sequences and 
also to develop and build prototypes to conduct RH tests. 
The main activities in this phase are: 

• Develop detail RH solutions 
• Detail adaptation of the designs 
• Evaluate possible changes in the components 

designs 
• Evaluate the different RH adaptation concepts  
• Develop and build prototypes for RH testing 
• Update RH requirements 

6.5 Verification, validation and Integration of RH solutions 
 
The developed RH solutions and concepts have to be 
tested in order to assure reliability. Partial and initial 
RH solutions and concepts will be verified and 
validated. All validated solutions and concepts will be 
integrated into the final RH solutions. The main 
activities in this phase are: 

• Verify and validate preliminary and partial RH 
concepts and solutions 

• Verify and validate RH design adaptation of the 
designs. 

• Integrate validated RH concepts and partial 
solutions into final and complete RH solutions 

• Verify and validate final RH solutions 
• Finalize RH requirements 

 
The proposed approach is iterative; this means that 
several passes through the five processes will be 
performed along the development of the TARMS and the 
RH design adaptation of the plug systems components. 
 
7. Discussion and Conclusions  
 
In this paper, we have proposed a systems engineering 
research and development approach for the development 
of the TARMS and the RH design adaptation of the target 
area plug systems components. A description of the 
facility was given in order to have a good impression of 
the problem and why it requires a remote handling 
system. The major components in the target area were 

classified according to ITER RH maintenance 
classification. In addition, the conceptual scenario of 
remote handling in the target area, as well as the TARMS, 
were described. 
 
The first inputs of the SE R&D approach are the latest 
models of the plug system components and the TARMS. 
The plugs and BIDs are at the moment under 
development and different design solutions are in 
progress and under evaluation; all models are at the 
moment at the level of preliminary designs. At the same 
time the RH concept of the plugs and BIDs is being 
developed. Commercial OTS and custom RH equipment 
is foreseen to conduct remote maintenance.  
 
One of the main goals in applying the proposed approach 
is to develop the RH requirements for the detail designs 
of the plug system components and TARMS. In this 
manner the plug system final designs will be designed to 
be remotely maintained by the TARMS. Both systems will 
be fully compatible. 
 
In conclusion, RH is a key technology in ensuring the 
availability of the Super-FRS machine during the 
operational time of FAIR. Classifying components is a 
good approach to focus the engineering effort developing 
RH tools and techniques for specific components. 
 
By defining RH scenarios, component interfaces are 
identified. These are very important in order to ensure 
compatibility between the TARMS and the plug system. 
This is done with the intention of minimizing risks and 
unforeseen situations. 
 
Changes in the plug system components have to be 
considered as long as the components are still under 
development. Flexible and simple RH solutions and RH 
design adaptations shall be pursued. 
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Abstract Remote Handling (RH) systems are now 
frequently used to conduct inspections and 
maintenance in hazardous environments. New particle 
accelerator facilities present unique logistic challenges 
due to high radiation levels, a hazardous environment 
and heavy loads. The Facility for Antiproton and Ion 
Research (FAIR) will deliver a beam of all ions up to 
uranium with intensities up to 1012 238U ions/s, which 
will cause high levels of radiation during operation so 
human access is limited. This paper contains a survey 
on RH logistics for existing High Intensity Beam (HIB) 
facilities to determine state of the art RH practices and 
to draw a conclusion based on the analysis. The second 
part of this paper presents a detailed study of beam 
losses, the radiation environment, RH logistic 
challenges and some proposed solutions for Super-
FRS. This paper will also suggest a Systems 
Engineering (SE) approach for developing Super-FRS 
RH logistics. 
 
Keywords Remote Handling (RH), Fragment Separator, 
Systems Engineering (SE), Facility for Antiproton and Ion 
Research (FAIR), Logistics 
 

1. Introduction 
 
The high energy and nuclear physics research 
communities are pushing the boundaries of known 
nuclides in order to understand nature at a basic level.  
The study of the fundamental questions about the 
universe in the field of nuclear structure and astrophysics 
has been enabled by modern fragment separator facilities. 
Fragment separator facilities are designed to deliver an 
exotic beam of rare nuclei via fragmentation and fission 
reactions based on a high-energy beam hitting a target. 
Advances in technology have enabled scientists to build 
high beam energy and power facilities for producing 
beams of short lived radioactive nuclei. The rare isotopes 
are radioactively unstable and they decay into more 
stable nuclei by emitting radiation. Figure 1 shows the 
nuclides chart as a function of their proton and neutron 
numbers. The stable nuclei found in the universe are 
shown in black and are stable with very long half-lives. 
The unstable and discovered nuclei are shown in orange. 
The green region of the chart shows nuclei that are 
predicted by the theory but unknown to mankind [1].    
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universe in the field of nuclear structure and astrophysics 
has been enabled by modern fragment separator facilities. 
Fragment separator facilities are designed to deliver an 
exotic beam of rare nuclei via fragmentation and fission 
reactions based on a high-energy beam hitting a target. 
Advances in technology have enabled scientists to build 
high beam energy and power facilities for producing 
beams of short lived radioactive nuclei. The rare isotopes 
are radioactively unstable and they decay into more 
stable nuclei by emitting radiation. Figure 1 shows the 
nuclides chart as a function of their proton and neutron 
numbers. The stable nuclei found in the universe are 
shown in black and are stable with very long half-lives. 
The unstable and discovered nuclei are shown in orange. 
The green region of the chart shows nuclei that are 
predicted by the theory but unknown to mankind [1].    
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Figure 1. Chart of nuclide: stable, discovered and predicted 
nuclei. Presented as function of their Proton (Z) and Neutron (N) 
numbers [1] 
 
The radioactive beam is now primary way to explore the 
uncharted region of the nuclei chart (Figure 1) and find 
answers to the question of the evolution of the universe 
[2]-[8]. The main aim of RIB facilities is to study nuclear 
physics to understand the nuclear matter properties and 
atomic nuclei to answer the fundamental questions of [7]. 
Such as, what is the significance of unstable nuclei in the 
process? To discover new forms of matter and to study 
the structure and behaviour of matter at extreme 
conditions, (namely) when a transition from nuclear to 
quark gluon matter occurs [3]?  OECD global science 
forum’s report on Rare Isotope Beam (RIB) facilities [7] 
shows that these facilities are providing the latest and 
most important research. The research has a direct impact 
on medical imaging, cancer treatment, environmental 
research, food processing, material sciences, accelerator 
technology, space technology and sciences, the fabrication 
of microchips, biology and clean energy technologies [7]. 
Within last decade major discoveries and progress have 
been reported by NuPECC [8] in the field of nuclear 
physics that have direct applications to society [7].  
 
For the production of beams with high rates of secondary 
particles such as antiproton, neutrons, neutrinos and rare 
isotopes, very high intensity beams are required. The 
beam interacts with a target that causes the degradation 
of material properties and limits the lifetime of beamline 
equipment. The degraded targets, collimators and beam 
dumps also become activated due to the beam interaction 
and hence must be shielded to protect humans, which 
consequently requires remote maintenance.  
 
Existing low energy exotic nuclei beam facilities are 
delivering beams with lower intensities, which are the 
basis for low levels of activation and radiation. The drive 
to push research boundaries and understand nature 
requires facilities with high beam power and energy. 
However, this development of new research facilities [5]-
[49], which can deliver such powerful beams, will 

generate more activated parts. The handling and 
maintenance of the activated parts has to be done 
remotely and the facilities’ design should incorporate the 
RH provisions. 

 
This paper will compare the RH logistics solutions and 
issues at existing and future rare isotope beam facilities 
and explore the RH logistic scenario for Super-FRS at the 
Facility for Antiproton and Ion Research (FAIR).  
 
2. RH maintenance survey of High Beam  
Intensities (HIB) existing facilities 
 

This chapter will discuss the existing and future High 
Intensity Beam (HIB) facilities with activated targets and 
state of the art RH techniques used to handle the 
activated parts.  

2.1 HIB facilities with proton beam 

Table 1 shows a list of large accelerators with targets for 
high intensity beams (HIB). These HIB facilities accelerate 
proton beams that are used for the production of 
secondary particles such as antiprotons, neutrinos, 
muons, or serve as a pulsed neutron sources by 
spallation. Facilities for the production of muons and 
spallation neutrons require lower beam energy and the 
secondary particles are easier to shield compared to 
higher beam energy, which is needed for antiproton or 
directed neutrino beams.   
 
S.No. Facility Name Target Type 
1. Antiproton target CERN [28] Antiproton 
2. Fermilab [26] 
3. p-bar at FAIR (planned)[27] 
4. Fermilab NuMI [29] Neutrino 

Production  5. CERN CNGS [30] 
6. J-PARC T2K [33] 
7. Target E at PSI [24] Muon 

production 8. J-PARC MUSE [34] 
9. SNS Oak Ridge [37] Spallation 

Neutron  
Sources (SNS) 

10. JSNS at J-PARC [39] 
12. ISIS [40] 
13. SINQ at PSI [43] 
14 ESS (planned) [45] 
15. LHC [44] Hadron Collider 

Table 1. Selected HIB facilities  
 
Many of these HIB facilities use close shielding around 
the beamlines to avoid the spread of radiation close to the 
source, which reduces the overall volume required. To 
insert devices into the beam the vertical plug concept is 
used. Following a standard method of radiation shielding 
against fast neutrons, the inner part consists of iron as a 
material of higher density, whereas the outer part, which 
is of large volume, is made of cheaper concrete for 
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neutron moderation and absorption. Still, much shielding 
can be saved by having the target in a tunnel below 
ground level, so that in addition soil can make up part of 
the shielding. In such an underground tunnel space for 
extended maintenance setups and additional close 
shielding with plugs is usually limited. In these facilities 
activated parts must at least be transported from the 
beamline to a maintenance region built as a hot cell or 
workcell detached from the beamline. In a scenario with 
enough space and cranes for heavy equipment the 
maintenance area can be separated completely from the 
in-beam position with either a shielded transport tunnel 
or a mobile shielding flask. 
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Figure 2. Sample closed tunnel drawing with vertical plugs. 

 

Figure 3. Fermi lab NuMI target area cross section [29] 

 

Figure 2 shows the basic parts of a close shielding with 
plug inserts. The main purpose of the plug is to limit 
activation on the side opposite to the beam to a level 
where hands on maintenance becomes possible. At the 
same time radiation sensitive material such as vacuum 
seals is protected. This solution in principle offers well-
protected access as there is always shielding between the 
main source of radiation and the operator and it limits the 
necessary motion to simple vertical movements. 
However, at the same time it increases the weight of the 
components drastically as they become directly 
connected to the heavy shielding blocks. Still it is the 
method of choice at the following places. 

 
The analysis of antiproton target studies at the Fermilab 
and future FAIR [27] facility indicates high levels of 
radiation, for which iron and concrete shielding is 
required. The space is confined due to the shielding and 
high level of activation that requires maintenance by RH. 
At the FermiLab 120 GeV proton beam facility NuMI [26] 
(Figure 3), the neutrino target is mounted on a vertical 
plug in a closed tunnel heavily shielded with iron and 
concrete [29]. An overhead crane is used to remotely 
transfer the target from the beamline to the workcell area 
where basic maintenance is carried out. The T2K target 
and horns, at J-PARC are also mounted on plugs and are 
retrieved vertically using RH with a weight of 40 tons.  
Then the T2K target is shifted to a hot cell where RH 
maintenance is performed before it is stored [33]. 
 
The PSI cyclotron delivers a proton beam of 2mA at 
590MeV. The target E region (Figure 4) has heavy close 
shielding. Limited access is available at the top of the 
beamline components after the removal of concrete 
shielding. The beamline equipment mounted on plugs is 
pulled out vertically and transported to the hot cell 
region in shielding containers [24]. Similarly the SINQ 
target at PSI is retracted/installed and transported 
vertically from the target area to the hot cell where the 
target is dismantled or maintained remotely using 
master-slave-manipulators and power manipulators [43]. 
PSI has a well-established hot cell that performs 
maintenance operations on the activated equipment. 
Maintenance demands a downtime of weeks due the 
complex operation and heavy loads [24].  
 
The muon target, magnets and pillow seals located on the 
3GeV proton beamline in the MLF facility at J-PARC are 
also installed on vertical plugs. During maintenance, the 
target is also remotely installed and removed from the 
top onto the beamline using a shielding cask.  The beam 
line is heavily shielded from the top and sides. The 
beamline inserts in the closed tunnel are accessible from 
the top once the shielding is removed and radiation levels 
are low [34]. 
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higher beam energy, which is needed for antiproton or 
directed neutrino beams.   
 
S.No. Facility Name Target Type 
1. Antiproton target CERN [28] Antiproton 
2. Fermilab [26] 
3. p-bar at FAIR (planned)[27] 
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Production  5. CERN CNGS [30] 
6. J-PARC T2K [33] 
7. Target E at PSI [24] Muon 

production 8. J-PARC MUSE [34] 
9. SNS Oak Ridge [37] Spallation 

Neutron  
Sources (SNS) 

10. JSNS at J-PARC [39] 
12. ISIS [40] 
13. SINQ at PSI [43] 
14 ESS (planned) [45] 
15. LHC [44] Hadron Collider 

Table 1. Selected HIB facilities  
 
Many of these HIB facilities use close shielding around 
the beamlines to avoid the spread of radiation close to the 
source, which reduces the overall volume required. To 
insert devices into the beam the vertical plug concept is 
used. Following a standard method of radiation shielding 
against fast neutrons, the inner part consists of iron as a 
material of higher density, whereas the outer part, which 
is of large volume, is made of cheaper concrete for 
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neutron moderation and absorption. Still, much shielding 
can be saved by having the target in a tunnel below 
ground level, so that in addition soil can make up part of 
the shielding. In such an underground tunnel space for 
extended maintenance setups and additional close 
shielding with plugs is usually limited. In these facilities 
activated parts must at least be transported from the 
beamline to a maintenance region built as a hot cell or 
workcell detached from the beamline. In a scenario with 
enough space and cranes for heavy equipment the 
maintenance area can be separated completely from the 
in-beam position with either a shielded transport tunnel 
or a mobile shielding flask. 
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Figure 2. Sample closed tunnel drawing with vertical plugs. 

 

Figure 3. Fermi lab NuMI target area cross section [29] 

 

Figure 2 shows the basic parts of a close shielding with 
plug inserts. The main purpose of the plug is to limit 
activation on the side opposite to the beam to a level 
where hands on maintenance becomes possible. At the 
same time radiation sensitive material such as vacuum 
seals is protected. This solution in principle offers well-
protected access as there is always shielding between the 
main source of radiation and the operator and it limits the 
necessary motion to simple vertical movements. 
However, at the same time it increases the weight of the 
components drastically as they become directly 
connected to the heavy shielding blocks. Still it is the 
method of choice at the following places. 

 
The analysis of antiproton target studies at the Fermilab 
and future FAIR [27] facility indicates high levels of 
radiation, for which iron and concrete shielding is 
required. The space is confined due to the shielding and 
high level of activation that requires maintenance by RH. 
At the FermiLab 120 GeV proton beam facility NuMI [26] 
(Figure 3), the neutrino target is mounted on a vertical 
plug in a closed tunnel heavily shielded with iron and 
concrete [29]. An overhead crane is used to remotely 
transfer the target from the beamline to the workcell area 
where basic maintenance is carried out. The T2K target 
and horns, at J-PARC are also mounted on plugs and are 
retrieved vertically using RH with a weight of 40 tons.  
Then the T2K target is shifted to a hot cell where RH 
maintenance is performed before it is stored [33]. 
 
The PSI cyclotron delivers a proton beam of 2mA at 
590MeV. The target E region (Figure 4) has heavy close 
shielding. Limited access is available at the top of the 
beamline components after the removal of concrete 
shielding. The beamline equipment mounted on plugs is 
pulled out vertically and transported to the hot cell 
region in shielding containers [24]. Similarly the SINQ 
target at PSI is retracted/installed and transported 
vertically from the target area to the hot cell where the 
target is dismantled or maintained remotely using 
master-slave-manipulators and power manipulators [43]. 
PSI has a well-established hot cell that performs 
maintenance operations on the activated equipment. 
Maintenance demands a downtime of weeks due the 
complex operation and heavy loads [24].  
 
The muon target, magnets and pillow seals located on the 
3GeV proton beamline in the MLF facility at J-PARC are 
also installed on vertical plugs. During maintenance, the 
target is also remotely installed and removed from the 
top onto the beamline using a shielding cask.  The beam 
line is heavily shielded from the top and sides. The 
beamline inserts in the closed tunnel are accessible from 
the top once the shielding is removed and radiation levels 
are low [34]. 
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Figure 4. PSI target region heavily shielded [24] 
 
However, even larger target installations like large liquid 
target assemblies cannot be transported in a shielding 
container or mounted on an even larger shielding plug, they 
have to be maintained on site. The hot cells in these facilities 
are built on the top of the target region to conduct onsite 
remote maintenance. This is typical for spallation Neutron 
sources (SNS) where a high intensive pulsed proton beam is 
impinged on the target [35]. The SNS Oak Ridge facility uses 
an intense proton beam of 1 GeV to generate neutrons by 
spallation. The target at the SNS Oak Ridge facility uses 
liquid Mercury that requires RH for maintenance. The SNS 
facility target region is one large hot cell that uses master-
slave manipulators and a telescopic servo manipulator to 
exchange, maintain, store and transport the activated parts 
(Figure 5). The target area is not closely shielded due to the 
energies and research at the facility [36], [38].  
 
Similarly, the JSNS facility at the J-PARC facility uses a 
3GeV proton beam on a liquid Hg target to generate 
neutrons. The target assembly is mounted on a moveable 
trolley that can be retracted and remotely removed into the 
hot cell and later transferred into storage cell [39], [41], [42]. 
The target is retrieved horizontally into the hot cell where 
it is removed and replaced with the help of an overhead 
power manipulator and a target exchange truck [39]. 
 

 
Figure 5. SNS Oak Ridge facility target (hot) cell cutaway [36] 

 
Figure 6. ISIS target RH setup [41] 

 
The ISIS facility at the Rutherford Appleton laboratory 
uses 800MeV and 160KW proton beam on a solid 
tantalum clad tungsten target [40]. The target is 
maintained by two master slave manipulators positioned 
opposite each other with dedicated windows (Figure 6). 
The cell also has a crane and cameras to provide 
assistance in remote manipulation. The spent target is 
stored close by and removed via an underground 
mechanism [41].  
 
For HIB machines with very high beam energies of 
100’s of GeV, even up to 7TeV, close shielding becomes 
impractical and would even lead to an increased dose 
rate for maintenance. The reason for this is the much 
higher attenuation length for the secondary radiation 
and in addition a build-up of radiation where from one 
particle many more particles are created, which leads 
to an avalanche of radiation. In this case more material 
close to the beam would make activation even worse. 
The very long attenuation length can only be reached 
by distribution over a large area and far underground. 
The most extreme example is the he Large Hadron 
Collider (LHC). It collides two opposing proton beams 
up to energies of 7TeV. Over the whole circumference 
of 27km collimators are installed which require 
maintenance, as well as the dedicated beam dumps 
[44]. 
 
The CERN CNGS target also includes high energy 
protons (400GeV) from SPS that interact with an assembly 
of five graphite rods mounted on a revolving assembly 
encompassed by iron shielding [32]. Operational 
problems have made it evident that adequate shielding 
measures to protect electronics and personnel during 
operation [30] are required. The facility tunnel is 
underground and uses no shielding [31]. The target 
station can be remotely inspected but there is only space 
for a remotely controlled overhead crane and cameras 
[30]. The CNGS target is not coupled directly to a hot cell 
to maintain in. 
 

4 Int. j. adv. robot. syst., 2013, Vol. 10, 348:2013 www.intechopen.com

2.2 HIB facilities with RIB targets 

Rare isotope beams (RIB) are produced using two 
techniques (Figure 7): in-flight separation and isotope 
separations online (ISOL) [9][10].  
 
In-flight separation means nuclei in a heavy ion beam are 
converted to other nuclides while passing a target. As the 
many different fragments are produced they need to be 
separated with the help of electromagnetic fields in a 
fragment separator. With the help of further interaction 
between degraders, the nuclides can even be separated by 
mass and charge independently. This method of 
operation means there are high levels of radiation due to 
the beam interaction with the target. Most of the beam is 
dumped in the separation process and towards the end of 
the separator the radiation level drops. Parts hit by the 
intense beam, like the dedicated beam catchers, become 
strongly activated. In the ISOL facilities nuclei in the 
target are converted by bombardment with a high 
intensity beam of mostly protons. The nuclei produced 
are then extracted from the target and collected in a low 
energy beam with the help of an ion source. Afterwards a 
low energy but high resolution mass separator is used to 
select the nuclides of interest. As energy is lower except 
for the target little activation is caused but due to the 
extraction from the target contamination poses a severe 
problem. Figure 7 illustrates the different production 
schemes.  
 

 
Figure 7. Rare isotope beam producing processes [9][10]. 
 
Table 2 shows a list [10] of RIB facilities that use either in-
flight or ISOL methods to generate the beam. In current 
facilities such as GSI [21] and ISOLDE [5] some RH 
techniques to retrieve and install the target area 
components are applied.  At the target area and the first 
focal plane of the FRS (Figure 8) close to the vacuum 
chambers dose rates ranging from 200µSv/h up to 2mSv/h 
can be reached [4].  
 
These two critical areas can be accessed in a controlled 
mode for limited periods of time after beam operation. 
For RH GSI uses two six-axis KUKA robots to conduct the 
remote maintenance/replacement of different parts such 
as collimators, target ladders, slits and in-beam detectors 
with the help of dedicated media panel connectors [4].  

 
Figure 8. Projectile Fragment Separator FRS and the two robot 
positions for RH processes. 
 

S.no. Facility Name Target Type 
1. RIKEN RIBF Target at 

BigRIPS [16] 
In-Flight 

2. FRIB at MSU [25] 
3. FRS at GSI [21] 
4. Super-FRS at GSI [12] 
5. SISSI at GANIL [15] 
6. ISOLDE at CERN [5] ISOL  
7. ISAC at TRIUMF [22] 
8.  SPIRAL 1 at GANIL [13] 
9. SPIRAL 2 at GANIL [14] 

Table 2. Selected RIB in-flight and ISOL facilities. 
 
The ISOLDE Facility at CERN, which delivers proton 
beams up to 1GeV with 3.2x1013 ions/1.2 seconds, also 
uses two industrial robots for RH and storing the targets 
(Figure 9) [5]. The robot at ISOLDE has to conduct 
complex dexterity object manipulation to grip and 
remove the activated target from the beamline and 
perform transport manipulation to safely transfer and 
store the target in a temporary storage area. 
 

 
Figure 9. ISOLDE CERN target area RH setup [5] 
 
Future facilities such as FRIB are adopting a close tunnel 
approach to maintain the activated parts. While the 
SPIRAL2 facility, which is an ISOL facility, is building a 
hot cell on top of the beamline. Both of these facilities 
have to perform maintenance by RH due to high levels of 
activation. These facilities also use iron-concrete shielding 
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Figure 4. PSI target region heavily shielded [24] 
 
However, even larger target installations like large liquid 
target assemblies cannot be transported in a shielding 
container or mounted on an even larger shielding plug, they 
have to be maintained on site. The hot cells in these facilities 
are built on the top of the target region to conduct onsite 
remote maintenance. This is typical for spallation Neutron 
sources (SNS) where a high intensive pulsed proton beam is 
impinged on the target [35]. The SNS Oak Ridge facility uses 
an intense proton beam of 1 GeV to generate neutrons by 
spallation. The target at the SNS Oak Ridge facility uses 
liquid Mercury that requires RH for maintenance. The SNS 
facility target region is one large hot cell that uses master-
slave manipulators and a telescopic servo manipulator to 
exchange, maintain, store and transport the activated parts 
(Figure 5). The target area is not closely shielded due to the 
energies and research at the facility [36], [38].  
 
Similarly, the JSNS facility at the J-PARC facility uses a 
3GeV proton beam on a liquid Hg target to generate 
neutrons. The target assembly is mounted on a moveable 
trolley that can be retracted and remotely removed into the 
hot cell and later transferred into storage cell [39], [41], [42]. 
The target is retrieved horizontally into the hot cell where 
it is removed and replaced with the help of an overhead 
power manipulator and a target exchange truck [39]. 
 

 
Figure 5. SNS Oak Ridge facility target (hot) cell cutaway [36] 

 
Figure 6. ISIS target RH setup [41] 

 
The ISIS facility at the Rutherford Appleton laboratory 
uses 800MeV and 160KW proton beam on a solid 
tantalum clad tungsten target [40]. The target is 
maintained by two master slave manipulators positioned 
opposite each other with dedicated windows (Figure 6). 
The cell also has a crane and cameras to provide 
assistance in remote manipulation. The spent target is 
stored close by and removed via an underground 
mechanism [41].  
 
For HIB machines with very high beam energies of 
100’s of GeV, even up to 7TeV, close shielding becomes 
impractical and would even lead to an increased dose 
rate for maintenance. The reason for this is the much 
higher attenuation length for the secondary radiation 
and in addition a build-up of radiation where from one 
particle many more particles are created, which leads 
to an avalanche of radiation. In this case more material 
close to the beam would make activation even worse. 
The very long attenuation length can only be reached 
by distribution over a large area and far underground. 
The most extreme example is the he Large Hadron 
Collider (LHC). It collides two opposing proton beams 
up to energies of 7TeV. Over the whole circumference 
of 27km collimators are installed which require 
maintenance, as well as the dedicated beam dumps 
[44]. 
 
The CERN CNGS target also includes high energy 
protons (400GeV) from SPS that interact with an assembly 
of five graphite rods mounted on a revolving assembly 
encompassed by iron shielding [32]. Operational 
problems have made it evident that adequate shielding 
measures to protect electronics and personnel during 
operation [30] are required. The facility tunnel is 
underground and uses no shielding [31]. The target 
station can be remotely inspected but there is only space 
for a remotely controlled overhead crane and cameras 
[30]. The CNGS target is not coupled directly to a hot cell 
to maintain in. 
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2.2 HIB facilities with RIB targets 

Rare isotope beams (RIB) are produced using two 
techniques (Figure 7): in-flight separation and isotope 
separations online (ISOL) [9][10].  
 
In-flight separation means nuclei in a heavy ion beam are 
converted to other nuclides while passing a target. As the 
many different fragments are produced they need to be 
separated with the help of electromagnetic fields in a 
fragment separator. With the help of further interaction 
between degraders, the nuclides can even be separated by 
mass and charge independently. This method of 
operation means there are high levels of radiation due to 
the beam interaction with the target. Most of the beam is 
dumped in the separation process and towards the end of 
the separator the radiation level drops. Parts hit by the 
intense beam, like the dedicated beam catchers, become 
strongly activated. In the ISOL facilities nuclei in the 
target are converted by bombardment with a high 
intensity beam of mostly protons. The nuclei produced 
are then extracted from the target and collected in a low 
energy beam with the help of an ion source. Afterwards a 
low energy but high resolution mass separator is used to 
select the nuclides of interest. As energy is lower except 
for the target little activation is caused but due to the 
extraction from the target contamination poses a severe 
problem. Figure 7 illustrates the different production 
schemes.  
 

 
Figure 7. Rare isotope beam producing processes [9][10]. 
 
Table 2 shows a list [10] of RIB facilities that use either in-
flight or ISOL methods to generate the beam. In current 
facilities such as GSI [21] and ISOLDE [5] some RH 
techniques to retrieve and install the target area 
components are applied.  At the target area and the first 
focal plane of the FRS (Figure 8) close to the vacuum 
chambers dose rates ranging from 200µSv/h up to 2mSv/h 
can be reached [4].  
 
These two critical areas can be accessed in a controlled 
mode for limited periods of time after beam operation. 
For RH GSI uses two six-axis KUKA robots to conduct the 
remote maintenance/replacement of different parts such 
as collimators, target ladders, slits and in-beam detectors 
with the help of dedicated media panel connectors [4].  

 
Figure 8. Projectile Fragment Separator FRS and the two robot 
positions for RH processes. 
 

S.no. Facility Name Target Type 
1. RIKEN RIBF Target at 

BigRIPS [16] 
In-Flight 

2. FRIB at MSU [25] 
3. FRS at GSI [21] 
4. Super-FRS at GSI [12] 
5. SISSI at GANIL [15] 
6. ISOLDE at CERN [5] ISOL  
7. ISAC at TRIUMF [22] 
8.  SPIRAL 1 at GANIL [13] 
9. SPIRAL 2 at GANIL [14] 

Table 2. Selected RIB in-flight and ISOL facilities. 
 
The ISOLDE Facility at CERN, which delivers proton 
beams up to 1GeV with 3.2x1013 ions/1.2 seconds, also 
uses two industrial robots for RH and storing the targets 
(Figure 9) [5]. The robot at ISOLDE has to conduct 
complex dexterity object manipulation to grip and 
remove the activated target from the beamline and 
perform transport manipulation to safely transfer and 
store the target in a temporary storage area. 
 

 
Figure 9. ISOLDE CERN target area RH setup [5] 
 
Future facilities such as FRIB are adopting a close tunnel 
approach to maintain the activated parts. While the 
SPIRAL2 facility, which is an ISOL facility, is building a 
hot cell on top of the beamline. Both of these facilities 
have to perform maintenance by RH due to high levels of 
activation. These facilities also use iron-concrete shielding 
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to provide protection against high levels of radiation. Hot 
cell development is also planned for both of the facilities 
to remotely maintain the activated equipment such as 
targets and beam dumps [18], [23]. 

2.3 HIB Survey Analysis 

The HIB facilities analysis can be divided into following 
categories: 

• The first type of facility is developed with a closed 
tunnel design concept and vertical plug system 
(Figure 2) where the hot cell is located separately 
from the beamline. Such facilities require the remote 
transfer of beamline equipment during 
maintenance. Examples include PSI, JPARC MUSE, 
Fermilab NuMI and T2K at JPARC.   

• The second type of facility builds the hot cell on top 
of the target area (Figure 5, Figure 6). SNS, JSNS, 
ISIS, FRIB and SPIRAL 2 are examples. The hot cell 
is equipped with MSM and power manipulators to 
conduct maintenance on site. 

• The third type of facility uses very high-energy 
beams such as LHC and CNGS at CERN. These 
facilities are built with an underground open tunnel 
to provide natural shielding. The shielding of the 
beamline at such high energies is impractical from 
an RH maintenance point of view. 

• The fourth type of facility are developed with an 
open tunnel that uses localized shielding around the 
target area and the activated parts are replaced with 
industrial robots. Such facilities include the FRS and 
ISOLDE targets exchange systems. 

 
3. Super-FRS beam losses and radiation environment 

 
Based on the experience gained from the existing FRS 
facility, GSI is also responsible for the development of the 
Super-FRS facility shown in Figure 10. The new 
accelerators of FAIR provide primary beam intensities of 
up to 1012 ions/s of 238U at up to 1.5GeV/u [11].  In general 
the FAIR ion beams will have a factor of 100-1000 times 
higher intensity than currently available at GSI [21]. In 
this section we will provide a detailed analysis regarding 
the beam losses in the Super-FRS facility for 132Sn and 
100Sn ion settings and an overview of the radiation 
environment in Super-FRS. 

3.1 Beam Losses at Super-FRS 

The Super-FRS facility is divided into a pre-separator, a 
hot cell and a main separator [11], [12].  The purpose of 
the separator is to select only nuclides of a certain rare 
species.  This means that the initially high beam rate will 
be reduced more and more along the beamline (Figure 
10). Consequently, the activation levels differ by orders of 
magnitude along the Super-FRS tunnel [49], [50]. A 
detailed Super-FRS layout can be seen in Figure 10 with 
respective maximal beam intensities.  

The purpose of Super-FRS is to select certain species of 
mostly exotic nuclei out of the large intensity of different 
nuclides produced. This is done by the so called Bρ-ΔE-Bρ 
method [21] where in addition to the simple analysis by 
magnetic rigidity (Bρ) the ions are further separated by a 
second Bρ analysis after having passed a layer of matter 
(degrader) in which ions of different elements lose a 
different amount of energy (ΔE). Whereas the first step 
selects mainly ions of similar mass to charge ratio, the 
second step adds selectivity by atomic number. In Super-
FRS this method is applied twice in the pre- and the main 
separator. 
 

Pre-separator

Beam

To Experiments

To storage rings

Target
Hot-cell

Service TunnelRH Manipulators

Main separator

 
Figure 10. Super-FRS layout for the production, separation. 
 
Since the main purpose is to select only a few ions out of 
up to 1012/s, the beam losses and where they will occur 
exactly can be predicted well. However, as there are 
many different settings for less and more rare isotopes, 
the intensities in the main separator can vary enormously. 
To illustrate the situation two examples were chosen: 
selection of 132Sn produced in a fission reaction from a 
238U beam and 100Sn from projectile fragmentation of 124Xe 
(Figure 11). 132Sn and many other fission fragments with a 
similar mass and atomic number can be produced in high 
quantities and are difficult to separate due to the larger 
momentum spread of the fragments behind the target 
[46]. 100Sn and its neighbours on the chart of nuclides are 
produced much less and at higher energies like at Super-
FRS they are also easier to separate. 
 
In simulations with the Monte Carlo code MOCADI [47] 
for ion transport in beamlines including matter we 
collected the losses for all relevant nuclides produced as a 
function of position along the Super-FRS beamline (around 
1000 different nuclides for 132Sn and 490 for 100Sn). As we 
are interested in estimating the level of activation of 
beamline components the number of ions only is not a 
good criterion, the energy of the ion and mass and atomic 
number are also important. Heavier ions contain more 
nuclides but ions of higher charge can be stopped faster. 
This was considered by comparing the number of emitted 
neutrons for each ion derived from a simplified scaling rule 

6 Int. j. adv. robot. syst., 2013, Vol. 10, 348:2013 www.intechopen.com

as described in Ref. [48]. So the number of ions lost 
shown in Figure 11 actually refers to 114Pd ions at 
1300MeV/u an ion roughly in the middle of the mass 
and energy distributions of all the ions in the different 
sections of Super-FRS. This procedure also allows a loss 
number for inserts like the target or the degraders to be 
defined, through which the ions fly through without 
being lost. However, as the energy is reduced the 
amount of neutrons corresponds to the difference of 
neutrons emitted at the entrance energy minus the 
number of neutrons emitted at exit energy. 
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Figure 11. Number of ions lost along the path of the Super-FRS 
beamline per meter and second. For both cases, 132Sn and 100Sn 
settings, an initial energy of 1.5 GeV/u and an intensity of 
3.3x1011 ions (238U or 124Xe, respectively) was assumed. For clearer 
presentation the numbers were averaged over 5m wide bins. Key 
loss points are labelled. 
 
As one can see, the main loss points are the target and the 
beam catchers but also later in the system local maxima 
occur, such as at the degraders or at the exit slits where a 
large part of the separation happens, some ions drop out 
even earlier before the slits, for example in the dipole 
regions. 
 
Super-FRS has three branches [46] but here only the path 
towards the storage rings was considered as it sets the 
scenario where the highest beam intensities can pass 
through the whole separator. In the other branches beam 
tracking with detectors will be used, which is not possible 
at these high particle rates. 
 
The difference between the two cases shown at the exit 
slit is also significant. So far it cannot be foreseen how 
often each case will be used during operation. However, 
it is clear that the high intensity case is only one out of 
many and will therefore not run the for whole operation 
time, but only a small fraction of it with 
correspondingly lower activation. Only in the pre-
separator do we want high intensity on the target for all 
of the operation time. 

3.2 Super-FRS Radiation Environment 

In general the goal is to stay far below the annual dose 
limit of 20mSv per year for radiation workers in controlled 
areas. For free access the annual dose rate limit is 
translated into a limit of 0.5μSv/h [49], [50]. The highest 
activation will be in the target area (Figure 12) at the 
beginning of the Pre-separator. It starts with the beam line 
inserts, i.e., the Super-FRS production target and ends with 
three beam catcher chambers, as these components will be 
exposed directly to the intensive primary beam [49]. After 
the beam has interacted with the target a series of graphite 
and iron beam catchers will be used to stop the primary 
beam at locations where the primary beam and selected 
fragments are separated. The pre-separator will be exposed 
to a large amount of radiation and subsequently will be 
activated even after the cooling period.  
 
Figure 12 shows that according to FLUKA [49] 
simulations radiation levels inside the shielding are well 
above 0.5µSv/h during beam operation. The beam 
catchers are subjected to high levels of activation since up 
to 85% of the beam is absorbed by it. The target and the 
beam catchers will be subjected to radiation damage and 
will require replacement multiple times during the Super-
FRS operation. 
 

 
Figure 12. Dose rate calculation with FLUKA during beam operation 
[49]. 
 
Figure 13 represents the target region activation levels 
from the FLUKA simulation. According to the 
simulations, the residual dose for the beam catchers is in 
the Sv/h region even after 120 days of cooling. The 
working platform has a radiation level of 10µSv/h and 
can be accessed by humans to make and break 
connections. The human presence is limited and 
controlled on the top of the working platform [49], [50]. 
 
The beamline inserts exposed directly to the primary 
beam are exposed to high temperature and pressure and 
due to radiation damage these parts must be partially 
replaced. The work on the systems to hold, move and 
exchange the target and the beam catchers can only be 
done by remote handling inside a hot cell [11].   

7Faraz Amjad, Helmut Weick, Jouni Mattila, Luis Orona, Ekaterina Kozlova, Martin Winkler, Karl-Heinz Behr,  
Christos Karagiannis: Survey on Remote Handling Logistics for Super-FRS

www.intechopen.com



to provide protection against high levels of radiation. Hot 
cell development is also planned for both of the facilities 
to remotely maintain the activated equipment such as 
targets and beam dumps [18], [23]. 

2.3 HIB Survey Analysis 

The HIB facilities analysis can be divided into following 
categories: 

• The first type of facility is developed with a closed 
tunnel design concept and vertical plug system 
(Figure 2) where the hot cell is located separately 
from the beamline. Such facilities require the remote 
transfer of beamline equipment during 
maintenance. Examples include PSI, JPARC MUSE, 
Fermilab NuMI and T2K at JPARC.   

• The second type of facility builds the hot cell on top 
of the target area (Figure 5, Figure 6). SNS, JSNS, 
ISIS, FRIB and SPIRAL 2 are examples. The hot cell 
is equipped with MSM and power manipulators to 
conduct maintenance on site. 

• The third type of facility uses very high-energy 
beams such as LHC and CNGS at CERN. These 
facilities are built with an underground open tunnel 
to provide natural shielding. The shielding of the 
beamline at such high energies is impractical from 
an RH maintenance point of view. 

• The fourth type of facility are developed with an 
open tunnel that uses localized shielding around the 
target area and the activated parts are replaced with 
industrial robots. Such facilities include the FRS and 
ISOLDE targets exchange systems. 

 
3. Super-FRS beam losses and radiation environment 

 
Based on the experience gained from the existing FRS 
facility, GSI is also responsible for the development of the 
Super-FRS facility shown in Figure 10. The new 
accelerators of FAIR provide primary beam intensities of 
up to 1012 ions/s of 238U at up to 1.5GeV/u [11].  In general 
the FAIR ion beams will have a factor of 100-1000 times 
higher intensity than currently available at GSI [21]. In 
this section we will provide a detailed analysis regarding 
the beam losses in the Super-FRS facility for 132Sn and 
100Sn ion settings and an overview of the radiation 
environment in Super-FRS. 

3.1 Beam Losses at Super-FRS 

The Super-FRS facility is divided into a pre-separator, a 
hot cell and a main separator [11], [12].  The purpose of 
the separator is to select only nuclides of a certain rare 
species.  This means that the initially high beam rate will 
be reduced more and more along the beamline (Figure 
10). Consequently, the activation levels differ by orders of 
magnitude along the Super-FRS tunnel [49], [50]. A 
detailed Super-FRS layout can be seen in Figure 10 with 
respective maximal beam intensities.  

The purpose of Super-FRS is to select certain species of 
mostly exotic nuclei out of the large intensity of different 
nuclides produced. This is done by the so called Bρ-ΔE-Bρ 
method [21] where in addition to the simple analysis by 
magnetic rigidity (Bρ) the ions are further separated by a 
second Bρ analysis after having passed a layer of matter 
(degrader) in which ions of different elements lose a 
different amount of energy (ΔE). Whereas the first step 
selects mainly ions of similar mass to charge ratio, the 
second step adds selectivity by atomic number. In Super-
FRS this method is applied twice in the pre- and the main 
separator. 
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Figure 10. Super-FRS layout for the production, separation. 
 
Since the main purpose is to select only a few ions out of 
up to 1012/s, the beam losses and where they will occur 
exactly can be predicted well. However, as there are 
many different settings for less and more rare isotopes, 
the intensities in the main separator can vary enormously. 
To illustrate the situation two examples were chosen: 
selection of 132Sn produced in a fission reaction from a 
238U beam and 100Sn from projectile fragmentation of 124Xe 
(Figure 11). 132Sn and many other fission fragments with a 
similar mass and atomic number can be produced in high 
quantities and are difficult to separate due to the larger 
momentum spread of the fragments behind the target 
[46]. 100Sn and its neighbours on the chart of nuclides are 
produced much less and at higher energies like at Super-
FRS they are also easier to separate. 
 
In simulations with the Monte Carlo code MOCADI [47] 
for ion transport in beamlines including matter we 
collected the losses for all relevant nuclides produced as a 
function of position along the Super-FRS beamline (around 
1000 different nuclides for 132Sn and 490 for 100Sn). As we 
are interested in estimating the level of activation of 
beamline components the number of ions only is not a 
good criterion, the energy of the ion and mass and atomic 
number are also important. Heavier ions contain more 
nuclides but ions of higher charge can be stopped faster. 
This was considered by comparing the number of emitted 
neutrons for each ion derived from a simplified scaling rule 
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as described in Ref. [48]. So the number of ions lost 
shown in Figure 11 actually refers to 114Pd ions at 
1300MeV/u an ion roughly in the middle of the mass 
and energy distributions of all the ions in the different 
sections of Super-FRS. This procedure also allows a loss 
number for inserts like the target or the degraders to be 
defined, through which the ions fly through without 
being lost. However, as the energy is reduced the 
amount of neutrons corresponds to the difference of 
neutrons emitted at the entrance energy minus the 
number of neutrons emitted at exit energy. 
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Figure 11. Number of ions lost along the path of the Super-FRS 
beamline per meter and second. For both cases, 132Sn and 100Sn 
settings, an initial energy of 1.5 GeV/u and an intensity of 
3.3x1011 ions (238U or 124Xe, respectively) was assumed. For clearer 
presentation the numbers were averaged over 5m wide bins. Key 
loss points are labelled. 
 
As one can see, the main loss points are the target and the 
beam catchers but also later in the system local maxima 
occur, such as at the degraders or at the exit slits where a 
large part of the separation happens, some ions drop out 
even earlier before the slits, for example in the dipole 
regions. 
 
Super-FRS has three branches [46] but here only the path 
towards the storage rings was considered as it sets the 
scenario where the highest beam intensities can pass 
through the whole separator. In the other branches beam 
tracking with detectors will be used, which is not possible 
at these high particle rates. 
 
The difference between the two cases shown at the exit 
slit is also significant. So far it cannot be foreseen how 
often each case will be used during operation. However, 
it is clear that the high intensity case is only one out of 
many and will therefore not run the for whole operation 
time, but only a small fraction of it with 
correspondingly lower activation. Only in the pre-
separator do we want high intensity on the target for all 
of the operation time. 

3.2 Super-FRS Radiation Environment 

In general the goal is to stay far below the annual dose 
limit of 20mSv per year for radiation workers in controlled 
areas. For free access the annual dose rate limit is 
translated into a limit of 0.5μSv/h [49], [50]. The highest 
activation will be in the target area (Figure 12) at the 
beginning of the Pre-separator. It starts with the beam line 
inserts, i.e., the Super-FRS production target and ends with 
three beam catcher chambers, as these components will be 
exposed directly to the intensive primary beam [49]. After 
the beam has interacted with the target a series of graphite 
and iron beam catchers will be used to stop the primary 
beam at locations where the primary beam and selected 
fragments are separated. The pre-separator will be exposed 
to a large amount of radiation and subsequently will be 
activated even after the cooling period.  
 
Figure 12 shows that according to FLUKA [49] 
simulations radiation levels inside the shielding are well 
above 0.5µSv/h during beam operation. The beam 
catchers are subjected to high levels of activation since up 
to 85% of the beam is absorbed by it. The target and the 
beam catchers will be subjected to radiation damage and 
will require replacement multiple times during the Super-
FRS operation. 
 

 
Figure 12. Dose rate calculation with FLUKA during beam operation 
[49]. 
 
Figure 13 represents the target region activation levels 
from the FLUKA simulation. According to the 
simulations, the residual dose for the beam catchers is in 
the Sv/h region even after 120 days of cooling. The 
working platform has a radiation level of 10µSv/h and 
can be accessed by humans to make and break 
connections. The human presence is limited and 
controlled on the top of the working platform [49], [50]. 
 
The beamline inserts exposed directly to the primary 
beam are exposed to high temperature and pressure and 
due to radiation damage these parts must be partially 
replaced. The work on the systems to hold, move and 
exchange the target and the beam catchers can only be 
done by remote handling inside a hot cell [11].   
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Figure 13. Activation levels from a FLUKA simulation near the 
beamline and on the working platform after an irradiation 
period as indicated on top. 
 

 
Figure 14. FLUKA simulation for beam catchers inside the hot 
cell with 1m thick walls after 120days of cooling [53]. 
 
The beam catcher will be the most activated part to be 
worked on in the hot cell. The residual dose rate 
calculation for shielding of gammas from the beam 
catcher shows that a cell with a 1m thick wall is suitable 
for remote handling. The remote maintenance equipment 
is described in [53], [54].  
 
Super-FRS also consists of a 130m long main separator 
made up of four dipole stages with focusing elements in 
front and behind the dipole magnets. The main separator 
is also divided into three branches: a Low-Energy Branch 
(LEB), a High-Energy Branch (HEB) and a Ring Branch 
(RB), as shown in Figure 10 [17].   
 
The beam intensity and losses are reduced (Figure 10) 
along the focal planes in the main separator and radiation 
levels are much lower compared with the pre-separator. 
The exposure of focal planes MF1 and MF2 to the high 
intensity beam also causes higher levels of activation,  
 

 
Figure 15. Main separator radiation prompt dose rates [51]. 
 
which can be seen Figure 15 [51]. The residual dose in the 
main separator is also subsequently lower due to lower 
levels of activation compared with the pre-separator. The 
radiation analysis indicates that the main separator will 
experience conditions similar to the existing FRS with the 
second half of the pre-separator being similar to the 
current FRS target region. The experiences and lessons 
learned from FRS can be implemented on Super-FRS for 
the RH logistics concept. 
 
4. Super-FRS equipment remote handling/maintenance 
logistics challenges and requirements 

4.1 Pre-separator region 

The pre-separator consists of the Super-FRS target, beam 
diagnostics and the beam catchers (Figure 10). These 
activated and possibly damaged parts require remote 
maintenance. The beamline equipment has to be 
positioned inside the vacuum chamber for the beam.  
 
Here the concept of close shielding with plug inserts 
will be employed as listed in Point 1 in Section 2.3. The 
neutrons from beam losses can be shielded with a 
combination of 2m of iron plus 5m of concrete to allow 
uncontrolled access on the outside. Also on the top 2m 
of iron reduces the activation level far enough to be able 
to do hands-on maintenance on systems on top of the 
plug inserts. Figure 16 shows an overview of this area. As 
this section is almost 30m long with many positions for 
maintenance a direct connection to a hot cell was not 
chosen but a transport flask, see Figure 17, can be used 
to move the individual plugs to one common hot cell. In 
this case, hand’s on maintenance is only possible on the 
topside of the iron plug. However, this also increases 
the size and weight of the beam line components. The 
beam line inserts will be mounted on similar shaped 
iron plugs but the weights, sizes and dimensions of the 
iron plugs will differ based on equipment mounted on 
the plug, the position of the plug and space available for 
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the plug in the vacuum chambers. The plugs are 
weighed in tons and the maximum weight estimated is 
7.5 tons for one of the beam catcher plugs. Consequently 
a large shielding flask with up to 40cm of iron shielding 
is required  
 
The challenges in the design and development of the 
shielding flaks are: 

- The shielding flask must adhere to the SAFETY 
STANDARDS of the Nuclear Safety Standards 
Commission (KTA) [52]. 

- The shielding flask must be able to safely transfer 
the different types of plugs with beamline inserts 
from the pre-separator region to the hot cell region. 

- Shielding flask systems should be back drivable in 
case of failure. The design shall be designed 
according to reliability, availability, maintainability 
and safety (RAMS) standards. 

- A common interface is required between the 
shielding flask, pre-separator vacuum chambers and 
the hot cell. 

 

 
Figure 16. Pre-separator target hall floor plan and logistics 
environment. 

4.2 Hot-cell region 

The hot cell will be used to maintain, repair, replace and 
store the activated beamline inserts. The hot cell facility 
has to service activated equipment from two sections of 
the FAIR facility: 

• Super-FRS beamline inserts 
• Antiproton target and magnetic horn 

 
The transfer from Super-FRS to the hot cell will be 
within the same building under one roof using the 
shielding flask (Figure 17). The antiproton target and 
magnetic horn have to be transported in a separate flask 
using a special mobile vehicle that can move heavy 
loads up to 20 tons from one building to another. The 
containment vessel is used for the transfer of activated 
parts; hence the containment flask has to be approved 
by KTA [52].  
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Figure 17. Shielding flask with expected subsystems for 
transporting plugs of up to 7.5 tons.  
 
The hot cell operations will require two pairs of MSM and 
a power manipulator with a crane to provide reachability 
for RH logistics. The hot cell logistics also require custom 
designed tools, fixtures and stands. The work comprises 
power tools (cutting, drilling, torque wrenches, 
holding/handling stands) to allow RH activities. The RH 
logistics also require common interfaces for the RH 
equipment to be considered to avoid interface 
duplication. A waste storage area is also designed 
alongside the hot cell to store waste. The waste is first 
stored in a storage cell with limited capacity, then after 
additional cooling time it is stored in dedicated 
containers for many waste barrels and transported to a 
separate FAIR storage building. 

4.3 Main separator 

The last part of the pre-separator and the first part of the 
main separator (PF2-PF4-MF1-MF2) (Figure 10) includes 
beamline equipment that can weigh up to 500kg. They 
require both maintenance and inspection to keep the 
beamline operational with the use of minimum resources. 
Beamline remote inspection and maintenance can be 
performed with mobile industrial robots and beamline 
equipment that is designed for remote handling. Due to 
the radiation levels during beam operation in the main 
separator (Figure 15) a mobile platform will allow robots 
to get out of the tunnel when the beam is turned on and 
avoid radiation damage. 
 
We have the following requirements for the open separator 
tunnel: 
 
Inspection Maintenance 
• Vacuum leak inspection 
• Radiation level 

inspection 
• Visual inspection 
• Low payload transfer 

• Installation and removal 
of heavy load equipment 

• Alignment of beamline 
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Figure 13. Activation levels from a FLUKA simulation near the 
beamline and on the working platform after an irradiation 
period as indicated on top. 
 

 
Figure 14. FLUKA simulation for beam catchers inside the hot 
cell with 1m thick walls after 120days of cooling [53]. 
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Figure 15. Main separator radiation prompt dose rates [51]. 
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this case, hand’s on maintenance is only possible on the 
topside of the iron plug. However, this also increases 
the size and weight of the beam line components. The 
beam line inserts will be mounted on similar shaped 
iron plugs but the weights, sizes and dimensions of the 
iron plugs will differ based on equipment mounted on 
the plug, the position of the plug and space available for 
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the plug in the vacuum chambers. The plugs are 
weighed in tons and the maximum weight estimated is 
7.5 tons for one of the beam catcher plugs. Consequently 
a large shielding flask with up to 40cm of iron shielding 
is required  
 
The challenges in the design and development of the 
shielding flaks are: 

- The shielding flask must adhere to the SAFETY 
STANDARDS of the Nuclear Safety Standards 
Commission (KTA) [52]. 

- The shielding flask must be able to safely transfer 
the different types of plugs with beamline inserts 
from the pre-separator region to the hot cell region. 

- Shielding flask systems should be back drivable in 
case of failure. The design shall be designed 
according to reliability, availability, maintainability 
and safety (RAMS) standards. 

- A common interface is required between the 
shielding flask, pre-separator vacuum chambers and 
the hot cell. 
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environment. 
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magnetic horn have to be transported in a separate flask 
using a special mobile vehicle that can move heavy 
loads up to 20 tons from one building to another. The 
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The hot cell operations will require two pairs of MSM and 
a power manipulator with a crane to provide reachability 
for RH logistics. The hot cell logistics also require custom 
designed tools, fixtures and stands. The work comprises 
power tools (cutting, drilling, torque wrenches, 
holding/handling stands) to allow RH activities. The RH 
logistics also require common interfaces for the RH 
equipment to be considered to avoid interface 
duplication. A waste storage area is also designed 
alongside the hot cell to store waste. The waste is first 
stored in a storage cell with limited capacity, then after 
additional cooling time it is stored in dedicated 
containers for many waste barrels and transported to a 
separate FAIR storage building. 

4.3 Main separator 

The last part of the pre-separator and the first part of the 
main separator (PF2-PF4-MF1-MF2) (Figure 10) includes 
beamline equipment that can weigh up to 500kg. They 
require both maintenance and inspection to keep the 
beamline operational with the use of minimum resources. 
Beamline remote inspection and maintenance can be 
performed with mobile industrial robots and beamline 
equipment that is designed for remote handling. Due to 
the radiation levels during beam operation in the main 
separator (Figure 15) a mobile platform will allow robots 
to get out of the tunnel when the beam is turned on and 
avoid radiation damage. 
 
We have the following requirements for the open separator 
tunnel: 
 
Inspection Maintenance 
• Vacuum leak inspection 
• Radiation level 

inspection 
• Visual inspection 
• Low payload transfer 

• Installation and removal 
of heavy load equipment 

• Alignment of beamline 
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The robot will also require specific custom designed tools 
to handle the beamline equipment. The mobile robot 
platform will require alignment and charging systems 
that will enable the mobile platform to accomplish the 
required remote handling tasks. The LEB, HEB and RB 
areas will have experimental setups and can be openly 
accessed once the beam is switched off, with no RH 
maintenance setup required. 
 
5. Systematic approach for Super-FRS  
logistic Concept Development 
 
Super-FRS is a complex machine that comprises multiple 
complex systems. The SE approach is necessary for 
developing Super-FRS RH logistics because 70% of the 
cost for complex systems is fixed [55] (Figure 18) at the 
concept design stage; hence it is of utmost importance to 
develop a reliable system from the initial stage. In order 
to ensure the Reliability, Availability, Maintainability, 
Safety (RAMS) and the costs concerned, a Model based 
Systems Engineering (MBSE) will be adopted. 
 

 
Figure 18. Estimated cost distribution against product life cycle time 
[55] 
 

 
Figure 19. Super-FRS RH systems interface map part 1 

 
Figure 20. Super-FRS RH systems interface map part 2 
 
The MBSE approach is an effective methodology for 
developing a complex product from the start by defining 
the correct requirements. The equipment designed for 
Super-FRS is unique in nature and the RH logistics are 
undefined. The Super-FRS RH systems logistics division 
is shown in Figure 19 and Figure 20 in the form of an 
interface map that depicts numerous connections 
between the foreseen RH systems and equipment. 
 

 
Figure 21. Proposed SE approach for developing Super-FRS 
logistics 
 
An MBSE approach adopted for developing the RH 
logistics is shown in Figure 21. This model is based on 
studies from INCOSE [55] and NASA SE models [56]. 
This SE approach is suggested in order to effectively 
develop a RH logistic system that will avoid high cost 
changes [55] from the start by defining the Super-FRS 
logistics requirements accurately. The MBSE approach 
will incorporate the DFX, TRIZ and MDM techniques to 
define the requirements and propose the finest RH 
logistic alternatives for Super-FRS. The concept is to 
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utilize the doctrine of successive refinement [56] at an 
earlier stage rather than later stages of RH equipment and 
logistic design refinement. This methodology is currently 
being explored and developed and will be implemented 
later in Super-FRS logistics concept development. 
 
6. Discussion 
 
The RH of the activated beamline components is now a 
necessity amid HIB facilities since new facilities are 
designed for more intensive and powerful beams. 
Currently the existing HIB facilities across the globe such 
as J-PARC, Fermilab, SNS, PSI, ISOLDE and FRS use RH 
to maintain the equipment. The designs of the future RIB 
facilities such as Super-FRS, FRIB and SPIRAL 2 are 
becoming more complex and they have to consider RH 
from the initial stages. Before, facilities were often 
gradually upgraded but with the expected strong 
activation gradual upgrades are very difficult and not an 
economic option. All infrastructures also have to be laid 
out for RH at the conceptual design stage. These design 
constraints directly highlight the RAMS and cost issue 
(regarding the designs and downtime due to 
maintenance) from the start.  
 
The HIB facilities survey also indicates that RH activities 
have two main aspects: 1) transportation manipulation 
[24], [29], [33] 2) dexterity manipulation [5], [24], [41]. In 
HIB facilities a combination of dexterity and 
transportation manipulation is required depending on the 
facility’s design. In some cases (PSI and J-PARC myon 
target) heavy equipment is transported to a separate hot 
cell for complex dexterity object manipulation using 
MSM and power manipulators. In other cases, like 
ISOLDE and GSI-FRS, dexterity object manipulation is 
carried out to disconnect the activated part before 
transport manipulation. In the later case normally a robot 
with special tools is an optimal solution. 
 
Based on the survey study the RH maintenance for 
activated parts can be divided into two categories: 
scheduled and unscheduled maintenance. Each of the 
fore mentioned categories can be further subdivided into 
three sections: long term maintenance (LTM), mid-term 
maintenance (MTM) and short-term maintenance (STM) 
depending on the time and resource constraints. For the 
future facility Super-FRS, remote maintenance (scheduled 
or unscheduled) can be divided using the concept of 
LTM, MTM and STM as listed below: 

• The time required for equipment such as beamline 
magnets and the vacuum chamber is estimated in 
months, they will not be replaced unless there is a 
problem with the equipment. Maintenance of the 
fore mentioned equipment will also require 
numerous resources; hence such equipment can be 
assigned to the LTM category. The down time of 

beamline is expected to be in months and will 
require a long-term shutdown of the Super-FRS 
facility. For most of these devices no spare parts will 
be in stock. 

• Target area equipment remote maintenance such as 
beamline plugs in the Super-FRS pre-separator 
region will cause beamline downtime for weeks 
rather than months. The resources along with the 
time required are less compared to LTM and hence 
this equipment can be assigned to the MTM 
category. Spare parts for the consumables are 
available.  

• The Super-FRS equipment maintenance located in 
the open tunnel of the main separator and 
experimental areas can be performed in days or for 
smaller repairs also in hours. Hence this can be 
assigned to the STM category 
 

Table 3 summarizes possible LTM, MTM and STM 
examples within HIB facilities. Remote maintenance 
scheduling, planning and execution are complex logistics 
tasks that require further comprehensive research. 
 

Category Sect. GSI-FRS ISOLDE Super-FRS 

Scheduled m
aintenance 

LTM Magnets, 
Target 

frontend  

Magnets, 
vacuum 

chambers 

MTM
Target, 
pumps, 
drives 

Target 
Target area 

plugs, 

STM
Instrumen-

tation, visual 
aid 

Instrumen-
tation, visual 

aid 

Instrumen-
tation, visual aid

U
nscheduled 

m
aintenance 

LTM Magnets 
Target front-

end 
Magnets 

MTM
Target 

exchange 
Target 

exchange 
Target area 

plugs 

STM
Instrumen-

tation, 
Instrumen-

tation 
Instrumentation

Table 3. HIB facilities LTM, MTM and STM categories and 
examples 
 
Energetic particles interact with matter depending on the 
mass, energy, charge and nature of the target material. 
The radiation sensitivity of the electronic components 
normally depends on multiple factors such as “dose rates, 
time of exposure, biasing conditions during and after 
radiation and temperature” [57]. The RH tasks are carried 
out once the beam is shut down and after a cool down 
period. The residual dose at this stage is only caused by 
the activated parts and hence is much lower compared 
with the situation where the beam is on. In the case of 
Super-FRS, the ratio between the prompt dose and the 
dose by activation after years of full usage lies between a 
factor 105 to 106 depending on the cool down time.  
 
Dose rates can be predicted but due to the complexity of 
electronic devices and to some extent different operating 
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The robot will also require specific custom designed tools 
to handle the beamline equipment. The mobile robot 
platform will require alignment and charging systems 
that will enable the mobile platform to accomplish the 
required remote handling tasks. The LEB, HEB and RB 
areas will have experimental setups and can be openly 
accessed once the beam is switched off, with no RH 
maintenance setup required. 
 
5. Systematic approach for Super-FRS  
logistic Concept Development 
 
Super-FRS is a complex machine that comprises multiple 
complex systems. The SE approach is necessary for 
developing Super-FRS RH logistics because 70% of the 
cost for complex systems is fixed [55] (Figure 18) at the 
concept design stage; hence it is of utmost importance to 
develop a reliable system from the initial stage. In order 
to ensure the Reliability, Availability, Maintainability, 
Safety (RAMS) and the costs concerned, a Model based 
Systems Engineering (MBSE) will be adopted. 
 

 
Figure 18. Estimated cost distribution against product life cycle time 
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Super-FRS is unique in nature and the RH logistics are 
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An MBSE approach adopted for developing the RH 
logistics is shown in Figure 21. This model is based on 
studies from INCOSE [55] and NASA SE models [56]. 
This SE approach is suggested in order to effectively 
develop a RH logistic system that will avoid high cost 
changes [55] from the start by defining the Super-FRS 
logistics requirements accurately. The MBSE approach 
will incorporate the DFX, TRIZ and MDM techniques to 
define the requirements and propose the finest RH 
logistic alternatives for Super-FRS. The concept is to 
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utilize the doctrine of successive refinement [56] at an 
earlier stage rather than later stages of RH equipment and 
logistic design refinement. This methodology is currently 
being explored and developed and will be implemented 
later in Super-FRS logistics concept development. 
 
6. Discussion 
 
The RH of the activated beamline components is now a 
necessity amid HIB facilities since new facilities are 
designed for more intensive and powerful beams. 
Currently the existing HIB facilities across the globe such 
as J-PARC, Fermilab, SNS, PSI, ISOLDE and FRS use RH 
to maintain the equipment. The designs of the future RIB 
facilities such as Super-FRS, FRIB and SPIRAL 2 are 
becoming more complex and they have to consider RH 
from the initial stages. Before, facilities were often 
gradually upgraded but with the expected strong 
activation gradual upgrades are very difficult and not an 
economic option. All infrastructures also have to be laid 
out for RH at the conceptual design stage. These design 
constraints directly highlight the RAMS and cost issue 
(regarding the designs and downtime due to 
maintenance) from the start.  
 
The HIB facilities survey also indicates that RH activities 
have two main aspects: 1) transportation manipulation 
[24], [29], [33] 2) dexterity manipulation [5], [24], [41]. In 
HIB facilities a combination of dexterity and 
transportation manipulation is required depending on the 
facility’s design. In some cases (PSI and J-PARC myon 
target) heavy equipment is transported to a separate hot 
cell for complex dexterity object manipulation using 
MSM and power manipulators. In other cases, like 
ISOLDE and GSI-FRS, dexterity object manipulation is 
carried out to disconnect the activated part before 
transport manipulation. In the later case normally a robot 
with special tools is an optimal solution. 
 
Based on the survey study the RH maintenance for 
activated parts can be divided into two categories: 
scheduled and unscheduled maintenance. Each of the 
fore mentioned categories can be further subdivided into 
three sections: long term maintenance (LTM), mid-term 
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depending on the time and resource constraints. For the 
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• The time required for equipment such as beamline 
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months, they will not be replaced unless there is a 
problem with the equipment. Maintenance of the 
fore mentioned equipment will also require 
numerous resources; hence such equipment can be 
assigned to the LTM category. The down time of 

beamline is expected to be in months and will 
require a long-term shutdown of the Super-FRS 
facility. For most of these devices no spare parts will 
be in stock. 

• Target area equipment remote maintenance such as 
beamline plugs in the Super-FRS pre-separator 
region will cause beamline downtime for weeks 
rather than months. The resources along with the 
time required are less compared to LTM and hence 
this equipment can be assigned to the MTM 
category. Spare parts for the consumables are 
available.  

• The Super-FRS equipment maintenance located in 
the open tunnel of the main separator and 
experimental areas can be performed in days or for 
smaller repairs also in hours. Hence this can be 
assigned to the STM category 
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radiation and temperature” [57]. The RH tasks are carried 
out once the beam is shut down and after a cool down 
period. The residual dose at this stage is only caused by 
the activated parts and hence is much lower compared 
with the situation where the beam is on. In the case of 
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scenarios, it is hard to predict the lifetime for electronic 
devices exactly in different radiation environments at HIB 
facilities. Hereafter radiation hardness assurance 
accelerated testing is performed on electronics in a 
simulated environment, using test procedures 
documented in MIL-STD-883 C, Method 1019.4 [58] in the 
USA and ESA/SCC basic specification no. 22900, Draft C 
[59] in Europe. The radiation hardness assurance testing 
is conducted to reduce the number of devices in a 
radiation environment to a minimum, to carry out failure 
detection and to improve reliability and redundancy [57]. 
The RH system profoundly depends on electronic 
circuitry and visual monitoring that will be exposed to 
radiation caused by activated parts.  In order to prevent 
the RH equipment electronics from failing, the first step is 
to use radiation hardened electronics, the second step is 
to minimize the number of electronics directly exposed to 
radiation and the third step is to protect electronics from 
radiation if on board the equipment during the 
maintenance process.  
 
In the current FRS target area the cameras installed 
permanently are not radiation hard. Hence, the camera 
system (CCD and control unit) was damaged completely 
in about half a year because it was exposed to a strong 
neutron flux when the beam was on. Therefore, these 
systems required replacement. The controller box for the 
KUKA robot is not installed on the robot in the FRS target 
area but behind concrete shielding. Even so, the actuators 
on the joints may be affected by radiation of even higher 
doses. Most industrial robot manufacturers, such as 
KUKA and FANUC, do not provide warranties for 
robotic equipment and electronics used in an ionizing 
radiation environment. As a safe limit, even for very 
sensitive semiconductor parts, the data indicate a dose of 
up to 1Gy, which can be received without failure. [57].  
 
Due to the Super-FRS high beam intensities the pre-
separator has to be shielded with iron and concrete that 
in consequence limits access and encompasses reliance on 
RH maintenance. Some sections of the main separator are 
also subjected to high levels of radiation and remote 
maintenance using industrial robots. The RH 
maintenance will also involve hot cell activities to 
maintain the equipment. All in all Super-FRS requires 
state of the art RH systems with effective logistics to 
maintain fluent operational stability. The implementation 
of the SE approach will enable Super-FRS to develop a 
RH maintenance system and logistics that will consider 
the RAMS issues, cost concerns due to design and 
downtime of the facility and utilize the 
existing/conceptual state of the art engineering design for 
Super-FRS RH logistics. 
 
Future work includes developing RH logistics for Super-
FRS and the implementation of an SE approach for Super-

FRS. The issue of organizing RH maintenance planning 
and scheduling is of critical importance and needs to be 
addressed in the SE approach. This approach will include 
systems for defining clear specific requirements for 
logistic scenarios, concept development, simulation of the 
concepts and finalizing the concepts for RH logistics and 
equipment. One of the aims of this project will be to 
contribute to the “Open SE” project imitated by the 
PURESAFE network [60]. 
 
7. Conclusion 
 

This paper conducts a detailed survey of RH maintenance 
systems currently operational at different HIB facilities 
with a focus on the future Super-FRS facility RH logistics 
needs. The survey concludes a unique analysis and 
discussion of RH issues in Section 6. This paper signifies 
that RH systems are now considered an integral part of 
the current HIB facilities maintenance and numerous 
future HIB facilities are adopting RH systems. The 
gradual RH maintenance improvement conducted in 
cases of GSI, ISOLDE and Fermilab will be costly and 
difficult for future HIB facilities, due to the changes in the 
facilities’ RH maintenance system design and logistics at 
a later stage. Hence, the RH in future complex HIB 
facilities must be planned using a SE approach. The RH 
maintenance systems adopted by HIB facilities are 
typically dictated by the target area, beam energies, type 
of beam particle and intensities and beamline design. 
Hence the RH maintenance systems implemented vary in 
design. HIB facilities have no unified standards 
concerning radiation hardened electronic equipment so 
that field needs to be explored in more detail. Currently 
the ESA and DOD standards can be used to ensure 
electronic equipment safety in radiation environment. 
 
This paper also presents key requirements and scenarios 
concerning the Super-FRS facility RH logistics. Super-FRS 
will provide one of the most intensive beams of rare 
isotopes for experimental and nuclear physics. Due to the 
target and beam catchers’ radioactivity and activation, the 
facility will require remote maintenance capabilities. The 
main separator at Super-FRS is less activated compared to 
the target area, but it will also require remote 
maintenance solutions of its own. Due the different 
conditions in between the two Super-FRS regions, two 
different RH solutions will be implemented for remote 
maintenance. Therefore, to tackle the complexity of the 
Super-FRS RH system the RH logistics concept will be 
developed alongside the RH equipment design using an 
SE approach. The RH logistics developed with the SE 
approach will ensure robust interfaces and interaction 
between complex Super-FRS RH systems components 
thanks to the smooth transition from the requirement 
stage up to the design validation and implementation 
stage.   
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scenarios, it is hard to predict the lifetime for electronic 
devices exactly in different radiation environments at HIB 
facilities. Hereafter radiation hardness assurance 
accelerated testing is performed on electronics in a 
simulated environment, using test procedures 
documented in MIL-STD-883 C, Method 1019.4 [58] in the 
USA and ESA/SCC basic specification no. 22900, Draft C 
[59] in Europe. The radiation hardness assurance testing 
is conducted to reduce the number of devices in a 
radiation environment to a minimum, to carry out failure 
detection and to improve reliability and redundancy [57]. 
The RH system profoundly depends on electronic 
circuitry and visual monitoring that will be exposed to 
radiation caused by activated parts.  In order to prevent 
the RH equipment electronics from failing, the first step is 
to use radiation hardened electronics, the second step is 
to minimize the number of electronics directly exposed to 
radiation and the third step is to protect electronics from 
radiation if on board the equipment during the 
maintenance process.  
 
In the current FRS target area the cameras installed 
permanently are not radiation hard. Hence, the camera 
system (CCD and control unit) was damaged completely 
in about half a year because it was exposed to a strong 
neutron flux when the beam was on. Therefore, these 
systems required replacement. The controller box for the 
KUKA robot is not installed on the robot in the FRS target 
area but behind concrete shielding. Even so, the actuators 
on the joints may be affected by radiation of even higher 
doses. Most industrial robot manufacturers, such as 
KUKA and FANUC, do not provide warranties for 
robotic equipment and electronics used in an ionizing 
radiation environment. As a safe limit, even for very 
sensitive semiconductor parts, the data indicate a dose of 
up to 1Gy, which can be received without failure. [57].  
 
Due to the Super-FRS high beam intensities the pre-
separator has to be shielded with iron and concrete that 
in consequence limits access and encompasses reliance on 
RH maintenance. Some sections of the main separator are 
also subjected to high levels of radiation and remote 
maintenance using industrial robots. The RH 
maintenance will also involve hot cell activities to 
maintain the equipment. All in all Super-FRS requires 
state of the art RH systems with effective logistics to 
maintain fluent operational stability. The implementation 
of the SE approach will enable Super-FRS to develop a 
RH maintenance system and logistics that will consider 
the RAMS issues, cost concerns due to design and 
downtime of the facility and utilize the 
existing/conceptual state of the art engineering design for 
Super-FRS RH logistics. 
 
Future work includes developing RH logistics for Super-
FRS and the implementation of an SE approach for Super-

FRS. The issue of organizing RH maintenance planning 
and scheduling is of critical importance and needs to be 
addressed in the SE approach. This approach will include 
systems for defining clear specific requirements for 
logistic scenarios, concept development, simulation of the 
concepts and finalizing the concepts for RH logistics and 
equipment. One of the aims of this project will be to 
contribute to the “Open SE” project imitated by the 
PURESAFE network [60]. 
 
7. Conclusion 
 

This paper conducts a detailed survey of RH maintenance 
systems currently operational at different HIB facilities 
with a focus on the future Super-FRS facility RH logistics 
needs. The survey concludes a unique analysis and 
discussion of RH issues in Section 6. This paper signifies 
that RH systems are now considered an integral part of 
the current HIB facilities maintenance and numerous 
future HIB facilities are adopting RH systems. The 
gradual RH maintenance improvement conducted in 
cases of GSI, ISOLDE and Fermilab will be costly and 
difficult for future HIB facilities, due to the changes in the 
facilities’ RH maintenance system design and logistics at 
a later stage. Hence, the RH in future complex HIB 
facilities must be planned using a SE approach. The RH 
maintenance systems adopted by HIB facilities are 
typically dictated by the target area, beam energies, type 
of beam particle and intensities and beamline design. 
Hence the RH maintenance systems implemented vary in 
design. HIB facilities have no unified standards 
concerning radiation hardened electronic equipment so 
that field needs to be explored in more detail. Currently 
the ESA and DOD standards can be used to ensure 
electronic equipment safety in radiation environment. 
 
This paper also presents key requirements and scenarios 
concerning the Super-FRS facility RH logistics. Super-FRS 
will provide one of the most intensive beams of rare 
isotopes for experimental and nuclear physics. Due to the 
target and beam catchers’ radioactivity and activation, the 
facility will require remote maintenance capabilities. The 
main separator at Super-FRS is less activated compared to 
the target area, but it will also require remote 
maintenance solutions of its own. Due the different 
conditions in between the two Super-FRS regions, two 
different RH solutions will be implemented for remote 
maintenance. Therefore, to tackle the complexity of the 
Super-FRS RH system the RH logistics concept will be 
developed alongside the RH equipment design using an 
SE approach. The RH logistics developed with the SE 
approach will ensure robust interfaces and interaction 
between complex Super-FRS RH systems components 
thanks to the smooth transition from the requirement 
stage up to the design validation and implementation 
stage.   
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Abstract To be able to find answers for challenging 
research questions about the universe, advanced 
machinery in major research institutions - e.g. 
accelerator complexes - is needed. In such expensive 
research facilities, which generate ionizing radiation, it 
is necessary to protect people, infrastructure and the 
environment from harm. To meet functional safety 
requirements, machinery shall fulfil high safety 
standards throughout its life. This paper aims to 
propose a methodology for preserving the functional 
safety of the equipment already in operation and the 
maintenance phase of the lifecycle. A methodology is 
proposed to enable better integration of information 
from practice into design requirements for 
modifications, such as upgrades and retrofits. The 
method is based on existing functional safety standards. 
The goal is to increase the operational time while 
preserving performance at the intended level.  
 
Keywords Functional Safety, Dependability, Lifecycle, 
Key Performance Indicators, Scientific Facilities 

 

1. Introduction  
 
Machinery in research institutions, such as CERN, 
European Organization for Nuclear Research 
(Switzerland), consists of expensive and complex 
instruments. Hence, it is of interest to use the facility as 
much as possible. 
 
In addition to complexity and cost, the scientific 
infrastructure of CERN has another dominant 
characteristic: some parts of the facility are subject to 
ionizing radiation. Therefore, it is of interest to protect 
both humans and the environment from the harm 
stemming from the hazardous environment.  
 
One view of protecting people and the environment from 
radiation is to ensure the system’s dependability during the 
lifespan of the system. System dependability relates to its 
performance, since engineering integrity includes design 
criteria for systems and equipment in terms of reliability, 
availability, maintainability and safety (RAMS) [1].  
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Abstract To be able to find answers for challenging 
research questions about the universe, advanced 
machinery in major research institutions - e.g. 
accelerator complexes - is needed. In such expensive 
research facilities, which generate ionizing radiation, it 
is necessary to protect people, infrastructure and the 
environment from harm. To meet functional safety 
requirements, machinery shall fulfil high safety 
standards throughout its life. This paper aims to 
propose a methodology for preserving the functional 
safety of the equipment already in operation and the 
maintenance phase of the lifecycle. A methodology is 
proposed to enable better integration of information 
from practice into design requirements for 
modifications, such as upgrades and retrofits. The 
method is based on existing functional safety standards. 
The goal is to increase the operational time while 
preserving performance at the intended level.  
 
Keywords Functional Safety, Dependability, Lifecycle, 
Key Performance Indicators, Scientific Facilities 

 

1. Introduction  
 
Machinery in research institutions, such as CERN, 
European Organization for Nuclear Research 
(Switzerland), consists of expensive and complex 
instruments. Hence, it is of interest to use the facility as 
much as possible. 
 
In addition to complexity and cost, the scientific 
infrastructure of CERN has another dominant 
characteristic: some parts of the facility are subject to 
ionizing radiation. Therefore, it is of interest to protect 
both humans and the environment from the harm 
stemming from the hazardous environment.  
 
One view of protecting people and the environment from 
radiation is to ensure the system’s dependability during the 
lifespan of the system. System dependability relates to its 
performance, since engineering integrity includes design 
criteria for systems and equipment in terms of reliability, 
availability, maintainability and safety (RAMS) [1].  
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The scientific facility also includes many subsystems, 
such as the remotely operated vehicle CH 474, which is 
used as an example in this paper. For operating the 
systems in a safe manner, it is necessary to ensure their 
functional safety. To meet the functional safety 
requirements, the system shall fulfil high safety standards 
throughout its life.  
 
The Machinery Directive 2006/42/EC [2]  in the European 
Union and the various Machinery Safety Standards, such 
as ISO 13849 [3], IEC 61508 [4] and IEC 62061 [5] at three 
levels in support of the Machinery Directive in the 
European Union, provide the regulatory basis for the 
safety requirements. The research in this work is based on 
the safety lifecycles and functional safety presented in 
IEC 61508, parts 1 and 4 [4], [6]. The safety lifecycle gives 
a guideline for functional safety with specified activities, 
such as hazard and risk analysis, and the specification of 
safety requirements, required throughout the entire 
lifecycle [4].  
 
This paper presents a concept of a methodology, 
developed during a longitudinal study, of how to meet 
the functional safety requirements throughout the 
lifespan of the machinery. The concept proposed in this 
paper is based on existing standards - such as those 
mentioned - and enables better information integration 
from practice into the design requirements for the 
modification projects of the system. 
 
The approach of this paper towards functional safety and 
RAMS is generic, as well as the method presented in this 
paper. However, the paper uses the remotely operated 
vehicle CH 474 from CERN as a practical case example. 
The operational environment of the vehicle is challenging, 
and therefore lifecycle management is important. 
 
The paper is organized in the following way. At the 
beginning, in chapter 2, an introduction to the case 
example is presented. The paper continues in chapter 3 
with an introduction to functional safety and its relation 
to system dependability. Chapter 4 introduces functional 
safety standards and solutions. The lifecycle framework 
for functional safety is discussed in chapter 5. Chapter 6 
introduces information management points for functional 
safety and chapter 7 provides an overview of the 
performance indicators. Proposed methodology for 
integrating functional safety information from practice 
into design is presented in chapter 8 and, finally, chapter 
9 concludes and summarizes the study. 
 
2. Case Example 
 
For this paper, we use the remotely operated vehicle CH 
474 as an example. This chapter discusses the main 
characteristics and requirements of the operational 
environment and the vehicle itself. 

Historically, a fundamental reason to use robotics is to 
remove human operators from work environments that are 
potentially hazardous [7]. The collaboration of robotics and 
human operators is emphasized in remotely operated 
devices - such as in telerobotics - where the objective, 
according to Ferre et al., is to reproduce operator actions at 
a distance by connecting humans and robots. Ferre et al. 
indicate that telerobotics is also used in applications that 
are characterized by the risk reduction of human operators 
to an acceptable or non-existent level. [8]. 
 
Robot technologies, for instance, provide incentives in 
nuclear applications, where radiation levels do not permit 
human interventions in some areas or the operations are 
restricted to short durations [9].  
 
At CERN, remote devices are used for radiation surveys 
and remote inspections in particle accelerator 
environments, such as the Large Hadron Collider (LHC) 
and the Antiproton Decelerator (AD) Target Area [10–12].  
 
Rising levels of radioactivity inside the CERN Proton 
Synchrotron (PS) led to a remote handling development 
project in the late 1960s [13]. The project began the 
development of teleoperation in CERN, which is 
described in more detail in Horne [13]. For example, in 
the late 1980s a custom-built vehicle, CH 474, was made 
for the CERN PS complex, which was later used at the 
AD area to work in the radiation area when needed.  
 
Baird et al. introduce how studies and measures have 
been made for the CERN AD area to evaluate aspects of 
radiation safety. The results presented in Baird et al.  
reveal a recommendation, that in order to limit the 
amount of shielding, access to the area during operation 
with protons is not allowed. [14]. 
 

 
Figure 1. The Antiproton Decelerator (AD) Vehicle CH 474. 
Photo courtesy of CERN. 

2 Int. j. adv. robot. syst., 2013, Vol. 10, 376:2013 www.intechopen.com

The vehicle was designed to ensure all the handling 
operations, such as handling of the magnets or exchanging 
targets at the AD target area. The vehicle is remotely 
operated using video cameras. Human play a large role 
operating the device and supervising the tasks performed. 
 
The vehicle consists of a mobile platform, a hydraulic arm 
and a telescopic boom equipped with a camera. It can also 
be equipped with different accessories in order to handle 
different loads. Together, they form a complex and unique 
system. This vehicle (CH 474) can be seen in figure 1. 
 
The vehicle operates in a challenging environment where 
human access is either restricted or prevented. In such an 
environment, the need for the functional reliability of a 
service vehicle is extremely high. For example, if a failure 
would cause the vehicle to stop in its position in the 
radiation area, it would mean that the facility would be out 
of operation for many weeks. On the other hand, the vehicle 
would need repairing in an area that is hazardous for 
humans. 
 
The length of the life varies from system to system. For 
example, the facility in which CH 474 operates will, 
according to current estimates, be in operation for the 
next 25 to 30 years. Hence, the vehicle will need to be 
available for the same length of time. The reason for this 
is that the vehicle will be used in the case of a breakdown 
of equipment as well as for upgrading and for the 
dismantling of the target area.   
 
The vehicle has been in operation since the late 1980s, 
when it was originally designed and built. The latest 
development of the vehicle is a refurbishment project to 
upgrade the hydraulic and electrical systems used in it. 
This upgrade was launched after a failure during a series 
of tests during the Christmas break of 2012. Due to that, 
there was a need to change some parts of the vehicle. The 
refurbishment project has also revealed a lack of 
documentation regarding CH 474.  
 
3. Functional Safety – System Dependability 
 
Functional safety relating to the EUC (equipment under 
control) i.e. “equipment, machinery, apparatus or plant 
used for manufacturing, process, transportation, medical 
or other activities” (quote from [6]) and its control system 
is a part of overall safety, which is dependent upon the 
correct functioning of systems. Such correct functioning, 
on the other hand, is related to safety as well as other risk 
reduction measurements. [6]. Consequently, two 
important terms of functional safety are:  

• safety and 
• risk,  

 
where safety can be defined as “freedom from 
unacceptable risk” and risk as the “combination of the 

probability of occurrence of harm and the severity of that 
harm” [6], [15]. Risk covers two parameters: the 
probability of the harmful event and its consequences 
(severity) [16].   
 
In other words, functional safety depends upon the 
correct functioning of the system. The ability to perform 
the required functions without failing is called ‘reliability’ 
[15]. In addition to safety, the reliability of the system is 
also important. Especially in the field of robotics, safety 
and reliability are crucial, as has been anticipated in an 
extensive literature study of robot system reliability and 
safety in Dhillon et al. [7], such that in future robots 
might serve humans as household items.  
 
However, for the system dependability, reliability and 
safety are not the only important measures. System 
availability and maintainability also contribute to the 
correct functioning, as it takes into account these criteria 
in restoring a failed system to its correct functioning. 
Altogether, these engineering integrity criteria form an 
acronym ‘RAMS’. The different aspects of RAMS are   
discussed shortly in the following chapters. 

3.1 Reliability 
 

Reliability indicates the probability of successful system 
performance with a minimum risk of system failure [1]. 
The reasons for failure might be, for instance, the subject 
of poor processes, human errors, abuse, poor 
maintenance or wear caused by aging [17]. In the 
nineteenth and early twentieth century, over-designed 
products generally achieved high reliability levels [16]. 
 
A good example of reliability in the field of robotics is 
from the early nuclear robotic applications, where the 
applications had to be designed to remain in highly 
radioactive environments for many months, such as in 
nuclear fuel reprocessing [18]. However, robot reliability 
is a complex issue because there are many interlocking 
variables  from the robot itself and from the operational 
environment [19], [20].  
 
A typical reliability of a robot, according to Dhillon and 
Fashandi [19], is 98% or more. Methods and techniques in 
performing reliability analyses of a robot system are 
listed in Dhillon and Fashandi [19]. For example, the 
concepts of Mean Time Between Failure (MTBF) and 
Downtime need to be considered [20]. According to 
Dhillon and Fashandi [19], the recorded robot Mean Time 
to Failure (MTTF) is only 500 to 2,500 hours. 
 
The operational environment of the case vehicle used in 
this paper is challenging and needs to be taken into 
account. Lauridsen [21] has presented data about hostile 
environments and reliability. These environments bring 
their own characteristics to the reliability requirements, 
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The scientific facility also includes many subsystems, 
such as the remotely operated vehicle CH 474, which is 
used as an example in this paper. For operating the 
systems in a safe manner, it is necessary to ensure their 
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The Machinery Directive 2006/42/EC [2]  in the European 
Union and the various Machinery Safety Standards, such 
as ISO 13849 [3], IEC 61508 [4] and IEC 62061 [5] at three 
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safety requirements. The research in this work is based on 
the safety lifecycles and functional safety presented in 
IEC 61508, parts 1 and 4 [4], [6]. The safety lifecycle gives 
a guideline for functional safety with specified activities, 
such as hazard and risk analysis, and the specification of 
safety requirements, required throughout the entire 
lifecycle [4].  
 
This paper presents a concept of a methodology, 
developed during a longitudinal study, of how to meet 
the functional safety requirements throughout the 
lifespan of the machinery. The concept proposed in this 
paper is based on existing standards - such as those 
mentioned - and enables better information integration 
from practice into the design requirements for the 
modification projects of the system. 
 
The approach of this paper towards functional safety and 
RAMS is generic, as well as the method presented in this 
paper. However, the paper uses the remotely operated 
vehicle CH 474 from CERN as a practical case example. 
The operational environment of the vehicle is challenging, 
and therefore lifecycle management is important. 
 
The paper is organized in the following way. At the 
beginning, in chapter 2, an introduction to the case 
example is presented. The paper continues in chapter 3 
with an introduction to functional safety and its relation 
to system dependability. Chapter 4 introduces functional 
safety standards and solutions. The lifecycle framework 
for functional safety is discussed in chapter 5. Chapter 6 
introduces information management points for functional 
safety and chapter 7 provides an overview of the 
performance indicators. Proposed methodology for 
integrating functional safety information from practice 
into design is presented in chapter 8 and, finally, chapter 
9 concludes and summarizes the study. 
 
2. Case Example 
 
For this paper, we use the remotely operated vehicle CH 
474 as an example. This chapter discusses the main 
characteristics and requirements of the operational 
environment and the vehicle itself. 

Historically, a fundamental reason to use robotics is to 
remove human operators from work environments that are 
potentially hazardous [7]. The collaboration of robotics and 
human operators is emphasized in remotely operated 
devices - such as in telerobotics - where the objective, 
according to Ferre et al., is to reproduce operator actions at 
a distance by connecting humans and robots. Ferre et al. 
indicate that telerobotics is also used in applications that 
are characterized by the risk reduction of human operators 
to an acceptable or non-existent level. [8]. 
 
Robot technologies, for instance, provide incentives in 
nuclear applications, where radiation levels do not permit 
human interventions in some areas or the operations are 
restricted to short durations [9].  
 
At CERN, remote devices are used for radiation surveys 
and remote inspections in particle accelerator 
environments, such as the Large Hadron Collider (LHC) 
and the Antiproton Decelerator (AD) Target Area [10–12].  
 
Rising levels of radioactivity inside the CERN Proton 
Synchrotron (PS) led to a remote handling development 
project in the late 1960s [13]. The project began the 
development of teleoperation in CERN, which is 
described in more detail in Horne [13]. For example, in 
the late 1980s a custom-built vehicle, CH 474, was made 
for the CERN PS complex, which was later used at the 
AD area to work in the radiation area when needed.  
 
Baird et al. introduce how studies and measures have 
been made for the CERN AD area to evaluate aspects of 
radiation safety. The results presented in Baird et al.  
reveal a recommendation, that in order to limit the 
amount of shielding, access to the area during operation 
with protons is not allowed. [14]. 
 

 
Figure 1. The Antiproton Decelerator (AD) Vehicle CH 474. 
Photo courtesy of CERN. 
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The vehicle was designed to ensure all the handling 
operations, such as handling of the magnets or exchanging 
targets at the AD target area. The vehicle is remotely 
operated using video cameras. Human play a large role 
operating the device and supervising the tasks performed. 
 
The vehicle consists of a mobile platform, a hydraulic arm 
and a telescopic boom equipped with a camera. It can also 
be equipped with different accessories in order to handle 
different loads. Together, they form a complex and unique 
system. This vehicle (CH 474) can be seen in figure 1. 
 
The vehicle operates in a challenging environment where 
human access is either restricted or prevented. In such an 
environment, the need for the functional reliability of a 
service vehicle is extremely high. For example, if a failure 
would cause the vehicle to stop in its position in the 
radiation area, it would mean that the facility would be out 
of operation for many weeks. On the other hand, the vehicle 
would need repairing in an area that is hazardous for 
humans. 
 
The length of the life varies from system to system. For 
example, the facility in which CH 474 operates will, 
according to current estimates, be in operation for the 
next 25 to 30 years. Hence, the vehicle will need to be 
available for the same length of time. The reason for this 
is that the vehicle will be used in the case of a breakdown 
of equipment as well as for upgrading and for the 
dismantling of the target area.   
 
The vehicle has been in operation since the late 1980s, 
when it was originally designed and built. The latest 
development of the vehicle is a refurbishment project to 
upgrade the hydraulic and electrical systems used in it. 
This upgrade was launched after a failure during a series 
of tests during the Christmas break of 2012. Due to that, 
there was a need to change some parts of the vehicle. The 
refurbishment project has also revealed a lack of 
documentation regarding CH 474.  
 
3. Functional Safety – System Dependability 
 
Functional safety relating to the EUC (equipment under 
control) i.e. “equipment, machinery, apparatus or plant 
used for manufacturing, process, transportation, medical 
or other activities” (quote from [6]) and its control system 
is a part of overall safety, which is dependent upon the 
correct functioning of systems. Such correct functioning, 
on the other hand, is related to safety as well as other risk 
reduction measurements. [6]. Consequently, two 
important terms of functional safety are:  

• safety and 
• risk,  

 
where safety can be defined as “freedom from 
unacceptable risk” and risk as the “combination of the 

probability of occurrence of harm and the severity of that 
harm” [6], [15]. Risk covers two parameters: the 
probability of the harmful event and its consequences 
(severity) [16].   
 
In other words, functional safety depends upon the 
correct functioning of the system. The ability to perform 
the required functions without failing is called ‘reliability’ 
[15]. In addition to safety, the reliability of the system is 
also important. Especially in the field of robotics, safety 
and reliability are crucial, as has been anticipated in an 
extensive literature study of robot system reliability and 
safety in Dhillon et al. [7], such that in future robots 
might serve humans as household items.  
 
However, for the system dependability, reliability and 
safety are not the only important measures. System 
availability and maintainability also contribute to the 
correct functioning, as it takes into account these criteria 
in restoring a failed system to its correct functioning. 
Altogether, these engineering integrity criteria form an 
acronym ‘RAMS’. The different aspects of RAMS are   
discussed shortly in the following chapters. 

3.1 Reliability 
 

Reliability indicates the probability of successful system 
performance with a minimum risk of system failure [1]. 
The reasons for failure might be, for instance, the subject 
of poor processes, human errors, abuse, poor 
maintenance or wear caused by aging [17]. In the 
nineteenth and early twentieth century, over-designed 
products generally achieved high reliability levels [16]. 
 
A good example of reliability in the field of robotics is 
from the early nuclear robotic applications, where the 
applications had to be designed to remain in highly 
radioactive environments for many months, such as in 
nuclear fuel reprocessing [18]. However, robot reliability 
is a complex issue because there are many interlocking 
variables  from the robot itself and from the operational 
environment [19], [20].  
 
A typical reliability of a robot, according to Dhillon and 
Fashandi [19], is 98% or more. Methods and techniques in 
performing reliability analyses of a robot system are 
listed in Dhillon and Fashandi [19]. For example, the 
concepts of Mean Time Between Failure (MTBF) and 
Downtime need to be considered [20]. According to 
Dhillon and Fashandi [19], the recorded robot Mean Time 
to Failure (MTTF) is only 500 to 2,500 hours. 
 
The operational environment of the case vehicle used in 
this paper is challenging and needs to be taken into 
account. Lauridsen [21] has presented data about hostile 
environments and reliability. These environments bring 
their own characteristics to the reliability requirements, 
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since the recovery of a failure may be dangerous or 
difficult, if even possible. Recovering from a failure and 
repairing or maintaining a robot in these environments is 
difficult and potentially dangerous to humans; therefore, 
knowledge about the functional lifetime of a robot and a 
high reliability are vital, according to Lauridsen. With the 
failure strategies, special care should be taken to ensure 
that the machine is recoverable and that the operators 
will not be exposed to dangers. [21]. 
 
In environments subject to radiation, the component of 
reliability might be affected. The probability of failure, 
according to Lauridsen, will increase when materials 
degrade due to the radiation. Lauridsen suggests that 
radiation degradation factors should be used in the 
design for assessing the radiation damage to materials - 
for example, optical fibres will darken and lubricants will 
become stiff. [21]. 

3.2 Availability 
 
Availability is simply the capability of being used over a 
period of time [1]. It can be computed such as in Smith 
[16]:  

��aila�ilit� � 	 Uptime
Total	time 

 
where uptime is the proportion of the potential running 
time of a robot [19] or, in general, any machine. As early 
as 1974, the industrial experience of robots showed that 
the uptime must exceed 97% to satisfy the needs of most 
users [20]. 
 
Availability, according to Stapelberg, is the aspect of 
system reliability that takes into consideration the 
maintainability of the equipment. In a design for 
availability, the consequences of the unsuccessful 
performance of system and the requirements for restoring 
performance to expectations are vital. [1]. 

3.3 Maintainability 
 
Maintainability is the probability of restoring a failed item 
to operation in accordance with procedures over a given 
period of time [16]. As mentioned before, availability is all 
about the uptime of the system, whereas maintainability is 
about the downtime aspect of maintenance [1]. A design 
for maintainability takes into account the reparability and 
accessibility of the system failure [1]. 
 
Restoring failed items or systems requires maintenance 
actions. The maintenance strategy is relevant to RAMS, 
since it affects both reliability and availability [16].  

3.4 Safety 
 
Robots - such as any traditional machines - are sources of 
hazards to people who work with them. Hazards can, 

according to Dhillon and Fashandi, be divided into three 
categories: those due to human error; those caused by 
robots; and those resulting from human-robot interaction 
in the environment. The hazards due to the robot include, 
for instance, joint failures, material fatigue and erosion, 
etc. The identification and evaluation of system hazards 
are required before losses occur. [19]. 
 
The safety performance of the product is related to its 
safety requirements, mainly given by laws, regulations 
and standards, or else stated by the customer [22]. For 
instance, Directive 2001/95/EC [23] establishes general 
safety requirements for a product placed on the  
European market to protect the health and safety of 
consumers. The requirements need to take into account 
all types of intended use but also foreseeable misuse [22]. 
Some methods and techniques for identifying hazards in 
robotics are listed in Dhillon and Fashandi [19]. 
 
4. Functional Safety – Standards and Solutions 
 
Functional safety standards have - according to practical 
experience presented in Gall [24] - gained widespread 
acceptance. The IEC 61508 Standard uses the overall safety 
lifecycle model for ensuring functional safety [4] and it 
therefore offers a good basis for this research. The lifecycle 
framework is discussed in more detail in chapter 5. 
 
The IEC 61508 standard represents an overall safety 
lifecycle featuring safety management-related activities, 
ranging from concept and hazard/risk analysis to overall 
modification/retrofit and, finally, to decommissioning, 
dismantling and disposal [4]. Common technology risk 
facets - according to Crow [25] – include, for example, 
performance.  
 
The IEC 61508 Standard concentrates on systems 
comprising electrical and/or electronic and/or 
programmable electronic (E/E/PE) elements that are used 
for performing safety functions [4]. However, functional 
safety is concerned with the overall safety of the system 
that is detailed to functionality of Safety Instrumented 
Systems (SIS). With the use of E/E/PE technology, 
hazardous events are detected and responded to in SIS, as 
presented in Lundteigen et al., and as such the risk to 
humans, the environment and material assets is reduced. 
The use of the SIS is intended to reduce the risk to human 
lives, the environment and material assets. A good 
example of an application of SIS is an anti-lock breaking 
system or an airbag in a car. [22]. 
 
The strength of the IEC 61508 Standard [4] is, according 
to Faller, in its rigorous requirement-driven approach to 
functional safety in application development, which helps 
in meeting users’ expectations more accurately [26]. 
Meeting users’ expectations in a safe manner, without 
failure, is important for the success of a product. The 
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difference between a hazard and failure is that the failure 
is the actual event itself (hazardous or otherwise), 
whereas a hazard is a situation with the potential for 
injury or fatality [16].  
 
Some tools and methods in the functional safety domain 
have been developed for systems that are already in 
operation. For example, solutions that have been 
developed by component suppliers. This trend is 
understandable, since engineering contractors and 
systems suppliers worldwide are often required, in their 
responses to bids, to comply with the IEC 61508 Standard 
[26]. Suppliers and assessors provide solutions and 
partnership for assisting machinery manufacturers to 
meet regulatory safety requirements [27–31].  
 
The solution provided by Rexroth [27], [28], based on the 
EN ISO 13849 Standard [3], provides a step-by-step 
methodology for designers to specify the performance 
level. Similarly, ABB [29] provides assistance based on 
the IEC 61508 [4] and IEC 61511 [32] standards, from 
designing to engineering the safety of the instrumented 
system. The solution offered by ABB [29] provides a 
method for monitoring the safety performance of the 
system. The monitoring is based on the data collected 
regarding the components’ condition [29]. 
 
To enhance the implementation of functional safety 
standards, assessors such as TÜV Nord [30] and exida 
[31] provide methods and tools for companies. These 
methods and tools include analyses, assessments, training 
and certification [30], [31]. These developments are good 
for support and assistance since, according to Faller [26], 
the IEC 61508 Standard is rather difficult to understand 
and tailor for smaller projects. 
 
5. Functional Safety – Lifecycle Framework 
 
Lifecycle thinking is not a novelty. According to Cao and 
Folan [33], academia started writing about lifecycles in 
the 1950s. The fundamental elements for understanding 
lifecycle processes are to define what a lifecycle is and 
what a process is.  
 
We use the lifecycle definition given by Terzi et al. [34], 
where it is pointed out that the term ‘lifecycle’ is 
generally used for indicating a set of phases or stages to 
be passed, followed or performed. For example, consider 
an easy-to-use lifecycle model, with three phases - 
beginning-of-life (BOL), middle-of-life (MOL), and end-
of-life (EOL) – introduced, for example, in Kiritsis et al. 
[35]. We also use this model as a higher level context; 
however, these lifecycle phases are quite general and do 
not accurately reflect to the goals of the phase.  
 
For the reasons mentioned BOL, MOL and EOL are not 
sufficient as a starting point for enhancing measures and 

we use the term ‘lifecycle process’ to identify a more 
manageable entity for functional safety activities. 
Generally, a process is a sequence of interrelated or 
interacting activities which converts or transforms inputs 
into outputs [36], [37] or else a set of activities to create 
value [34]. However, it is highlighted in ISO 10006 [36] 
that phases and processes are two different aspects: 
phases divide the lifecycle into manageable sections while 
processes manage projects and realize the outcomes of 
the projects. In other words, the processes are those 
activities that are needed during the lifecycle.  
 
General lifecycle processes consist of requirements, 
conceptual design, design, realization (e.g., 
manufacturing), installation, operation/maintenance and, 
finally, decommissioning and disposal activities. The 
BOL phase includes activities to design and realize the 
product; the MOL includes activities relating to using and 
maintaining the product; and finally, EOL includes 
various activities of decommissioning (such as possible 
reuse and refurbishing, etc.) [35].  

5.1 BOL 
 
Each lifecycle phase has different requirements of its 
own. From a safety point of view, for example, the design 
phase may be addressed by the regulatory requirements 
(such as directives at the European Union level and laws 
and regulations at the Member State level) to minimize 
risks [22]. 
 
There are different types of requirements that a system 
has to comply with. For instance, regulatory requirements 
may address product safety and how well, for instance, a 
SIS (see chapter 4) will perform [22]. The customer, 
however, may add to a safe and reliable product more  
requirements, such as availability, maintainability and 
maintenance support [22]. Hence, RAMS parameters are 
important to take account of in the design as well as in 
the operation of any system.  
 
Tools and techniques for design engineers to determine 
the integrity of a design are numerous, such as hazardous 
operations (HazOp), hazard analysis (HazAn), fault-tree 
analysis, failure modes and effects analysis (FMEA), as 
well as failure modes and effects and criticality analysis 
(FMECA) [1], [16], [17].  
 
The safety lifecycle presented in IEC 61508-1 [4] requires 
hazard and risk analysis, a safety requirements 
specification, and safety requirement allocation and  
safety validation planning. In addition, overall planning 
for operation and maintenance, as well as installation and 
commissioning, is required [4]. 
 
The general principles for risk assessment and risk 
reduction are laid out in ISO 12100 [15] for the machines 
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since the recovery of a failure may be dangerous or 
difficult, if even possible. Recovering from a failure and 
repairing or maintaining a robot in these environments is 
difficult and potentially dangerous to humans; therefore, 
knowledge about the functional lifetime of a robot and a 
high reliability are vital, according to Lauridsen. With the 
failure strategies, special care should be taken to ensure 
that the machine is recoverable and that the operators 
will not be exposed to dangers. [21]. 
 
In environments subject to radiation, the component of 
reliability might be affected. The probability of failure, 
according to Lauridsen, will increase when materials 
degrade due to the radiation. Lauridsen suggests that 
radiation degradation factors should be used in the 
design for assessing the radiation damage to materials - 
for example, optical fibres will darken and lubricants will 
become stiff. [21]. 

3.2 Availability 
 
Availability is simply the capability of being used over a 
period of time [1]. It can be computed such as in Smith 
[16]:  

��aila�ilit� � 	 Uptime
Total	time 

 
where uptime is the proportion of the potential running 
time of a robot [19] or, in general, any machine. As early 
as 1974, the industrial experience of robots showed that 
the uptime must exceed 97% to satisfy the needs of most 
users [20]. 
 
Availability, according to Stapelberg, is the aspect of 
system reliability that takes into consideration the 
maintainability of the equipment. In a design for 
availability, the consequences of the unsuccessful 
performance of system and the requirements for restoring 
performance to expectations are vital. [1]. 

3.3 Maintainability 
 
Maintainability is the probability of restoring a failed item 
to operation in accordance with procedures over a given 
period of time [16]. As mentioned before, availability is all 
about the uptime of the system, whereas maintainability is 
about the downtime aspect of maintenance [1]. A design 
for maintainability takes into account the reparability and 
accessibility of the system failure [1]. 
 
Restoring failed items or systems requires maintenance 
actions. The maintenance strategy is relevant to RAMS, 
since it affects both reliability and availability [16].  

3.4 Safety 
 
Robots - such as any traditional machines - are sources of 
hazards to people who work with them. Hazards can, 

according to Dhillon and Fashandi, be divided into three 
categories: those due to human error; those caused by 
robots; and those resulting from human-robot interaction 
in the environment. The hazards due to the robot include, 
for instance, joint failures, material fatigue and erosion, 
etc. The identification and evaluation of system hazards 
are required before losses occur. [19]. 
 
The safety performance of the product is related to its 
safety requirements, mainly given by laws, regulations 
and standards, or else stated by the customer [22]. For 
instance, Directive 2001/95/EC [23] establishes general 
safety requirements for a product placed on the  
European market to protect the health and safety of 
consumers. The requirements need to take into account 
all types of intended use but also foreseeable misuse [22]. 
Some methods and techniques for identifying hazards in 
robotics are listed in Dhillon and Fashandi [19]. 
 
4. Functional Safety – Standards and Solutions 
 
Functional safety standards have - according to practical 
experience presented in Gall [24] - gained widespread 
acceptance. The IEC 61508 Standard uses the overall safety 
lifecycle model for ensuring functional safety [4] and it 
therefore offers a good basis for this research. The lifecycle 
framework is discussed in more detail in chapter 5. 
 
The IEC 61508 standard represents an overall safety 
lifecycle featuring safety management-related activities, 
ranging from concept and hazard/risk analysis to overall 
modification/retrofit and, finally, to decommissioning, 
dismantling and disposal [4]. Common technology risk 
facets - according to Crow [25] – include, for example, 
performance.  
 
The IEC 61508 Standard concentrates on systems 
comprising electrical and/or electronic and/or 
programmable electronic (E/E/PE) elements that are used 
for performing safety functions [4]. However, functional 
safety is concerned with the overall safety of the system 
that is detailed to functionality of Safety Instrumented 
Systems (SIS). With the use of E/E/PE technology, 
hazardous events are detected and responded to in SIS, as 
presented in Lundteigen et al., and as such the risk to 
humans, the environment and material assets is reduced. 
The use of the SIS is intended to reduce the risk to human 
lives, the environment and material assets. A good 
example of an application of SIS is an anti-lock breaking 
system or an airbag in a car. [22]. 
 
The strength of the IEC 61508 Standard [4] is, according 
to Faller, in its rigorous requirement-driven approach to 
functional safety in application development, which helps 
in meeting users’ expectations more accurately [26]. 
Meeting users’ expectations in a safe manner, without 
failure, is important for the success of a product. The 
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difference between a hazard and failure is that the failure 
is the actual event itself (hazardous or otherwise), 
whereas a hazard is a situation with the potential for 
injury or fatality [16].  
 
Some tools and methods in the functional safety domain 
have been developed for systems that are already in 
operation. For example, solutions that have been 
developed by component suppliers. This trend is 
understandable, since engineering contractors and 
systems suppliers worldwide are often required, in their 
responses to bids, to comply with the IEC 61508 Standard 
[26]. Suppliers and assessors provide solutions and 
partnership for assisting machinery manufacturers to 
meet regulatory safety requirements [27–31].  
 
The solution provided by Rexroth [27], [28], based on the 
EN ISO 13849 Standard [3], provides a step-by-step 
methodology for designers to specify the performance 
level. Similarly, ABB [29] provides assistance based on 
the IEC 61508 [4] and IEC 61511 [32] standards, from 
designing to engineering the safety of the instrumented 
system. The solution offered by ABB [29] provides a 
method for monitoring the safety performance of the 
system. The monitoring is based on the data collected 
regarding the components’ condition [29]. 
 
To enhance the implementation of functional safety 
standards, assessors such as TÜV Nord [30] and exida 
[31] provide methods and tools for companies. These 
methods and tools include analyses, assessments, training 
and certification [30], [31]. These developments are good 
for support and assistance since, according to Faller [26], 
the IEC 61508 Standard is rather difficult to understand 
and tailor for smaller projects. 
 
5. Functional Safety – Lifecycle Framework 
 
Lifecycle thinking is not a novelty. According to Cao and 
Folan [33], academia started writing about lifecycles in 
the 1950s. The fundamental elements for understanding 
lifecycle processes are to define what a lifecycle is and 
what a process is.  
 
We use the lifecycle definition given by Terzi et al. [34], 
where it is pointed out that the term ‘lifecycle’ is 
generally used for indicating a set of phases or stages to 
be passed, followed or performed. For example, consider 
an easy-to-use lifecycle model, with three phases - 
beginning-of-life (BOL), middle-of-life (MOL), and end-
of-life (EOL) – introduced, for example, in Kiritsis et al. 
[35]. We also use this model as a higher level context; 
however, these lifecycle phases are quite general and do 
not accurately reflect to the goals of the phase.  
 
For the reasons mentioned BOL, MOL and EOL are not 
sufficient as a starting point for enhancing measures and 

we use the term ‘lifecycle process’ to identify a more 
manageable entity for functional safety activities. 
Generally, a process is a sequence of interrelated or 
interacting activities which converts or transforms inputs 
into outputs [36], [37] or else a set of activities to create 
value [34]. However, it is highlighted in ISO 10006 [36] 
that phases and processes are two different aspects: 
phases divide the lifecycle into manageable sections while 
processes manage projects and realize the outcomes of 
the projects. In other words, the processes are those 
activities that are needed during the lifecycle.  
 
General lifecycle processes consist of requirements, 
conceptual design, design, realization (e.g., 
manufacturing), installation, operation/maintenance and, 
finally, decommissioning and disposal activities. The 
BOL phase includes activities to design and realize the 
product; the MOL includes activities relating to using and 
maintaining the product; and finally, EOL includes 
various activities of decommissioning (such as possible 
reuse and refurbishing, etc.) [35].  

5.1 BOL 
 
Each lifecycle phase has different requirements of its 
own. From a safety point of view, for example, the design 
phase may be addressed by the regulatory requirements 
(such as directives at the European Union level and laws 
and regulations at the Member State level) to minimize 
risks [22]. 
 
There are different types of requirements that a system 
has to comply with. For instance, regulatory requirements 
may address product safety and how well, for instance, a 
SIS (see chapter 4) will perform [22]. The customer, 
however, may add to a safe and reliable product more  
requirements, such as availability, maintainability and 
maintenance support [22]. Hence, RAMS parameters are 
important to take account of in the design as well as in 
the operation of any system.  
 
Tools and techniques for design engineers to determine 
the integrity of a design are numerous, such as hazardous 
operations (HazOp), hazard analysis (HazAn), fault-tree 
analysis, failure modes and effects analysis (FMEA), as 
well as failure modes and effects and criticality analysis 
(FMECA) [1], [16], [17].  
 
The safety lifecycle presented in IEC 61508-1 [4] requires 
hazard and risk analysis, a safety requirements 
specification, and safety requirement allocation and  
safety validation planning. In addition, overall planning 
for operation and maintenance, as well as installation and 
commissioning, is required [4]. 
 
The general principles for risk assessment and risk 
reduction are laid out in ISO 12100 [15] for the machines 
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to made safe for their intended use. As has been 
concluded in Dhillon and Fashandi [19], system design in 
determining the acceptable level of risk of failure is a 
concern. Hazards, for instance, may arise from failures or 
from design features - for example, sharp edges or the 
choice of materials [22]. 
 
Risk assessment is, furthermore, addressed in the 
regulatory domain. In fact, the European Directive 
2006/42/EC on machinery [2] indicates that a 
manufacturer should ensure that a risk assessment is 
carried out for products before their release on the 
market. 

5.2 MOL 
 
A well-known concept for indicating the different failure 
rates is the hazard rate bathtub curve - for example [16], 
[17], [25]. The hazard rate in this context means the time-
dependent failure rate [17]. The overall curve of failures 
seeks to describe the rate of failures of components 
during their life [16].  A bathtub curve can be seen in 
figure 2. 
 

Hazard rate

Time
Early failures Wearout failures

Burn-in Useful life Wear-out 
period

Random failures

Figure 2. Bathtub hazard rate curve. Modified from [16], [17]. 
 
The MOL phase is also interesting. As identified in the 
earlier studies of van Heel  et al. [38], for some lifecycle 
phases the safety point-of-view is not well documented - 
“It is not by every change possible to go back to the 
appropriate phase after modification or retrofit” [38]. As a 
matter of fact, there has been a lack of documentation 
regarding vehicle CH 474, as mentioned previously, 
which contributes to strengthening the statements of  van 
Heel et al. [38]. 
 
The operation and maintenance phase includes reliability 
and maintainability management tasks to support the 
system. These tasks, for example, include collecting, 
monitoring and analysing relevant data, preparing 
maintenance documents and developing change 
proposals [17]. According to Jun et al., in the MOL phase 
reliability, availability and maintainability provide 
interesting improvement issues. To meet the 
requirements for design improvement, generally it is 
maintenance and failure information, technical customer 
support information and usage environment information 
that are of interest. [39]. 

From the information point of view, Kiritsis et al. [35] 
note that there is a gap in the flow of information. The 
feedback of expertise and know-how from, for example, 
maintenance experts, does not loop back to designers 
[35]. Jun et al. [39] go even further and advance that for 
the majority of products, the information flow completely 
breaks down once the product is delivered to the 
customer. Indirect methodologies - such as surveys and 
interviews - are possible, but they do not reveal the real 
usage status of products [39]. 
 
Safety-related activities in the operation and maintenance 
phase include data collection and analysis, random field 
testing, decisions regarding “adequate safety”, the 
updating of hazard analyses, and safety documentation 
and information to users and distributors regarding 
unrevealed hazards [40].  
 
It is good to remember that the actual performance 
information is not only dependent upon the product 
properties alone since other important lifecycle elements, 
such as operation and maintenance, are also influential 
[22]. 
 
The IEC 61508 Standard [4] defines the various activities 
for both during and after the modifications and retrofit 
phases for ensuring that the functional safety is on an 
appropriate level. It is to ensure that the actual 
performance of the system matches the desired 
performance which gives the motivation for this research. 
The methodology presented in this paper seeks answers 
to narrow the gap mentioned. 

5.3 EOL 
 
The end-of-life (EOL) consists of different 
decommissioning activities. IEC 61508 [4] also defines 
those procedures that are necessary to ensure functional 
safety during and after the decommission. Prior to 
actions, an impact analysis shall be carried out with a 
hazard and risk analysis and, after verification activities, 
according to a verification plan created during the EOL 
phase [4]. 
 
It is of interest to notice that during the operation and 
maintenance phase there might be subsystems or parts 
that are already at the end of their life (disposal and 
recycling). This was the case for some elements of the 
vehicle CH 474, which had to be changed during the 
refurbishment project mentioned earlier.  
 
In addition to operation and maintenance information, it 
is of interest to take into account the disposal of the 
subsystems and parts and their recycling information. In 
Jun et al. [39], this information is defined as the 
recycling/reusing part or the component information 
from EOL to MOL and EOL product status information, 

6 Int. j. adv. robot. syst., 2013, Vol. 10, 376:2013 www.intechopen.com

dismantling information and environmental effects 
information from EOL to BOL.  
 
6. Functional Safety – Information Management 
 
No equipment can enjoy a zero rate of failure; as a natural 
consequence, long before formal procedures for data 
collection, failures have been a central feature for 
development, as presented in Smith. Collecting 
information from practice has great value, since it contains 
failures and repair actions under real conditions. [16].  
 
Important issues, according to Rausand and Utne, include 
analysing data and achieving organizational learning. With 
organizational learning, Rausand and Utne aim at product 
development and giving feedback for it. [40]. 
 
For the reasons mentioned, we shortly describe both the 
collection of the data and the data analysis itself in the 
form of reporting. 

6.1 Collecting data 
 
As described in Smith [16], collecting data for so-called 
field recording is labour-intensive. Nevertheless, it is 
important for monitoring the condition of a system and 
measuring its performance. The following chapters 
present shortly some ways to collect data from the 
operation and maintenance phases of the lifecycle. 

6.1.1 Sensors 
 
As shown in McGhee, there is a substantial amount of 
literature dealing with sensor technologies (sensors, 
sensing and sensor systems).  The underlying information 
handling of the sensor is either information carrying or 
information capturing, as shown in McGhee. [41]. 
 
Sensors in the sense of functional safety are important, 
since safety functions (SIS applications) are, in many 
cases, triggered by sensors. For instance, an airbag in a 
car is deployed when forward collision warning sensors 
sense that a crash is imminent [42]. In addition, fault 
diagnostics and the reliability engineering of the 
maintenance and logistics functions of systems 
engineering belong to the constituent disciplines of 
sensor sciences [41].  

6.1.2 Human sensing 
 
In maintenance work, there is no denying the importance 
of human sensory capabilities. A human has five major 
senses - sight, taste, smell, touch and hearing – which, 
according to Dhillon, need to be understood for 
maintainability work. With these senses, a maintenance 
worker can sense, for example pressure, vibration, 
temperature, linear motion and acceleration (shock). [17]. 

The sensory perception process of humans is complex, 
whereby experiences, memories and behavioural patterns 
can provoke powerful responses [43]. It is also noticeable 
that the subjective information embodied in human 
perception results from intuitions, opinions and feelings 
[44]. Hence, these are issues that need to take into account 
by, for example, training. 
 
Regardless of the limitation of human senses, human 
perception and cognition is fundamental in measurement, 
in particular defining the measure and the associated 
scale [45].  

6.1.3 Combination of sensors and human sensing 
 
The main results published to date have mostly focused 
on collecting the data automatically with sensors, such as 
[27–29]. However, the collection of data by human actors 
is equally important. To the best of our knowledge, there 
is a lack of research simultaneously addressing both 
performance data collection methods. 
 
Combining the possibilities of human sensing and 
sensors together opens up new possibilities. Extending 
human capabilities for sensing and perception with 
technical instruments, such as sensors, enables humans to 
acquire objective information [44]. 
 
In the remote devices, which are implemented with 
teleoperation, human sensing is extended with 
manipulation capability from a remote location [18]. 
Telerobotics is a form of teleoperation, where a human 
operator plays a significant supervising role [18], [46]. 
This includes communicating to a computer, for instance, 
the goals, constraints and orders about a task, but also 
receiving information, such as raw sensory data [18].  
 
Reasons for teleoperation are considered in Sheridan [18], 
from which the most important from the point of view of 
this research is that many tasks that are necessary to 
perform are unpredictable or else one of a kind.  
 
Unpredictable tasks are not doable by special-purpose or 
pre-programmable machines, while one of a kind tasks 
done by dedicated automatic devices are too costly to 
perform [18].  
 
Vehicle CH 474 is an example of a remotely operated 
system, where the human has a significant role in 
operating the device and supervising the actions done by 
the machine.  

6.2 Maintenance reporting 
 
Collecting data does not add value; however, after data 
has been collected it should be analysed and put to use 
[16] - for example, by the maintenance personnel, who 
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to made safe for their intended use. As has been 
concluded in Dhillon and Fashandi [19], system design in 
determining the acceptable level of risk of failure is a 
concern. Hazards, for instance, may arise from failures or 
from design features - for example, sharp edges or the 
choice of materials [22]. 
 
Risk assessment is, furthermore, addressed in the 
regulatory domain. In fact, the European Directive 
2006/42/EC on machinery [2] indicates that a 
manufacturer should ensure that a risk assessment is 
carried out for products before their release on the 
market. 

5.2 MOL 
 
A well-known concept for indicating the different failure 
rates is the hazard rate bathtub curve - for example [16], 
[17], [25]. The hazard rate in this context means the time-
dependent failure rate [17]. The overall curve of failures 
seeks to describe the rate of failures of components 
during their life [16].  A bathtub curve can be seen in 
figure 2. 
 

Hazard rate

Time
Early failures Wearout failures

Burn-in Useful life Wear-out 
period

Random failures

Figure 2. Bathtub hazard rate curve. Modified from [16], [17]. 
 
The MOL phase is also interesting. As identified in the 
earlier studies of van Heel  et al. [38], for some lifecycle 
phases the safety point-of-view is not well documented - 
“It is not by every change possible to go back to the 
appropriate phase after modification or retrofit” [38]. As a 
matter of fact, there has been a lack of documentation 
regarding vehicle CH 474, as mentioned previously, 
which contributes to strengthening the statements of  van 
Heel et al. [38]. 
 
The operation and maintenance phase includes reliability 
and maintainability management tasks to support the 
system. These tasks, for example, include collecting, 
monitoring and analysing relevant data, preparing 
maintenance documents and developing change 
proposals [17]. According to Jun et al., in the MOL phase 
reliability, availability and maintainability provide 
interesting improvement issues. To meet the 
requirements for design improvement, generally it is 
maintenance and failure information, technical customer 
support information and usage environment information 
that are of interest. [39]. 

From the information point of view, Kiritsis et al. [35] 
note that there is a gap in the flow of information. The 
feedback of expertise and know-how from, for example, 
maintenance experts, does not loop back to designers 
[35]. Jun et al. [39] go even further and advance that for 
the majority of products, the information flow completely 
breaks down once the product is delivered to the 
customer. Indirect methodologies - such as surveys and 
interviews - are possible, but they do not reveal the real 
usage status of products [39]. 
 
Safety-related activities in the operation and maintenance 
phase include data collection and analysis, random field 
testing, decisions regarding “adequate safety”, the 
updating of hazard analyses, and safety documentation 
and information to users and distributors regarding 
unrevealed hazards [40].  
 
It is good to remember that the actual performance 
information is not only dependent upon the product 
properties alone since other important lifecycle elements, 
such as operation and maintenance, are also influential 
[22]. 
 
The IEC 61508 Standard [4] defines the various activities 
for both during and after the modifications and retrofit 
phases for ensuring that the functional safety is on an 
appropriate level. It is to ensure that the actual 
performance of the system matches the desired 
performance which gives the motivation for this research. 
The methodology presented in this paper seeks answers 
to narrow the gap mentioned. 

5.3 EOL 
 
The end-of-life (EOL) consists of different 
decommissioning activities. IEC 61508 [4] also defines 
those procedures that are necessary to ensure functional 
safety during and after the decommission. Prior to 
actions, an impact analysis shall be carried out with a 
hazard and risk analysis and, after verification activities, 
according to a verification plan created during the EOL 
phase [4]. 
 
It is of interest to notice that during the operation and 
maintenance phase there might be subsystems or parts 
that are already at the end of their life (disposal and 
recycling). This was the case for some elements of the 
vehicle CH 474, which had to be changed during the 
refurbishment project mentioned earlier.  
 
In addition to operation and maintenance information, it 
is of interest to take into account the disposal of the 
subsystems and parts and their recycling information. In 
Jun et al. [39], this information is defined as the 
recycling/reusing part or the component information 
from EOL to MOL and EOL product status information, 
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dismantling information and environmental effects 
information from EOL to BOL.  
 
6. Functional Safety – Information Management 
 
No equipment can enjoy a zero rate of failure; as a natural 
consequence, long before formal procedures for data 
collection, failures have been a central feature for 
development, as presented in Smith. Collecting 
information from practice has great value, since it contains 
failures and repair actions under real conditions. [16].  
 
Important issues, according to Rausand and Utne, include 
analysing data and achieving organizational learning. With 
organizational learning, Rausand and Utne aim at product 
development and giving feedback for it. [40]. 
 
For the reasons mentioned, we shortly describe both the 
collection of the data and the data analysis itself in the 
form of reporting. 

6.1 Collecting data 
 
As described in Smith [16], collecting data for so-called 
field recording is labour-intensive. Nevertheless, it is 
important for monitoring the condition of a system and 
measuring its performance. The following chapters 
present shortly some ways to collect data from the 
operation and maintenance phases of the lifecycle. 

6.1.1 Sensors 
 
As shown in McGhee, there is a substantial amount of 
literature dealing with sensor technologies (sensors, 
sensing and sensor systems).  The underlying information 
handling of the sensor is either information carrying or 
information capturing, as shown in McGhee. [41]. 
 
Sensors in the sense of functional safety are important, 
since safety functions (SIS applications) are, in many 
cases, triggered by sensors. For instance, an airbag in a 
car is deployed when forward collision warning sensors 
sense that a crash is imminent [42]. In addition, fault 
diagnostics and the reliability engineering of the 
maintenance and logistics functions of systems 
engineering belong to the constituent disciplines of 
sensor sciences [41].  

6.1.2 Human sensing 
 
In maintenance work, there is no denying the importance 
of human sensory capabilities. A human has five major 
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combine the collected information and make their own 
interpretations, finally recording the process with a 
maintenance report. 
 
In the case of incidents, according to Smith, recording 
relies upon people and, therefore, it is subject to errors, 
omissions and misinterpretation. To avoid these errors as 
much as possible, Smith highlights the importance of 
formal documents. [16]. 
 
7. Performance Indicators 
 
Successful products have to possess sufficient quality 
features related to RAMS performance while our 
activities are more and more dependent upon the system 
abilities in delivering the expected services [22]. 
Performance management, including operational 
availability analysis, maintainability analysis and 
maintenance support analysis, is also discussed in terms 
of functional safety management features in Lundteigen 
et al. [22].  
 
The RAMS performance information can be collected and 
reported, as discussed above. However, it is useful to 
distinguish the desired, predicted and actual RAMS 
performance [22]. It is important to constantly review the 
actual RAMS performance against the original 
performance data (the desired or predicted performance) 
or else against the RAMS targets, as mentioned in the 
RAMS-cycle model in Smith [16] and, as a result, measure 
the gap in between. This is because with a successful 
product the gap between desired and actual is very 
narrow [22].  
 
The information that is collected should also be validated 
against key performance indicators (KPIs) - a set of rules 
which helps to measure performance. A KPI contains a 
target value or value range and a computational 
definition [47]. KPIs are also used, for example, in 
Wetzstein and Leymann [47] for controlling business 
goals in evaluating the efficiency and effectiveness of 
business processes.  
 

A KPI is determined in Ahmad and Dhafr [48] as a 
number or a value that can be used as a base for 
comparing internal or external targets. The target data 
can be collected or calculated from processes or activities 
[48].   
 
There are several parameters or KPIs available for the 
reliability and maintainability characteristics of an item 
[16]. In the case of this study, KPIs are set out in the 
Machinery Directive 2006/42/EC [2] and applicable A, B 
and C level standards, and are appropriate for the case.  
 
The following KPIs, for example, can be found in EN ISO 
13849-1 [3]: 

• Mean Number of Cycles Until 10% of the 
Components Fail Dangerously ( ) 

• Mean Time Until 10% of the Components Fail 
Dangerously ( ) (see table 1) 

• Mean Time to Dangerous Failure ( ) (see table 1) 
• Mean Time to Failure (MTTF) 
• Performance Level (PL) (see table 1) 
• Common Cause Failure (CCF) 

 
IEC 62061 [5] provides, for example, the following 
indicators: 

• Severity (Se) 
• Frequency and Duration of Exposure (Fr) 
• Probability of Avoiding or Limiting Harm (Av) 
• Probability of Occurrence of Hazardous Event (Pr) 
• Class of probability of harm (Cl) 
• Probability of Dangerous Failure per Hour ( ) 
• Safe Failure Fraction (SFF) 
• Safety Integrity Level (SIL) 

 
The KPIs taken into consideration in this study can be 
derived and computed based on the runtime information 
(as is the case in Wetzstein and Leymann [47]) or they can 
be extracted from maintenance reports. For computing 
the runtime information, measurement of the time 
between the activities is needed - for example, in MTTF 
the time from correcting the failure to the occurrence of a 
new failure.  
 

 
KPI Computation Remarks 

Mean Time to Dangerous Failure 
( ) 

 
Where 

 = The mean number of cycles until 
10 % of the components fail 
dangerously 

 = The mean number of annual 
operations

Mean Time Until 10 % of the 
Components Fail Dangerously 
( ) 

 

Performance levels (PL) 

Average probability of dangerous 
failure per hour 1/h, 
For example 
level a   

Levels a-e determined in ISO 13849-1 
[3]. 

Table 1. Some examples of calculating KPIs. The formulae are adapted from ISO 13849-1 [3]. 
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In table 1, some examples of a computed KPI are 
presented. Some typical values for the MTTF� for 
different types of components are given in ISO 13849 [3] - 
for example, for mechanical components the average 
value is 150 years. To determine the MTTF� value for 
components it is necessary to carry out an FMEA (failure 
mode and effects analysis) [3]. 
 
8. The Proposed Methodology for Integrating  
Functional Safety Information from Practice  
into Design Requirements 
 
The goal of the methodology created in this study is to 
meet the functional safety requirements throughout the 
lifespan of a system, such as remotely operated vehicle. 
This work aims especially on integrating the relevant 
information together with original performance 
information and using this new knowledge as 
requirements for a modification - such as refurbishments 
- of the system. 
 
The objective of this method has been to keep it as generic 
as possible, so that it could be applicable to different 
systems that need to comply with the Machinery 
Directive 2006/42/EC [2]; hence, the proposed 
methodology is based on existing standards. 
 

8.1 Motivation 
 
The research is inspired by the safety lifecycle presented 
in IEC 61508. The safety lifecycle requires that, during the 
modification and retrofit, the lifecycle is begun from an 
appropriate overall phase. [4]. 
 
Ensuring that the designed performance of the system is 
achieved is, in practice, the most significant motivator for 
this research.  
 
The focus of the methodology is to compare information 
collected from practice with original design requirements 
and performance information used during the design 
phase. Such a process is presented in figure 3, which 
originated from IEC 61508 [4] and was modified to fit our 
purpose.  
 
Figure 3 presents a flowchart to control and propose 
changes derived from systems’ performances and 
failures. Systematic performance problems and failures 
trigger the change request directly. Correcting failures or 
systematically occurring performance issues has been and 
is important source for learning. In addition, the figure 
also takes into account random performance issues and 
failures, which are not easy to detect.  
 

Figure 3. Performance problem and failure information management model. Modified from IEC 61508-1 [4]. 
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presented. Some typical values for the MTTF� for 
different types of components are given in ISO 13849 [3] - 
for example, for mechanical components the average 
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components it is necessary to carry out an FMEA (failure 
mode and effects analysis) [3]. 
 
8. The Proposed Methodology for Integrating  
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The goal of the methodology created in this study is to 
meet the functional safety requirements throughout the 
lifespan of a system, such as remotely operated vehicle. 
This work aims especially on integrating the relevant 
information together with original performance 
information and using this new knowledge as 
requirements for a modification - such as refurbishments 
- of the system. 
 
The objective of this method has been to keep it as generic 
as possible, so that it could be applicable to different 
systems that need to comply with the Machinery 
Directive 2006/42/EC [2]; hence, the proposed 
methodology is based on existing standards. 
 

8.1 Motivation 
 
The research is inspired by the safety lifecycle presented 
in IEC 61508. The safety lifecycle requires that, during the 
modification and retrofit, the lifecycle is begun from an 
appropriate overall phase. [4]. 
 
Ensuring that the designed performance of the system is 
achieved is, in practice, the most significant motivator for 
this research.  
 
The focus of the methodology is to compare information 
collected from practice with original design requirements 
and performance information used during the design 
phase. Such a process is presented in figure 3, which 
originated from IEC 61508 [4] and was modified to fit our 
purpose.  
 
Figure 3 presents a flowchart to control and propose 
changes derived from systems’ performances and 
failures. Systematic performance problems and failures 
trigger the change request directly. Correcting failures or 
systematically occurring performance issues has been and 
is important source for learning. In addition, the figure 
also takes into account random performance issues and 
failures, which are not easy to detect.  
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The starting point of this methodology’s development is 
to ensure that the flow presented in figure 3 is realized. 
We assume that the performance and failure data about 
actual performance will be collected from multiple 
sources, such as sensors and human sensing. However, to 
preserve the human ability, it is also important to analyse 
data from the reports. 

8.2 The Steps  
 
The principles of the proposed methods for lifecycle 
processes enhancement rely upon  four steps, as 
presented in the earlier work of the authors [49]. The 
focus of this methodology is to collect information about 
the actual performance data and compare it with original 
data used in the design phase. In this way, the actual 
performance is evaluated and finally validated against 
the KPIs. Discrepancies are generated to change requests, 
which represent requirements for modifications, such as 
retrofits, upgrades or new systems. 
 
Inspired by Jun et al. [39], we would like to present a use 
case diagram for the information flows in the method, 
with information collection, information comparison, 

ECR and workflow (the steps of the method). The use 
case is presented in figure 4. 
 
A use case diagram, in our view, is a good representation 
of the interfaces of the different steps, also presenting the 
method with a single view. Figure 4 collects the different 
actors or stakeholders together with their participation or 
responsibilities for the method to work properly.  
 
The method also takes into account the regulatory 
environment and possible changes in it. This is also 
present in figure 4. Changes in the regulatory domain 
may also propagate changes in the system level. This is a 
scenario that it is important to remember and to have the 
means to react to. 
 
Another scenario that figure 4 raises is the audit process - 
sometimes referred to as the assessment process. The 
audit process is a common means to evaluate and 
improve processes. It is also good from time to time to 
audit the performance and failure records that have not 
led to an ECR so as to find latent performance problems 
(see figure 3).  
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Figure 4. Use case of the methodology’s application. 
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The method assumes that the safety lifecycle activities, 
such as hazard and risk analyses (chapter 5), have been 
carried out and the results are constructed to form the 
KPIs – required ‘original performance data’ – presented 
in chapter 7. These will be used in the comparison (step 
2). The KPIs will be selected to represent the needs of the 
components and structures used in the vehicle. For 
example, the hazard analysis might bring an indicator of 
Probability of Occurrence of Hazardous Event (Pr) (see 
chapter 7). KPIs such as Pr and Mean Time to Failure 
(MTTF) also need a specific target value. For example, the 
Pr will be estimated and a value from 1-5 (negligible to 
very high) will be selected to present the probability. 
Standard IEC 62061 [5] instructs how to estimate this 
value. 

8.2.1 Step 1 
 
In step 1, the information is collected and formulated in 
the form of KPIs. Some KPIs need to be computed, for 
example, based on time stamps such as Mean Time to 
Dangerous Failure ( ).  
 
This phase is critical because it is the enabler of the whole 
improvement process. The data can be collected and 
analysed by a human or, alternatively, more sophisticated 
data mining tools can be created and applied. 
 
In addition, incident/accident experiences should be 
analysed if they trigger modification requests (most 
likely). Audit/assessment reports and possible 
legislation/regulation change requirements should be 
added as a source for information. The collected 
information indicates the performance of the system with 
the KPIs, which have a measurable value. 

8.2.2 Step 2 
 
In step 2, the information collected in step 1 is compared 
with the original design requirements and performance 
information used in the design. The following symptoms, 
which are extracted from IEC 61508-1 clause 7.16.2.2 [4], 
are sought: 

• Functional safety below specified;  
• Systematic fault experiences;  
• New or amended safety legislation; 
• Modification to the system or its use; 
• Modification to the overall safety requirement; 
• Analysis of the operations and maintenance 

performance indicating that the performance is 
below target; 

• Routine functional safety audits. 
 
This comparison task can be performed by a human or 
else there is the possibility of creating and applying more 
sophisticated tools, such as those used for database 
comparison. 

8.2.3 Step 3 
 
In the case of deviations from the allowed values of the 
KPIs, in step 3, a modification request (also known as an 
‘Engineering Change Request’ – ECR) based on the 
information acquired in step 2 should be created.  
 
The requirements extracted from IEC 61508-1 clause 
7.16.2.2 [4] for the generated change request include the 
determined hazards that may be affected, the proposed 
change (both hardware and software), and the reason for 
the change [4]. In addition, changes that have been made 
against original requirements/current legislation should 
be brought up. 

8.2.4 Step 4 
 
Once a change request (ECR) is generated, a 
predetermined workflow for managing the ECR should 
be started in step 4. Workflow systems offer the better 
management of the change process [50]. The workflow 
ensures that the ECR is properly analysed and that causes 
for deviations from the KPIs are sought.  
 
PDM (Product Data Management) and PLM (Product 
Lifecycle Management) systems have functionalities for 
handling workflows which can be of help for this step. 
The systems automate processes and use a predefined 
sequence of activities or tasks to control the progress of 
ECR processing. For this method, it is not compulsory to 
use a PDM or PLM system; however, in this case it is 
necessary to carefully follow the predefined process flow 
in processing the ECR. 
 
Finally, the ECR generated should be taken into account 
in modification projects, such as retrofits and upgrades. 
Eventually, actions are taken to correct the situation, if 
needed. 

8.3 Method with the Case Example 
 
This paper has introduced the remotely operated vehicle 
CH 474 from CERN and used it as a case study (see 
chapter 2). As mentioned previously, CH 474 has been 
subject to a refurbishment project, which from a lifecycle 
point of view starts the safety lifecycle again. Since the 
authors do not know either the exact structure of the 
vehicle nor the exact actions performed or planned, we 
keep this example simple and general. We assume that 
the safety lifecycle is followed during the refurbishment 
project and that any needed safety information is created 
(see chapter 5). We also assume that engineering change 
management procedures are in place with predefined 
ECRs and workflows. 
 
During the refurbishment project, the hazard and risk 
analysis need to be brought up to date along with the safety 
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requirements and their allocations. During the design phase, 
as well as the operation and maintenance phases, 
installation, commissioning and safety validation should be 
planned (as mentioned in chapter 5). In addition, it might be 
a good idea during the design phase to add some extra 
sensors to the structure for future data collection.  
 
The design phase of the refurbishment should produce 
the needed information - ‘the original data’ - for step 1. In 
addition, the KPI target values need to be specified. 
 
For improving the design and learning from the 
experience, the key phase will begin after the 
commissioning of the vehicle and the ramp up for 
operation. During the period of operation and the 
maintenance actions, it is important to keep records of the 
activities done as well as any failures and operational 
observations. In case some extra sensors have been 
applied, the sensory data should be handled and 
managed. The records should be processed and the data 
should be constructed in line with the KPIs. Thus, for 
example, the MTTF value should be computed from the 
time stamps of the related maintenance records. 
 
The next phase of the methodology is step 2, comparing 
the performance data with the original data. If the results 
in the comparison differ from the original KPI rules, a 
predefined ECR should be created and processed with a 
predefined workflow (steps 3 and 4). 
 
9. Summary and Conclusions 
 
This paper introduces a concept of a methodology 
suitable for preserving functional safety in systems or 
machinery already in use, by integrating functional safety 
information acquired from practice into the design 
change requirements for the modification or retrofitting 
of an operational system or machinery. Hence, the 
integrity and thereby the dependability of the equipment 
is ensured.  
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requirements and their allocations. During the design phase, 
as well as the operation and maintenance phases, 
installation, commissioning and safety validation should be 
planned (as mentioned in chapter 5). In addition, it might be 
a good idea during the design phase to add some extra 
sensors to the structure for future data collection.  
 
The design phase of the refurbishment should produce 
the needed information - ‘the original data’ - for step 1. In 
addition, the KPI target values need to be specified. 
 
For improving the design and learning from the 
experience, the key phase will begin after the 
commissioning of the vehicle and the ramp up for 
operation. During the period of operation and the 
maintenance actions, it is important to keep records of the 
activities done as well as any failures and operational 
observations. In case some extra sensors have been 
applied, the sensory data should be handled and 
managed. The records should be processed and the data 
should be constructed in line with the KPIs. Thus, for 
example, the MTTF value should be computed from the 
time stamps of the related maintenance records. 
 
The next phase of the methodology is step 2, comparing 
the performance data with the original data. If the results 
in the comparison differ from the original KPI rules, a 
predefined ECR should be created and processed with a 
predefined workflow (steps 3 and 4). 
 
9. Summary and Conclusions 
 
This paper introduces a concept of a methodology 
suitable for preserving functional safety in systems or 
machinery already in use, by integrating functional safety 
information acquired from practice into the design 
change requirements for the modification or retrofitting 
of an operational system or machinery. Hence, the 
integrity and thereby the dependability of the equipment 
is ensured.  
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Abstract Since the effectiveness of the development and 
operation of scientific facilities (especially those 
presenting specific hazards, such as ionizing radiations) 
relies heavily on state of the art practices, such as systems 
engineering and product lifecycle management, 
configuration management (CM) is becoming a key 
management process. However, while some maturity 
models exist to assess the degree of the implementation 
and effectiveness of many management processes, such 
as project management or systems engineering, there is 
no specific framework available to assess the degree of 
maturity of an organization towards CM. This paper 
focuses on revealing the important maturity dimensions 
and levels for CM as a means towards developing a CM 
maturity model. 

Keywords Configuration Management, Maturity Model, 
Scientific Facilities, Systems Engineering 

1. Introduction  

There are many facilities in which development teams 
cannot eliminate all possible hazards. Scientific facilities, 
such as CERN in Geneva, Switzerland, or GSI in 

Darmstadt, Germany, involve the circulation of high 
energy particle beams, and as a counterpart have to deal 
with ionizing radiations. All these scientific organizations 
make tremendous efforts in mitigating as much as possible 
the consequences of ionizing radiation: they have all 
developed enhanced radiation safety management systems 
to optimize, justify and limit the radiation doses received by 
workers and the general public living in the surrounding 
areas. This effort is known as the application of the 
ALARA (or ALARP) principle [1]. In practice, this search to 
reduce doses has led to the optimization of interventions 
by better planning and, in some cases, the replacement of 
humans by teleoperated devices or robots. However, 
planning, scheduling and performing interventions 
efficiently (whether they are manned or not) all rely on a 
thorough and updated knowledge of the facilities and 
systems, equipment and components that comprise them 
[2]. The reason for this could be explained better from the 
sources of intervention, presented in Figure 1. 

As can be seen in the figure, the sources of intervention in 
most cases incorporate changes in the facility, which in 
turn brings the requirement for accessing detailed 
knowledge about the current status of the facility before 
the change occurs, as well as updating this knowledge 
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Abstract Since the effectiveness of the development and 
operation of scientific facilities (especially those 
presenting specific hazards, such as ionizing radiations) 
relies heavily on state of the art practices, such as systems 
engineering and product lifecycle management, 
configuration management (CM) is becoming a key 
management process. However, while some maturity 
models exist to assess the degree of the implementation 
and effectiveness of many management processes, such 
as project management or systems engineering, there is 
no specific framework available to assess the degree of 
maturity of an organization towards CM. This paper 
focuses on revealing the important maturity dimensions 
and levels for CM as a means towards developing a CM 
maturity model. 

Keywords Configuration Management, Maturity Model, 
Scientific Facilities, Systems Engineering 

1. Introduction  
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Darmstadt, Germany, involve the circulation of high 
energy particle beams, and as a counterpart have to deal 
with ionizing radiations. All these scientific organizations 
make tremendous efforts in mitigating as much as possible 
the consequences of ionizing radiation: they have all 
developed enhanced radiation safety management systems 
to optimize, justify and limit the radiation doses received by 
workers and the general public living in the surrounding 
areas. This effort is known as the application of the 
ALARA (or ALARP) principle [1]. In practice, this search to 
reduce doses has led to the optimization of interventions 
by better planning and, in some cases, the replacement of 
humans by teleoperated devices or robots. However, 
planning, scheduling and performing interventions 
efficiently (whether they are manned or not) all rely on a 
thorough and updated knowledge of the facilities and 
systems, equipment and components that comprise them 
[2]. The reason for this could be explained better from the 
sources of intervention, presented in Figure 1. 

As can be seen in the figure, the sources of intervention in 
most cases incorporate changes in the facility, which in 
turn brings the requirement for accessing detailed 
knowledge about the current status of the facility before 
the change occurs, as well as updating this knowledge 
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after the change occurs. Therefore, the availability of 
updated knowledge about the facility during its lifecycle 
will ease the planning, scheduling and performance of the 
interventions to a high extent and reduce mistakes, 
mishaps, unnecessary changes and loopbacks.  

Thus, a key question is: how should we capture, maintain 
and use the knowledge associated with the facility all 
along its lifecycle? 

CM is a managerial discipline that aims to provide for the 
consistency and accuracy of product knowledge 
throughout its lifecycle and - for the same purpose - it is 
being used to different extents in most organizations. The 
primary objective of CM is to ensure that in all the phases 
of the product lifecycle, changes to product components 
(such as requirements, design and “as-made” information 
for both software and hardware aspects, whether they are 
related to the facility itself or to the telerobotics means) 
are assessed and approved before being implemented, 
recorded and traced after implementation [3]. In other 
words, CM guarantees that facilities, including all the 
systems, equipment and components, are accurately 
described all the time [4].  

Although the benefits of effective CM processes are 
prominent to all professional organizations, there have 
not been many studies elucidating a clear roadmap to 
evaluate their maturity in the field, prioritize their 
improvement activities and implement missing elements 
step-by-step. So far, CM has mostly been considered as 
part of other subject areas and, therefore, has not been 
covered comprehensively or with sufficient level of detail 
in maturity models [5]. Therefore, it would be highly 
beneficial for organizations (especially those operating in 
safety-critical areas, such as CERN) to have a framework 
by which they can evaluate their CM processes in order to 
uncover their gaps and focus on future improvements in 
a more efficient manner. The aim of this paper is to 
address this gap and to move towards creating a CM 
maturity model.  

Figure 1. Sources of intervention in scientific infrastructures

Figure 2. Maturity model development phases [6]

The rest of this paper is organized as follows. The next 
section includes the necessary state-of-the-art analysis 
towards developing a maturity model according to the 
maturity model design framework (Figure 2) proposed by 
De Bruin et al. [6]. This section presents the most 
important dimensions of CM and the critical activities 
under each dimension, which were extracted and 
formalized using extensive state-of-the-art analysis and a 
comprehensive review of current maturity models and 
standards in the field. Afterwards, the suitable maturity 
levels - which were developed according to the idea of 
maturity and organizational alignment utilized by 
Batenburg et al. [7] - are described in section 3. The next 
section includes information related to different aspects 
of the model gathered at CERN using qualitative research 
methods, such as semi-structured interviews, reviews of 
the organization’s documentation and participation in a 
business process enhancement project. This was mainly 
done In order to check the reliability, validity and 
applicability of the findings and the model. Finally, 
section 5 summarizes the main results of this paper and 
draws conclusions. 

2. State-of-the-art Analysis 

2.1 Configuration Management 

CM is a recognized discipline within the systems 
engineering field and is vital for every phase of a system’s 
lifecycle. The history of CM goes back to the 
formalization of the discipline by the Department of 
Defense (DoD) in the 1950s for hardware, based on the 
need to reduce waste and duplication. Since then, and 
with rising complexity in projects, the importance of the 
discipline has been realized day by day, and it has 
focused on reaching out into software, documentation 
and processes, etc. [3]  

With the aim of ensuring consistency between the reality 
and information about that reality, CM includes the 
following main activities [3, 5]: 

• Developing and maintaining CM plans, which will 
include a CM strategy, a standard CM terminology 
[8], responsibility distribution, the processes to be 
followed and the tools to be used. 

• Identifying configuration items as the system 
artefacts on which the CM and change control 
process will be applied. 
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• Establishing and updating requirements and 
evolving a system baseline as snapshots of the at-
the-time status of the system. 

• Establishing and implementing change control 
processes, including version and release 
management. 

• Maintaining the traceability of configurations in a 
way that all changes can be traced to the 
requirements.

• Status accounting of the CM activities performed. 
• Performing physical and functional configuration 

audits to monitor the system features after the 
changes. 

An illustration of overall CM activities that will be 
performed in each phase of the system lifecycle can be 
seen in Figure 3. 

Figure 3. CM activities [9]

Implementing effective CM processes not only improves 
safety in organizations but also has a direct positive 
impact on return on investment, product lifecycle costs, 
on-time deliveries and product quality [3, 10]. 

A study carried out by Dvir et al. [11] illustrates that 
configuration control, as a part of project control 
activities, generally plays an important role in project 
success and providing customer benefits. The same study 
suggests that CM plays a vital role for projects in reaching 
their design goals, including their defined functional 
specifications, technical specifications, schedule and 
budgetary goals.  

2.2 Maturity Models  

Due to the particular importance of continuous 
improvement in organizations in obtaining greater 
competitive advantages, there is always a need for 
supportive tools to assess the “as-is” situation, prioritize 
improvement measures and control the progress of such 
improvements. Maturity models are the key tools to 
address these issues [6, 12]. 

A maturity model consists of a sequence of maturity 
levels, ranging from the very basic level to the completely 
mature level for each important criterion within the 
discipline being measured. By using detailed assessment 
techniques, such as questionnaires, document reviews and 
interviews, organizations can be assessed and positioned 
as per the maturity model. Next, investigating points of 
weakness and incorporating additional comprehensive 
knowledge into the model can allow for the prescription of 
an improvement scenario, including detailed 
implementation roadmaps aligned to an organization’s 
strategic direction and goals. In this way, there will be a 
vision for the organization to reach this “to-be” situation in 
a step-by-step manner and efficiently [13, 14]. 

The main elements of maturity models, according to 
Fraser et al. [15], are: (1) a number of maturity levels, (2) a 
descriptor for each level, (3) the characteristics of 
organizations in each maturity level, (4) a number of 
important dimensions of the discipline being assessed, (5) 
important activities under each dimension, and (6) the 
description of the way in which each activity might be 
performed in each maturity level. 

The Capability Maturity Model (CMM), Capability 
Maturity Model Integration (CMMI), project management 
maturity model, spice-bootstrap and systems engineering 
capability model are just a few of the successful examples 
of maturity models. By using them, many organizations 
have improved their processes and gained a competitive 
advantage in relation to their competitors. 

2.3 CM in Maturity Models 

The available maturity models in the field of business 
processes generally focus on business process development 
in general and, although some of them include 
requirements for CM, the requirements vary from model to 
model depending on the processes that they focus on. [5]  

CMMI [16], developed by the Software Engineering 
Institute (SEI) at Carnegie Mellon University, is one of the 
most comprehensive maturity models, and covers and 
evaluates organizations’ CM processes as one of 16 core 
functions in an organization. Here, CM is a support 
process that is to be followed along with other processes 
for the organization to reach the second level of maturity 
out of five (Figure 4). The five maturity levels (i.e., initial, 
managed, defined, quantitatively managed and 
optimizing) are used in CMMI. The maturity difference 
between each two levels is specified by key practices to be 
applied by organizations in order to be eligible for the 
next maturity level. Although the CMMI CM process 
description covers most of the high level standard CM 
activities, to a significant extent the focus is on the key 
processes and practices of this discipline [17]. 
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• Establishing and implementing change control 
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management. 
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way that all changes can be traced to the 
requirements.
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changes. 

An illustration of overall CM activities that will be 
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Figure 4. Capability and maturity levels in CMMI [16] 

As an example of a need for complementary require-
ments in this maturity model, Gupta and RAO [18] 
acknowledge the role of IT tools for reaching higher 
maturity levels in CM practices, and they try to find 
matches between the CM process areas which are 
described in CMMI and the current IT tools to support 
them.

IAEA (the International Atomic Energy Agency) [4] 
focuses more specifically on the CM discipline and 
defines the main criteria for assessing the CM discipline 
in safety-critical environments based on experience, best 
practices gathered from different nuclear power plants 
and the review of IAEA standards. This main set of 
criteria is briefly explained below: 

• Program management, which focuses on 
management support in defining CM strategic 
objectives and policy, the physical scope of the CM 
programme, configuration item extraction and the 
roles and responsibilities involved in CM activities. 
It involves establishing clear terminology and 
knowledge sources, as well as identifying the core 
methodologies to be used in different stages of the 
CM programme. Furthermore, the information 
system that enables the organization to perform all 
its CM activities should be identified.  

• Design requirements, which include the 
establishment of formal design requirements for 
configuration items, as well as the identification of 
equipment lists and product structures to be used 

for the CM of configuration items (CIs). The CIs 
should be classified based on the most important 
design requirements and as such the degree of CM 
for each CI will be identified. New or revised 
requirements are identified by the CM authorities 
based on the organization’s strategic mission, 
lifecycle phase and other relevant factors.  

• Information control and change control, which 
include the CM process and activities to be 
performed on receiving information, as well as 
physical entities for ensuring a match between the 
real facility in place and the available information 
representing the reality.  

• Assessment, which focuses on the evaluation of the 
organization’s activities and processes to identify 
the potential for improvement.  

• Training, which comprises the utilization of 
different means of education for both personnel and 
stakeholders of the CM programme as to extent the 
knowledge and competence of resources in the 
enterprise [4]. 

BOOTSTRAP is a European assessment process that was 
developed in the 1990s for assessing the capability of the 
European software industry [19]. Bootstrap served as a 
basis for SPICE (now ISO 15504 [20]) as an overall 
framework for developing maturity assessment models, 
and was later extended to include guidelines from ISO 
9000 [21]. The goals of the BOOTSTRAP methodology 
seek to assess the software process performed in a 
software production unit and to develop a roadmap for 
improvements. Similar to the SEI software assessment 
model [22], it utilizes both capability and maturity levels.  
Although somewhat different in terms of content, the 
evaluation and rating process is basically the same as that 
for CMMI. CM, as a support process, is a necessity for 
process areas to reach capability level 2.  

The CM practices defined in SPICE are:  
• A CM strategy is developed. 
• All of the items generated by the process or project 

are identified, defined and baselined. 
• The modification and release of the items are 

controlled. 
• The statuses of the items and modification requests 

are recorded and reported. 
• The completeness and consistency of the items are 

ensured.
• The storage, handling and delivery of the items are 

controlled. 

The maturity of CM, according to the SPICE model, could 
be defined in the following stages [5]:  

To obtain level 1, CM must be performed in such a way 
that the goals are fulfilled. 
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At level 2, CM should be planned and followed up as to 
performance according to the plan. The work products 
should be controlled with regard to both quality and 
integrity. Here, CM is a requirement for all process areas, 
including CM itself, to reach level 2 maturity. 

At level 3, the CM process should be documented in a 
standardized way. The necessary resources for perfor-
ming the CM (human resources, tools and equipment) 
should be identified and made available.  

Level 4 requires that the CM performance and its results 
should be controlled through measurements and, if out of 
control, the process should be adjusted.  

At level 5, the continuous improvement of the CM 
approach is ensured by using the process measurements.  

The project management maturity model [23] was 
developed by the US Project Management Institute (PMI) 
based on the nine so-called ‘knowledge areas’ of its Guide 
to the Project Management Body of Knowledge (PMBOK®

Guide) and patterned after the SEI’s capability maturity 
model [22]. Thus, the assessment is based on the main 
content of the PMBOK® guide [24] and the model itself 
utilizes five levels of maturity for rating the 
organizations’ performance with respect to project 
management practices (patterned after SEI’s model). 
Here, CM is considered as a part of the project integration 
management knowledge area (Figure 5). 

For reaching different maturity levels in the project 
management integration knowledge area, an abstract of 
the various requirements is presented below:  

Level 1 (initial process): The communication of the changes 
to the project manager and the team members is 
performed in an ad hoc manner while there is no 
documented change control process in place. Changes 
are treated uniquely and unequally managed and 
monitored. The configuration control of any 
deliverables is not in place or else is poorly managed.  

Level 2 (structured process and standards): The scope of 
changes mostly follows a documented change 
control process. The scope changes are identified for 
large and highly visible projects and they go 
through a formal change request process to be 
tracked and approved. There is still insufficient 
control for cost and schedule changes, since 
baselining is not performed.  

Level 3 (organizational standard and institutionalized 
process): There is a defined and documented change 
control system providing processes for scope, cost 
and schedule change controls using a change control 
form and change log. Changes are identified, 
assessed, coordinated, managed and communicated 
to the stakeholders and corrective actions are taken. 

The process is standard and repeatable, and 
baselines are established, maintained and managed.  

Level 4 (managed process): All change and CM is 
integrated with the monitoring programmes and 
risk management processes. Functional, physical 
and data configurations are consistently 
documented, maintained, managed and controlled 
for all projects.  

Level 5 (optimizing process): There is a full change 
control process on deliverables, which only initiates 
changes if they are fully understood, documented 
and approved by management after a value 
proposition. Project changes are included in the 
determination of efficiency and effectiveness. This is 
also the case for the evaluation of potential changes. 
There is a particular process for calculating these 
metrics and there is a continuous improvement 
process for the “project integrated change control 
process”. Historical changes in projects are 
examined to discover any trends and to improve the 
project planning process. [23] 

Figure 5. Project integration activities [24] 
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At level 2, CM should be planned and followed up as to 
performance according to the plan. The work products 
should be controlled with regard to both quality and 
integrity. Here, CM is a requirement for all process areas, 
including CM itself, to reach level 2 maturity. 

At level 3, the CM process should be documented in a 
standardized way. The necessary resources for perfor-
ming the CM (human resources, tools and equipment) 
should be identified and made available.  

Level 4 requires that the CM performance and its results 
should be controlled through measurements and, if out of 
control, the process should be adjusted.  

At level 5, the continuous improvement of the CM 
approach is ensured by using the process measurements.  

The project management maturity model [23] was 
developed by the US Project Management Institute (PMI) 
based on the nine so-called ‘knowledge areas’ of its Guide 
to the Project Management Body of Knowledge (PMBOK®

Guide) and patterned after the SEI’s capability maturity 
model [22]. Thus, the assessment is based on the main 
content of the PMBOK® guide [24] and the model itself 
utilizes five levels of maturity for rating the 
organizations’ performance with respect to project 
management practices (patterned after SEI’s model). 
Here, CM is considered as a part of the project integration 
management knowledge area (Figure 5). 
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Level 1 (initial process): The communication of the changes 
to the project manager and the team members is 
performed in an ad hoc manner while there is no 
documented change control process in place. Changes 
are treated uniquely and unequally managed and 
monitored. The configuration control of any 
deliverables is not in place or else is poorly managed.  

Level 2 (structured process and standards): The scope of 
changes mostly follows a documented change 
control process. The scope changes are identified for 
large and highly visible projects and they go 
through a formal change request process to be 
tracked and approved. There is still insufficient 
control for cost and schedule changes, since 
baselining is not performed.  

Level 3 (organizational standard and institutionalized 
process): There is a defined and documented change 
control system providing processes for scope, cost 
and schedule change controls using a change control 
form and change log. Changes are identified, 
assessed, coordinated, managed and communicated 
to the stakeholders and corrective actions are taken. 

The process is standard and repeatable, and 
baselines are established, maintained and managed.  

Level 4 (managed process): All change and CM is 
integrated with the monitoring programmes and 
risk management processes. Functional, physical 
and data configurations are consistently 
documented, maintained, managed and controlled 
for all projects.  

Level 5 (optimizing process): There is a full change 
control process on deliverables, which only initiates 
changes if they are fully understood, documented 
and approved by management after a value 
proposition. Project changes are included in the 
determination of efficiency and effectiveness. This is 
also the case for the evaluation of potential changes. 
There is a particular process for calculating these 
metrics and there is a continuous improvement 
process for the “project integrated change control 
process”. Historical changes in projects are 
examined to discover any trends and to improve the 
project planning process. [23] 

Figure 5. Project integration activities [24] 
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The American standard EIA-731.1 (or systems engineering 
capability model) is the 2002 version of the first developed 
standard and seeks to enable organizations to improve the 
capability of their systems engineering processes for better 
quality products, shorter times to market and lower costs. 
Although this resource is a standard, because of its focus 
on capability assessment it is presented among the 
maturity models in this paper. 

This standard also discusses the same standard processes 
for CM, including identification, change control, status 
accounting and the auditing of the product and the 
elements defining the product (e.g., requirements, 
interfaces and design representations, etc.) [25]. 

This capability assessment framework incorporates six 
capability levels, namely initial, performed, managed, 
defined, measured and optimizing. Each systems 
engineering focus area (including CM) is assessed based 
on its level of formality and standardization in the 
organization, and is located in the capability ladder. This 
is done by evaluating the application of pre-defined 
generic practices for each capability level and analysing 
each focus area’s fulfilment level in relation to those 
practices (see [25]). 

2.4 CM in Standards 

In order to capture the essence of CM in a way towards 
developing a comprehensive maturity model in this area, 
in addition to the available maturity models there is also 
a need for a review of commonly used standards. 

ISO/IEC 12207 [26] includes a CM definition and focuses 
on the importance of defining a CM strategy and policy 
to include the description of authorities for decision-
making and change control, as well as methodologies and 
storage processes to be used for the CM system.  

The CM activities defined in this standard are abstract 
and limited to the general steps of planning and 
execution. In the execution part, organizations are 
recommended to maintain configuration information 
with an appropriate level of integrity and to ensure the 
changes to the baselines are properly identified, 
evaluated, approved, incorporated and verified. For 
further information, this standard refers to ISO 10007. 

In standard ISO 10007:2003 [27], CM and its 
functionalities are defined. This standard is developed to 
provide a better understanding of the subject to 
organizations, to promote the use of CM and to assist 
organizations in applying this discipline. Similar to most 
of the standards, the information is very abstract in that 
there is only a brief description of the subject and the 
terminology, responsibilities and authority requirements 
and the process itself. According to this standard, the CM 

process comprises the main five stages of planning, 
identification, change control, status accounting and 
auditing, as introduced earlier in this paper.  

This standard provides a more detailed description of 
what is expected in a CM plan. This demonstrates the 
importance of having a CM strategy and policy together 
with a clear set of defined roadmaps and methodologies, 
as well as clearly defined responsibilities and powers to 
be used in each process stage. 

The US military standard EIA-649-B [28], which replaces 
the old MIL-STD-973, covers CM principles and practices 
more comprehensively. 

The importance of using a clear set of terminology for CM 
is acknowledged and followed in this standard. The main 
functions of CM introduced in this standard are shown in 
figure 6. These functions match the primary CM 
processes proposed by most other standards.  

Figure 6. CM functions in standard EIA-649-B [28] 

However, unlike most other standards, the focus on the 
planning and management of the CM discipline over the 
product lifecycle is of exceptional interest in this 
standard. EIA-649-B proposes the following main 
activities to be followed by organizations in CM planning 
and management: 

• Implementing policies and procedures, resulting in 
effective product CM. 

• Assigning CM functional responsibilities to various 
organizational elements. 

• Training of CM personnel and any others who have 
CM responsibilities. 

• Determining and applying adequate resources, 
including CM software tools and facilities. 

• Establishing CM performance indicators to serve as 
a basis for continuous improvement. 

• Ensuring the performance of CM by suppliers. 
• Integrating the organization’s product configuration 

information processes. 

6 Int. j. adv. robot. syst., 2013, Vol. 10, 404:2013 www.intechopen.com

Currently, the US Department of Defense (DoD) is in the 
process of releasing a new standard for CM (MIL-STD-
3046 [8]). The draft version issued for feedback collection 
purposes has more or less the same level of 
comprehensiveness as EIA-649-B, though with more of a 
focus on the standardization of processes. This purpose is 
achieved by providing standard and simplified process 
steps and forms for CM functions, such as CM strategy 
and plan, engineering change proposal (ECP), notification 
of revision (NOR), engineering release records (ERRs), 
request for variance (RFV), configuration status 
accounting, and functional and physical configuration 
audits.

2.5 Summary 

In this chapter, CM practices and sub-practices in different 
maturity models and standards are analysed. A set of high-
level CM aspects covered in the models discussed are 
brought below in Table 1.  

Table 1. Comparison of high-level CM aspects 

3. CM Maturity Model 

3.1 Maturity Criteria 

The wide range of maturity models in different areas and 
the growing number of new models being developed 
shows the high range of applicability and acceptability of 
such models in various organizations. The reason might 
be the illustrated results and benefits of well-established 
models, such as CMMI, as well as the higher levels of 
interest and support from academic practitioners and 
their contributions to constantly enriching content and 
usability.  

However, in considering CM as one of the primary 
support processes across all lifecycle phases, there 
remains a lack of individual focus on the discipline. In 
order for organizations to target shortcomings in their 
CM processes, there is a need to have a wider focus on 
the subject and measure its maturity among other 
business processes already in place. Furthermore, 
evaluating CM exclusively would give organizations the 
opportunity to realize the sole benefits of improving this 
process area for different purposes, such as investment 
justification.  

In addition to the above discussion, as can be seen from 
the empirical studies, the availability of a mature CM 
system in some enterprises (such as safety-critical 
infrastructures) is vital and has a direct impact on their 
efficiency. Therefore, there is a need for such 
organizations to understand their specific needs in terms 
of CM activities and, accordingly, identify a customized 
and tailored roadmap based on their requirements. This 
could be facilitated by means of a comprehensive 
maturity model.  

In the previous sections of this paper, the various 
functions and categories that influence the level of 
success in an organization’s application of the CM 
discipline were discussed. Accordingly, and by the 
classification of the data, the authors propose five 
categories as primary dimensions of the CM discipline to 
be evaluated for maturity assessment purposes in 
organizations, as explained in Figure 7. 

In sequence, the sub-categories in each dimension are 
illustrated in Figure 8. These sub-categories are extracted 
from both the analysis of the models and standards in the 
previous chapter and various sources focusing more 
specifically on different aspects of product lifecycle 
management and CM, such as [7, 29, 30, 31, 32]. 
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Figure 7. CM primary dimensions 

Figure 8. CM sub-categories

3.2 CM Maturity Levels 

The maturity levels represented by CMMI and models 
using similar levels cannot match the assessment 
methodology used for this maturity model. The primary 
reason for this is that the scope of the maturity 
assessment for the CM maturity model is limited to a 
single discipline, whereas CMMI has a comprehensive 
organizational business process focus. In CMMI, the 
application of different disciplines or practices in each 
level specifies an organization’s maturity improvement. 
For this purpose, the practices being assessed have 
different priorities and should be implemented in a 
sequence for the organization to achieve higher maturity 
levels [Figure 4].  However, in the proposed maturity 
model, various dimensions of CM are correlated and 
should be applied together for the organization to benefit 
from the discipline. Nevertheless, as two of the support 
disciplines in systems engineering - product lifecycle 
management and project management - the extent to 
which these disciplines permeate into the organization’s 
structure and activities could be a good indicator of the 
level of the organization’s maturity in this discipline. 

Therefore, the concept of maturity and organizational 
alignment as utilized by Batenburg et al. [7] is used for 
categorizing different maturity levels of organizations 
with respect to their CM activities. Figure 9 represents the 
authors’ proposition of four maturity levels.  

Figure 9. CM maturity levels 

Considering the CM maturity dimensions and sub-
categories discussed in the previous chapter, a detailed 
description for organizations fulfilling the requirements 
for each maturity level is proposed below. 

Initial - In this level, there is no specific CM strategy or 
policy in place and people just rely on their own grasp of 
the objectives behind CM’s application, which might not 
be in line with the project or organization’s overall 
strategy. The processes are ad hoc and differ between 
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different personnel. There is no one responsible for 
managing and enforcing the processes, and the CM relies 
on individuals and their tacit knowledge. Changes are 
made by individuals and their overall grasp of situations 
rather than a full understanding of the change’s impact. 
There is no standardized set of terminology or definitions 
for CM in place and, therefore, different opinions are 
introduced as standards based on different backgrounds 
and fields of work. The organization structure does not 
appreciate the necessary roles for CM activities, and these 
activities are divided as chores of little importance among 
other positions in each project. There is no training 
identified for CM and the level of management support is 
limited.  

CM requirements have not been considered in the choice 
of information technology. Therefore, only a few of the 
required functionalities are supported in the projects. In 
the best case, the functions are performed by self-
developed tools that are either offline or else not clearly 
connected to the main IT system. 

Managed - At this level, the generic need for a formal CM 
discipline is still missing. However, some specific 
methods are in place. A CM strategy and policy is 
developed for some of the projects, but no official 
strategy in line with the organization’s strategy is in 
place. Therefore, objectives are only defined and pursued 
at the project level for certain unique projects. Some CM 
processes are identified in combination with other 
processes at the beginning of projects and are accessible 
by everyone. These processes are developed and 
managed based on the knowledge of the involved 
personnel in relation to specific projects and do not 
comprise previously-used processes or lessons learned 
from other projects. Therefore, such processes are not 
standard for all projects. Configuration changes are 
managed according to the project processes rather than 
cross-functionally coordinated among all stakeholders.   

The importance of CM is understood by some of the 
personnel in charge of specific projects, and only in those 
projects is the implementation of the discipline 
supported. However, the terminology introduced at the 
beginning of the project is based on limited knowledge 
and is different from project to project. CM roles and 
responsibilities are assigned at the beginning of each 
project and vary depending on the specific opinions, 
knowledge and experience of project managers involved 
in different projects. An information system - whether 
developed in-house or chosen from COTS products - is 
used for the CM activities and requirements of each 
project. There may be similarities among the systems 
used in different projects, but there is no single standard 
choice or framework for choosing the IT system for the 
whole organization.   

Standard - At this level, and due to the understood need 
for CM discipline, a clear strategy as well as a CM policy 
is developed for all projects. The strategy is in-line with 
the overall organizational strategy and its objectives are 
lucidly defined and controlled during the whole lifecycle 
of the facility/products. Standard CM processes are in 
place for most of the projects and are accessible by all 
stakeholders. These processes are developed and 
managed based on the knowledge of CM experts. 
However, such processes are not updated based on 
feedback from the field or lessons learned. Configuration 
changes are managed according to the project processes 
and based on standards that are cross-functionally 
coordinated with all stakeholders.   

The importance of CM is understood by the higher level 
management of the organization and they support the 
implementation of the discipline. A standard and specific 
CM terminology and knowledge source is in place, which 
is developed based on the CM expert’s knowledge.  

CM roles and responsibilities are assigned in a standard 
way at the beginning of most/all projects based on both 
the organization’s and the specific project’s needs. The 
standard functionalities of CM are the rationale behind 
the choice of information system; however, there is no 
regular benchmark for updating the IT system. The IT 
system is standard for most/all projects and, therefore, 
there is a central repository for all information.  

Optimizing - In this level, there is a specific CM strategy 
and policy in place for the whole organization. This 
strategy is aligned with the overall enterprise’s strategy 
and is deployed at different levels of the organization 
(i.e., strategic, tactical and operational levels). There are 
quantitative measures to evaluate the obtainment of 
overall CM objectives on a regular basis. Such a strategy 
is updated at regular time intervals with the inclusion of 
improvement scenarios and new key performance 
indicators (KPIs). 

Standard CM processes are defined for the whole 
organization and are accessible in a central process 
repository for all stakeholders. These processes have 
specific owners who are responsible for providing 
training and developing processes further by collecting 
field feedback. There is a clear methodology for change 
management, which involves clear guidelines for cross-
functional change impact analysis. CM terminology is 
distinguished from other disciplines and standardized 
throughout the whole organization. This set of terminology 
along with a CM knowledge base is available for all 
stakeholders and correct usability is assured.  

Wise decisions about whether to have a centralized CM 
organization or whether to scatter CM-related personnel 
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cross-functionally coordinated among all stakeholders.   

The importance of CM is understood by some of the 
personnel in charge of specific projects, and only in those 
projects is the implementation of the discipline 
supported. However, the terminology introduced at the 
beginning of the project is based on limited knowledge 
and is different from project to project. CM roles and 
responsibilities are assigned at the beginning of each 
project and vary depending on the specific opinions, 
knowledge and experience of project managers involved 
in different projects. An information system - whether 
developed in-house or chosen from COTS products - is 
used for the CM activities and requirements of each 
project. There may be similarities among the systems 
used in different projects, but there is no single standard 
choice or framework for choosing the IT system for the 
whole organization.   

Standard - At this level, and due to the understood need 
for CM discipline, a clear strategy as well as a CM policy 
is developed for all projects. The strategy is in-line with 
the overall organizational strategy and its objectives are 
lucidly defined and controlled during the whole lifecycle 
of the facility/products. Standard CM processes are in 
place for most of the projects and are accessible by all 
stakeholders. These processes are developed and 
managed based on the knowledge of CM experts. 
However, such processes are not updated based on 
feedback from the field or lessons learned. Configuration 
changes are managed according to the project processes 
and based on standards that are cross-functionally 
coordinated with all stakeholders.   

The importance of CM is understood by the higher level 
management of the organization and they support the 
implementation of the discipline. A standard and specific 
CM terminology and knowledge source is in place, which 
is developed based on the CM expert’s knowledge.  

CM roles and responsibilities are assigned in a standard 
way at the beginning of most/all projects based on both 
the organization’s and the specific project’s needs. The 
standard functionalities of CM are the rationale behind 
the choice of information system; however, there is no 
regular benchmark for updating the IT system. The IT 
system is standard for most/all projects and, therefore, 
there is a central repository for all information.  

Optimizing - In this level, there is a specific CM strategy 
and policy in place for the whole organization. This 
strategy is aligned with the overall enterprise’s strategy 
and is deployed at different levels of the organization 
(i.e., strategic, tactical and operational levels). There are 
quantitative measures to evaluate the obtainment of 
overall CM objectives on a regular basis. Such a strategy 
is updated at regular time intervals with the inclusion of 
improvement scenarios and new key performance 
indicators (KPIs). 

Standard CM processes are defined for the whole 
organization and are accessible in a central process 
repository for all stakeholders. These processes have 
specific owners who are responsible for providing 
training and developing processes further by collecting 
field feedback. There is a clear methodology for change 
management, which involves clear guidelines for cross-
functional change impact analysis. CM terminology is 
distinguished from other disciplines and standardized 
throughout the whole organization. This set of terminology 
along with a CM knowledge base is available for all 
stakeholders and correct usability is assured.  

Wise decisions about whether to have a centralized CM 
organization or whether to scatter CM-related personnel 
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among projects is taken based on the complexity level 
and specific requirements of the organization. Clear roles 
and responsibilities are defined and communicated to the 
employees. There is organized practical training for CM 
that is consistent throughout the organization and the 
knowledge captured from different situations in different 
projects is used for updating the training. The CM 
support level comes from the top management and is 
deployed at the operational level. Management promotes 
internal and external benchmarks related to CM features, 
and overall the CM discipline in the organization is 
continuously improved. When choosing information 
technology, the CM functionalities and requirements are 
taken into consideration. Any IT system to be used is first 
checked for correspondence and alignment with the main 
IT system of the organization. The information is globally 
available throughout the whole organization and a clear 
authorization system is in place for creating, using and 
modifying any information. 

4. CM at CERN 

The information in this section was captured using three 
types of qualitative research methods. First, semi-
structured interviews with engineers involved in CM and 
product lifecycle management activities in some projects 
were performed. In the meantime, related data was 
obtained from regular meetings associated with a process 
enhancement project with participants from different 
departments. The information was complemented by a 
review of the related organizational documentation, such 
as quality assurance guidelines and process definitions. 
Next, the information associated with the important CM 
practices, historical examples, requirements and possible 
solutions, are characterized and presented in this section. 

In general, the lifecycles of equipment and facilities in 
scientific infrastructures such as CERN are very long in 
such a way that one generation of employees design and 
develop the equipment while it is likely that it will be up to 
the next generation to operate it and perform maintenance, 
services and disposal. Therefore, in such facilities, the 
importance of having safe and sound processes for 
capturing knowledge and insuring its consistency 
throughout this long lifecycle is of great importance. 
Moreover, higher levels of organization and product 
complexity automatically raise the need for more accurate 
information about the facility. Therefore, there is always 
the potential for optimization in business processes and 
activities to survive the chaos and maintain competency at 
a level high. The following comprise the understood 
requirements for further improvements in the CM 
discipline at CERN based on the CM maturity dimensions.  

Considering the complexity of the facility and the 
interdisciplinary nature of activities (the involvement of 

people from more than 17 disciplines in each accelerator 
development project, for instance), the use of the same 
vocabulary for addressing different objects and functions 
is not unexpected. This is also the case with the CM 
terminology. Therefore, the importance of having a clear 
set of terms and definitions for each discipline is 
paramount and realized by CERN.   

When a facility like the Large Hadron Collider (LHC) is 
in operation, there is a great deal of equipment involved 
that is not easily reachable after installation in the 
underground tunnels. If their design information does 
not match with the reality, it is likely that a lot of time 
and manpower will be spent capturing the missing 
knowledge. A good example is the CERN’s proton-
synchrotron (PS) accelerator facility. The PS is the oldest 
accelerator still in operation at CERN, which first 
accelerated protons in 1959 and has played the role of 
supplying other accelerators after new ones were built 
[33]. This facility has undergone many modifications over 
the years to optimize and enhance its functionality. Due 
to a lack of technology and problems associated with 
hard-copy archiving, the consistency between the facility 
documents available and the reality has not been 
completely verified during its lifecycle. Therefore, there 
are resources and activities dedicated to acquiring more 
knowledge on-site and ensuring such consistency. 
Having a clear long-term CM strategy supported by 
standard policies during the long lifecycle could be 
effective in that it could lead the organization towards 
ensuring the application of the CM discipline in all 
lifecycle phases as well as in every environment. 

KPIs [34] are frequently used in optimization-oriented 
organizations for measuring the performance of a practice 
or discipline as a means of evaluating the level up to which 
the organization has been able to reach its strategic 
objectives in the field. For CERN, this functionality for CM 
has been limited to some organizational units. 
Configuration managers use unofficial metrics to measure 
their periodic performance in the field. However, having 
CM-oriented strategic objectives and capturing the correct 
information for the metrics in the operational field affects 
this process. The deployment of the organization’s overall 
strategy into different functions and units assists the 
organization in achieving its vision faster and in a more 
efficient manner. As an example, CERN has strategic 
objectives for the medium- and long-term operation of the 
LHC, including future upgrades. This objective could also 
be deployed into a CM objective as a goal for fewer failures 
or change requests due to measured and observed 
inefficiencies and informational inaccuracy, and might 
eventually be measured via suitable KPIs.  

Sometimes, processes are not standard and/or are not 
applied to all organizational units, equipment or 
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functions. A simple example would be information about 
the current state of the cables in the LHC which, due to 
the various corrective and preventative maintenance 
operations (as well as consolidation and upgrade 
activities performed by different groups or even, 
occasionally, subcontractors) could be particularly 
dependent on the processes. Cases might arise whereby 
operations such as maintenance or updating do not 
capture the relevant information about the cables, causing 
important safety and reliability risks later on or else 
simply resulting in the need for longer times for future 
interventions. Therefore, the standard processes of 
configuration identification and baselining, change 
control and status accounting, and regular configuration 
audits, should be clearly defined and standardized 
among all the actors involved in modification activities. 
The importance of such processes is greater when dealing 
with emergency situations, such as emergency corrective 
maintenance which, due to the high safety requirements 
of the facility, is on call 24/7. Since the word “emergency” 
sometimes carries the green light for deviation from the 
standard processes, it could result in facility being 
modified without capturing the relevant knowledge. 
Therefore, having standard processes designed for this 
kind of situation is of a great importance in ensuring CM 
functionality and quality across the lifecycle.  

One of the most important criteria in CM processes when 
evaluating the feasibility or applicability of a change 
request is the consideration of its impact on other 
configuration items. Usually, changes are categorized 
with respect to their scope and the extent of their impact. 
Therefore, there should always be clear processes for 
analysing the effect of changes on other equipment, 
which might sometimes be owned by other 
organizational groups. The long time needed for 
communication and inquiries among groups before 
performing their activities might sometimes lead to this 
impact analysis being neglected and future reworks or 
safety issues occurring. With CERN’s LHC, for instance 
[35], changes go through a strict and systematic 
evaluation process for categorization. Changes affecting 
costs, schedules and the performance of the whole facility 
as well as the form, fit and function of the product 
structure, should go through a change management 
process for approval. The process in use is given in Figure 
10. Due to various costs and the duration of formal 
change processes, it is not desirable to have all changes go 
through the formal process prior to their implementation 
[36], especially quick corrective maintenance repairs. 
Therefore, some changes are performed instantly and 
their impact on other equipment are analysed based on 
the knowledge of the personnel involved in the activity 
that led to the change. A simple example is the 
autonomous change of one part which, due to a change in 
form, fit and function, has blocked the maintenance 

access to other piece of equipment. This issue is more 
likely in older facilities where the information about the 
configuration in place is not clearly known. Therefore, in 
considering such use cases, the processes should be 
updated to include a good level of change classification 
and impact analysis, as well as a responsibility 
distribution, so as to reduce the risk of important and 
influential changes being implemented without going 
through the evaluation process. Moreover, the 
application of these improved processes should be 
supported and enforced by upper management.  

Figure 10. Change management process as implemented in 
CERN’s LHC [35]

Most of the CM functionalities could be performed with 
the help of IT. Functions such as managing configuration 
items, developing baselines, naming and numbering, 
versioning, requesting changes, evaluating change 
proposals, aligning physical equipment (assets) with the 
design documents and requirements, recording and 
reporting information and performing audits, could all be 
supported by an effective information system. At CERN, 
this is done with the help of several information systems, 
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among projects is taken based on the complexity level 
and specific requirements of the organization. Clear roles 
and responsibilities are defined and communicated to the 
employees. There is organized practical training for CM 
that is consistent throughout the organization and the 
knowledge captured from different situations in different 
projects is used for updating the training. The CM 
support level comes from the top management and is 
deployed at the operational level. Management promotes 
internal and external benchmarks related to CM features, 
and overall the CM discipline in the organization is 
continuously improved. When choosing information 
technology, the CM functionalities and requirements are 
taken into consideration. Any IT system to be used is first 
checked for correspondence and alignment with the main 
IT system of the organization. The information is globally 
available throughout the whole organization and a clear 
authorization system is in place for creating, using and 
modifying any information. 

4. CM at CERN 

The information in this section was captured using three 
types of qualitative research methods. First, semi-
structured interviews with engineers involved in CM and 
product lifecycle management activities in some projects 
were performed. In the meantime, related data was 
obtained from regular meetings associated with a process 
enhancement project with participants from different 
departments. The information was complemented by a 
review of the related organizational documentation, such 
as quality assurance guidelines and process definitions. 
Next, the information associated with the important CM 
practices, historical examples, requirements and possible 
solutions, are characterized and presented in this section. 

In general, the lifecycles of equipment and facilities in 
scientific infrastructures such as CERN are very long in 
such a way that one generation of employees design and 
develop the equipment while it is likely that it will be up to 
the next generation to operate it and perform maintenance, 
services and disposal. Therefore, in such facilities, the 
importance of having safe and sound processes for 
capturing knowledge and insuring its consistency 
throughout this long lifecycle is of great importance. 
Moreover, higher levels of organization and product 
complexity automatically raise the need for more accurate 
information about the facility. Therefore, there is always 
the potential for optimization in business processes and 
activities to survive the chaos and maintain competency at 
a level high. The following comprise the understood 
requirements for further improvements in the CM 
discipline at CERN based on the CM maturity dimensions.  

Considering the complexity of the facility and the 
interdisciplinary nature of activities (the involvement of 

people from more than 17 disciplines in each accelerator 
development project, for instance), the use of the same 
vocabulary for addressing different objects and functions 
is not unexpected. This is also the case with the CM 
terminology. Therefore, the importance of having a clear 
set of terms and definitions for each discipline is 
paramount and realized by CERN.   

When a facility like the Large Hadron Collider (LHC) is 
in operation, there is a great deal of equipment involved 
that is not easily reachable after installation in the 
underground tunnels. If their design information does 
not match with the reality, it is likely that a lot of time 
and manpower will be spent capturing the missing 
knowledge. A good example is the CERN’s proton-
synchrotron (PS) accelerator facility. The PS is the oldest 
accelerator still in operation at CERN, which first 
accelerated protons in 1959 and has played the role of 
supplying other accelerators after new ones were built 
[33]. This facility has undergone many modifications over 
the years to optimize and enhance its functionality. Due 
to a lack of technology and problems associated with 
hard-copy archiving, the consistency between the facility 
documents available and the reality has not been 
completely verified during its lifecycle. Therefore, there 
are resources and activities dedicated to acquiring more 
knowledge on-site and ensuring such consistency. 
Having a clear long-term CM strategy supported by 
standard policies during the long lifecycle could be 
effective in that it could lead the organization towards 
ensuring the application of the CM discipline in all 
lifecycle phases as well as in every environment. 

KPIs [34] are frequently used in optimization-oriented 
organizations for measuring the performance of a practice 
or discipline as a means of evaluating the level up to which 
the organization has been able to reach its strategic 
objectives in the field. For CERN, this functionality for CM 
has been limited to some organizational units. 
Configuration managers use unofficial metrics to measure 
their periodic performance in the field. However, having 
CM-oriented strategic objectives and capturing the correct 
information for the metrics in the operational field affects 
this process. The deployment of the organization’s overall 
strategy into different functions and units assists the 
organization in achieving its vision faster and in a more 
efficient manner. As an example, CERN has strategic 
objectives for the medium- and long-term operation of the 
LHC, including future upgrades. This objective could also 
be deployed into a CM objective as a goal for fewer failures 
or change requests due to measured and observed 
inefficiencies and informational inaccuracy, and might 
eventually be measured via suitable KPIs.  

Sometimes, processes are not standard and/or are not 
applied to all organizational units, equipment or 
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functions. A simple example would be information about 
the current state of the cables in the LHC which, due to 
the various corrective and preventative maintenance 
operations (as well as consolidation and upgrade 
activities performed by different groups or even, 
occasionally, subcontractors) could be particularly 
dependent on the processes. Cases might arise whereby 
operations such as maintenance or updating do not 
capture the relevant information about the cables, causing 
important safety and reliability risks later on or else 
simply resulting in the need for longer times for future 
interventions. Therefore, the standard processes of 
configuration identification and baselining, change 
control and status accounting, and regular configuration 
audits, should be clearly defined and standardized 
among all the actors involved in modification activities. 
The importance of such processes is greater when dealing 
with emergency situations, such as emergency corrective 
maintenance which, due to the high safety requirements 
of the facility, is on call 24/7. Since the word “emergency” 
sometimes carries the green light for deviation from the 
standard processes, it could result in facility being 
modified without capturing the relevant knowledge. 
Therefore, having standard processes designed for this 
kind of situation is of a great importance in ensuring CM 
functionality and quality across the lifecycle.  

One of the most important criteria in CM processes when 
evaluating the feasibility or applicability of a change 
request is the consideration of its impact on other 
configuration items. Usually, changes are categorized 
with respect to their scope and the extent of their impact. 
Therefore, there should always be clear processes for 
analysing the effect of changes on other equipment, 
which might sometimes be owned by other 
organizational groups. The long time needed for 
communication and inquiries among groups before 
performing their activities might sometimes lead to this 
impact analysis being neglected and future reworks or 
safety issues occurring. With CERN’s LHC, for instance 
[35], changes go through a strict and systematic 
evaluation process for categorization. Changes affecting 
costs, schedules and the performance of the whole facility 
as well as the form, fit and function of the product 
structure, should go through a change management 
process for approval. The process in use is given in Figure 
10. Due to various costs and the duration of formal 
change processes, it is not desirable to have all changes go 
through the formal process prior to their implementation 
[36], especially quick corrective maintenance repairs. 
Therefore, some changes are performed instantly and 
their impact on other equipment are analysed based on 
the knowledge of the personnel involved in the activity 
that led to the change. A simple example is the 
autonomous change of one part which, due to a change in 
form, fit and function, has blocked the maintenance 

access to other piece of equipment. This issue is more 
likely in older facilities where the information about the 
configuration in place is not clearly known. Therefore, in 
considering such use cases, the processes should be 
updated to include a good level of change classification 
and impact analysis, as well as a responsibility 
distribution, so as to reduce the risk of important and 
influential changes being implemented without going 
through the evaluation process. Moreover, the 
application of these improved processes should be 
supported and enforced by upper management.  

Figure 10. Change management process as implemented in 
CERN’s LHC [35]

Most of the CM functionalities could be performed with 
the help of IT. Functions such as managing configuration 
items, developing baselines, naming and numbering, 
versioning, requesting changes, evaluating change 
proposals, aligning physical equipment (assets) with the 
design documents and requirements, recording and 
reporting information and performing audits, could all be 
supported by an effective information system. At CERN, 
this is done with the help of several information systems, 
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which used for different purposes or lifecycle phases. The 
accessibility of this information and its ease of use in this 
complex environment (with millions of items) are of great 
importance. Moreover, the outsourcing of activities along 
the facility lifecycle introduces the requirement for sub-
contractors to use the same CM information system so 
that the activities are harmonized [32]. Therefore, the 
choice of information system fulfilling CM needs 
throughout the facility lifecycle should be made wisely, 
and the interfaces with other disciplines in the 
organization should be considered so as to minimize 
issues such as repetitions in data entries and data losses. 

One of the most common issues occurring across 
industries is being kept busy in dealing with daily issues 
and forgetting that, sometimes, effective solutions can be 
found outside. In the case of CM, CERN is not an 
exception. There have not been very many benchmarks 
performed at CERN in terms of the best practices of other 
similar industries (and if performed, the results of such 
benchmarks have not been distributed). This does not 
only apply to the application of the CM discipline, but is 
also missing in the evaluation of CM information system 
tools available on the market. In order to continuously 
improve the processes and solve the issues experienced, 
not only should internal benchmarks from best practices 
be performed but so too should external success stories be 
used and distributed among the involved personnel.  

In large organizations, the roles of the different actors in 
the value-stream should be monitored so that 
inconsistencies are avoided. This is also the case with 
CERN, which is an open organization and involves 
many actors in different activities. An example could be 
the use of subcontractors for maintenance work, which 
involves making the facility information available for 
them and allowing them to autonomously modify the 
facility during their operations. However, the 
importance of capturing the information about 
operations and modifications for CM purposes was 
discussed before. Therefore, a standard policy and 
process during both contract negotiations and work 
inspections should be in place so as to avoid 
information loss. To be solution-oriented, this could be 
made similar to the Japanese “poka yoke” concept [37], 
which refers to providing the means in place for 
avoiding ordinary human errors.  

The modification of the organization’s processes and 
routines is not in itself liable for the improvement of CM 
activities. As is the case with any change management 
activity in organizations, the involvement and support of 
high level management as well as the availability of 
suitable training accessible by everyone will supplement 
the change. Continuous training for CM ensures 
knowledge transfer among employees and facilitates a 

means of guaranteeing feedback from people using the 
CM tools for further improvement, corrections and the 
coverage of new problems. There has been a positive 
culture at CERN for all the various projects and the 
results show a better understanding and cross-functional 
collaboration among all stakeholders. The management of 
development projects at CERN could be a good match to 
the chief engineering system described in detail in [38].  

5. Conclusion and Future Work 

According to the findings in this paper, the level of 
maturity of an organization’s CM activities is not solely 
dependent on its processes, and other factors such as its 
strategy and IT, etc., are crucial. The maturity 
dimensions, sub-categories and levels described in the 
previous chapters could be useful for organizations - 
especially in safety-critical environments - in their 
continuous improvement activities towards the better 
application of CM and, consequently, a higher return on 
investment, a lower lead time and higher safety, by 
facilitating less intervention.  

In future, according to the findings in this paper, a 
suitable appraisal material will be developed for 
evaluating the current situation of CM activities in 
various target organizations. This is, to some extent, 
performed and the results can be found in [39]. 

The next step would be to develop clear roadmaps for 
improving the maturity of organizations from their 
present maturity level to the next by prescribing suitable 
improvement practices.  
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which used for different purposes or lifecycle phases. The 
accessibility of this information and its ease of use in this 
complex environment (with millions of items) are of great 
importance. Moreover, the outsourcing of activities along 
the facility lifecycle introduces the requirement for sub-
contractors to use the same CM information system so 
that the activities are harmonized [32]. Therefore, the 
choice of information system fulfilling CM needs 
throughout the facility lifecycle should be made wisely, 
and the interfaces with other disciplines in the 
organization should be considered so as to minimize 
issues such as repetitions in data entries and data losses. 

One of the most common issues occurring across 
industries is being kept busy in dealing with daily issues 
and forgetting that, sometimes, effective solutions can be 
found outside. In the case of CM, CERN is not an 
exception. There have not been very many benchmarks 
performed at CERN in terms of the best practices of other 
similar industries (and if performed, the results of such 
benchmarks have not been distributed). This does not 
only apply to the application of the CM discipline, but is 
also missing in the evaluation of CM information system 
tools available on the market. In order to continuously 
improve the processes and solve the issues experienced, 
not only should internal benchmarks from best practices 
be performed but so too should external success stories be 
used and distributed among the involved personnel.  

In large organizations, the roles of the different actors in 
the value-stream should be monitored so that 
inconsistencies are avoided. This is also the case with 
CERN, which is an open organization and involves 
many actors in different activities. An example could be 
the use of subcontractors for maintenance work, which 
involves making the facility information available for 
them and allowing them to autonomously modify the 
facility during their operations. However, the 
importance of capturing the information about 
operations and modifications for CM purposes was 
discussed before. Therefore, a standard policy and 
process during both contract negotiations and work 
inspections should be in place so as to avoid 
information loss. To be solution-oriented, this could be 
made similar to the Japanese “poka yoke” concept [37], 
which refers to providing the means in place for 
avoiding ordinary human errors.  

The modification of the organization’s processes and 
routines is not in itself liable for the improvement of CM 
activities. As is the case with any change management 
activity in organizations, the involvement and support of 
high level management as well as the availability of 
suitable training accessible by everyone will supplement 
the change. Continuous training for CM ensures 
knowledge transfer among employees and facilitates a 

means of guaranteeing feedback from people using the 
CM tools for further improvement, corrections and the 
coverage of new problems. There has been a positive 
culture at CERN for all the various projects and the 
results show a better understanding and cross-functional 
collaboration among all stakeholders. The management of 
development projects at CERN could be a good match to 
the chief engineering system described in detail in [38].  

5. Conclusion and Future Work 

According to the findings in this paper, the level of 
maturity of an organization’s CM activities is not solely 
dependent on its processes, and other factors such as its 
strategy and IT, etc., are crucial. The maturity 
dimensions, sub-categories and levels described in the 
previous chapters could be useful for organizations - 
especially in safety-critical environments - in their 
continuous improvement activities towards the better 
application of CM and, consequently, a higher return on 
investment, a lower lead time and higher safety, by 
facilitating less intervention.  

In future, according to the findings in this paper, a 
suitable appraisal material will be developed for 
evaluating the current situation of CM activities in 
various target organizations. This is, to some extent, 
performed and the results can be found in [39]. 

The next step would be to develop clear roadmaps for 
improving the maturity of organizations from their 
present maturity level to the next by prescribing suitable 
improvement practices.  
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Abstract This work presents an approach that implements 
enhanced scheduling algorithms to plan and schedule 
interventions in scientific facilities emitting various types 
of ionizing radiation such as the ones present at CERN in 
Geneva, (Switzerland) or at GSI in Darmstadt (Germany). 
To deal with the collaborative process of activity creation 
and submission used in those organizations, we propose a 
framework to set the appropriate sequence or skeleton for 
the activities. This framework combines Allen’s Interval 
Algebra and DSM (Design Structure Matrix). It enables the 
sequence of activities to be automatically computed while 
gathering and taking into account the needs of users and 
testing their compatibility. It also deals with technical-type 
or resource-type constraints between activities as well as 
incompatible submissions. The work described in this 
paper includes details of the collaborative submission 
process and introduces suggestions for compromising as 
well as temporal calculations with the introduction of 
parameterized DSMs rather than binary ones. 
 
Keywords Planning and Scheduling, DSM, Allen’s 
Interval Algebra, Radiation Safety 

1. Introduction 
 
The scientific facilities at CERN such as the Large Hadron 
Collider (LHC), the world’s largest particle accelerator, 
rank among the most complex systems ever built. To 
enable researchers to work at the highest energy levels 
ever reached in particle physics, several thousand people 
in a wide range of fields (e.g. cryogenics, magnet 
technologies, radio-frequency, beam instrumentation, 
radiation protection) were involved in the project. From 
the project approval for construction in 1994, through the 
completion of the R&D program to the commissioning of 
the beams in 2008 and the start of operations in 2010, 
more than fifteen years of effort were required. The 
technical and managerial expertise of all the contributors 
was a key factor in the success of this endeavour and it is 
still the case today for the operation, maintenance and 
improvement of the facilities. 
 
Everything in particle accelerators is done to keep the 
need for human interventions and maintenance to a 
minimum, in order to avoid exposing personnel to 
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activated equipment emitting ionizing radiation. 
However, to be able to keep (or even increase) the 
extremely high level of performance required by the 
research performed using those facilities, such 
interventions and maintenance are still necessary. 
 
Several management and communication methods were 
developed to cope with the requirements of this large-
scale project. One could for instance think of EDMS [1], 
which stands for Engineering Data Management System, 
a tool which was developed at the early development 
stages of the LHC project [2], or also the conference and 
workshop management platform INDICO [3]. The World 
Wide Web was also invented at CERN. What all these 
tools have in common is their collaborative dimension. In 
keeping with this collaborative culture present at CERN, 
the tools currently under development for intervention 
management also aim at enabling these to be used 
collaboratively and to enable the sharing of knowledge 
and data. This work thus focuses on techniques enabling 
both collaborative and optimized planning and 
scheduling techniques. 
 
The rest of this article will be organized as follows: 
section 2 focuses first on the requirements of collaborative 
intervention planning and scheduling in scientific 
facilities emitting various types of ionizing radiation. 
Sections 3 develops the use of the activity DSM for 
planning and scheduling and section 4 describes a 
temporal logic framework, Allen’s Interval Algebra, used 
to enable collaborative constraint gathering in the form of 
time intervals networks. Finally, section 5 gives some 
insight into the computing, by describing the sequence in 
which the algorithms of sections 3 and 4 are used, before 
introducing the next steps of this research. Section 6 
shortly concludes this work. 
 
2. Intervention planning and scheduling requirements 

2.1 Interventions in scientific facilities  
emitting ionizing radiations 

Intervention management systems dedicated to the 
planning and scheduling of interventions such as the 
ones mentioned in the introduction have to be able to 
handle two main types of interventions: 
• One of a kind, project-type interventions for the 

consolidation or upgrade of the facilities; 
• Operations-type interventions that are of a rather 

repetitive nature such as corrective and preventive 
maintenance interventions, or inspections such as the 
radiation surveys.  

 
Safety constraints have to be taken into account, 
especially regarding exposure to ionizing radiation which 
must be subject to the ALARA approach (As Low As 
Reasonably Achievable). ALARA is an optimization 

approach implemented in facilities emitting ionizing 
radiation in order to strike a balance between the 
radiation doses received by human personnel and the 
means (e.g. budget, available resources, etc.) that can 
reasonably be put into action to reduce those doses. This 
optimization can lead to alternative solutions to human 
intervention, such as the use of remotely handled 
intervention devices. One of the basic optimization 
methods for reducing received radiation doses consists of 
optimizing the exposure time of human or teleoperated 
resources, as well as their availability. This can thus be 
started as early as during the planning and scheduling 
phase of an intervention, by optimizing the sequence of 
tasks based on the technical and resource constraints 
already known to the involved stakeholders. 
 
Finally, logistics tasks are also of importance, considering 
that most of the facilities are underground and some of 
them can only be accessed via a long section of tunnel. 
Logistics operations, in this context, will have to be 
included in the planning and scheduling phases of the 
interventions, because they take a non-negligible part of 
the intervention time and mobilize resources, tools and 
facilities as much as the tasks that are performed for 
maintenance or upgrading activities. On top of this, some 
transportation tasks may also have to be performed in or 
through radioactive areas. 

2.2 Collaborative planning and scheduling 

A second important aspect of our planning and 
scheduling problem comes from the collaborative culture 
of information systems at CERN and more generally in all 
organizations operating similar facilities.  
 
As we already specified, only a few of these systems are 
centrally managed, which implies a collaborative use. In 
the same spirit, the framework we have developed is 
meant to be used by several hundreds of people who will 
submit several thousands of intervention requests a year. 
Periods of long shutdown such as the one starting at 
CERN in early 2013 anticipated to last until the end of 
2014, are of specific interest as they will see a huge 
amount of interventions of all the types mentioned in the 
previous section. 
 
To ensure a proper collaborative intervention submission 
process, any user interacting with the system should be 
able to specify the constraints their intervention will 
create or depend on, with respect to the activities already 
entered in the system. In such a situation, one can expect 
conflicts to arise in terms of activity sequence. For 
instance, the first user could request that a task A should 
be performed before a task B, while another user could 
assess that task A also requires information from the 
execution of task B and that the opposite sequence should 
be preferred. 
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One of our key challenges is to deal with conflicting 
collaborative submissions. Leaving the entire problem 
solving to a system superintendent would in fact raise 
two issues: 
• First, the amount of work to solve manually and case by 

case would make this task slow and fastidious; 
• Second, this would not be collaboration-compliant, 

since only one or a few individuals would perform 
most of the decision making. 

 
We do not aim to develop a system without moderation 
which could easily be prone to chaos. However, we do 
wish to leave the preliminary phase of planning and 
scheduling open to suggestions from all users before 
implementing a stronger moderation. 
 
To summarize, we wish to combine in our framework a 
large number of intervention submissions by several 
different users and the possibility to accept conflicting 
submissions. In addition, in the preliminary stages of 
planning and scheduling for which such a framework 
would be used, we do not aim to leave those conflicts to 
be solved by one or a few moderators. We thus concluded 
that it would be interesting to implement some pseudo 
Artificial Intelligence elements in our framework, to pre-
plan and pre-schedule interventions and establish one or 
several possible preliminary skeletons that could later be 
revised by system moderators. 
 
As for the chosen methods, this article is a development 
of the ideas provided in Baudin et al. [4], in which the 
foundations of the framework presented here were set. 
The general idea was to use the existing DSM method to 
schedule the activities and establish the optimal 
sequence. However, this DSM is meant to be built using 
data collected from several users collaborating together. 
To gather the needs and requirements of users, we chose 
to use the Artificial Intelligence framework developed by 
James Allen in the 1980s: Allen’s Interval Algebra. This 
section is dedicated to the description of the collaborative 
submission process and the reasons behind the choices of 
DSM and Allen’s algebra. 
 
3. DSM 
 
DSM, which stands for Design Structure Matrix, is a 
generic matrix-based framework introduced by Donald 
Steward in the early 1980s [5]. It is a powerful 
management tool which enables one to represent 
processes or systems in a clear and compact manner, with 
no size limitation. 
 
As a result, it was widely applied in the 1990s in product 
development processes and system modelling, as 
developed in [6], [7], [8], [9]. In fact, it provides a high 
level of information regarding task dependencies (see 

Figure 1) and more specifically when it comes to 
information feedback or looping which are commonly 
found within engineering and design projects. 
 
This latter characteristic is our main reason for choosing 
DSM. In fact, it is a handy way to represent conflicts: two 
activities providing data to each other can be represented 
as a loop, and more classic planning and scheduling 
methods such as PERT, CPM or PDM do not allow for the 
easy representation of this feedback or looping in a 
compact and easy way.  
 
Other process modelling methods were also considered in 
a different work currently under review, such as 
generalized activity networks (e.g. GERT [10], [11], [12], 
VERT [13]) or notations such as SADT described in [14], 
[15] or IDEF3 (see [16]). However, here again, DSM 
outranks them in terms of the size (it is far more compact) 
of the representation. On top of this, the complexity of 
generalized activity networks contrasts with the simplicity 
of DSM’s optimization algorithms (see 3.1), while the 
optimization dimension is absent from SADT or IDEF3. 
 
A DSM is a square matrix with as many lines and 
columns as there are activities in the modelled process. A 
non-zero aij matrix element (also called a mark) indicates 
that task i provides information to task j. All marks 
placed on a task’s row represent its input information and 
the marks appearing on a task’s column represent its 
output information. If one reads the matrix as a sequence 
of activities (from top to bottom and left to right), then the 
marks under the diagonal stand for information 
transferred to later tasks while those which appear above 
the diagonal represent information fed back to previous 
tasks. 
 

 
Figure 1. Binary DSM dependencies between two activities 
 
Such information feedback leads to iterations, which 
means that some tasks have to be performed using 
incomplete inputs and may need to be revised. Iterations 
are common for processes in many engineering fields, 
such as chemical engineering and product design, but 
also in mathematics to solve large systems of equations 
(see for instance [6], [9]). 

3.1 DSM Analysis 

Once a DSM is built, the aim of the analysis is to optimize 
the sequence of tasks in the matrix. For this, two stages 
are performed, each of them corresponding to an 
algorithm: first the partitioning and second, the tearing. 
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• One of a kind, project-type interventions for the 

consolidation or upgrade of the facilities; 
• Operations-type interventions that are of a rather 

repetitive nature such as corrective and preventive 
maintenance interventions, or inspections such as the 
radiation surveys.  

 
Safety constraints have to be taken into account, 
especially regarding exposure to ionizing radiation which 
must be subject to the ALARA approach (As Low As 
Reasonably Achievable). ALARA is an optimization 

approach implemented in facilities emitting ionizing 
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radiation doses received by human personnel and the 
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optimizing the exposure time of human or teleoperated 
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already known to the involved stakeholders. 
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that most of the facilities are underground and some of 
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2.2 Collaborative planning and scheduling 
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scheduling problem comes from the collaborative culture 
of information systems at CERN and more generally in all 
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As we already specified, only a few of these systems are 
centrally managed, which implies a collaborative use. In 
the same spirit, the framework we have developed is 
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Periods of long shutdown such as the one starting at 
CERN in early 2013 anticipated to last until the end of 
2014, are of specific interest as they will see a huge 
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To ensure a proper collaborative intervention submission 
process, any user interacting with the system should be 
able to specify the constraints their intervention will 
create or depend on, with respect to the activities already 
entered in the system. In such a situation, one can expect 
conflicts to arise in terms of activity sequence. For 
instance, the first user could request that a task A should 
be performed before a task B, while another user could 
assess that task A also requires information from the 
execution of task B and that the opposite sequence should 
be preferred. 
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One of our key challenges is to deal with conflicting 
collaborative submissions. Leaving the entire problem 
solving to a system superintendent would in fact raise 
two issues: 
• First, the amount of work to solve manually and case by 

case would make this task slow and fastidious; 
• Second, this would not be collaboration-compliant, 

since only one or a few individuals would perform 
most of the decision making. 

 
We do not aim to develop a system without moderation 
which could easily be prone to chaos. However, we do 
wish to leave the preliminary phase of planning and 
scheduling open to suggestions from all users before 
implementing a stronger moderation. 
 
To summarize, we wish to combine in our framework a 
large number of intervention submissions by several 
different users and the possibility to accept conflicting 
submissions. In addition, in the preliminary stages of 
planning and scheduling for which such a framework 
would be used, we do not aim to leave those conflicts to 
be solved by one or a few moderators. We thus concluded 
that it would be interesting to implement some pseudo 
Artificial Intelligence elements in our framework, to pre-
plan and pre-schedule interventions and establish one or 
several possible preliminary skeletons that could later be 
revised by system moderators. 
 
As for the chosen methods, this article is a development 
of the ideas provided in Baudin et al. [4], in which the 
foundations of the framework presented here were set. 
The general idea was to use the existing DSM method to 
schedule the activities and establish the optimal 
sequence. However, this DSM is meant to be built using 
data collected from several users collaborating together. 
To gather the needs and requirements of users, we chose 
to use the Artificial Intelligence framework developed by 
James Allen in the 1980s: Allen’s Interval Algebra. This 
section is dedicated to the description of the collaborative 
submission process and the reasons behind the choices of 
DSM and Allen’s algebra. 
 
3. DSM 
 
DSM, which stands for Design Structure Matrix, is a 
generic matrix-based framework introduced by Donald 
Steward in the early 1980s [5]. It is a powerful 
management tool which enables one to represent 
processes or systems in a clear and compact manner, with 
no size limitation. 
 
As a result, it was widely applied in the 1990s in product 
development processes and system modelling, as 
developed in [6], [7], [8], [9]. In fact, it provides a high 
level of information regarding task dependencies (see 

Figure 1) and more specifically when it comes to 
information feedback or looping which are commonly 
found within engineering and design projects. 
 
This latter characteristic is our main reason for choosing 
DSM. In fact, it is a handy way to represent conflicts: two 
activities providing data to each other can be represented 
as a loop, and more classic planning and scheduling 
methods such as PERT, CPM or PDM do not allow for the 
easy representation of this feedback or looping in a 
compact and easy way.  
 
Other process modelling methods were also considered in 
a different work currently under review, such as 
generalized activity networks (e.g. GERT [10], [11], [12], 
VERT [13]) or notations such as SADT described in [14], 
[15] or IDEF3 (see [16]). However, here again, DSM 
outranks them in terms of the size (it is far more compact) 
of the representation. On top of this, the complexity of 
generalized activity networks contrasts with the simplicity 
of DSM’s optimization algorithms (see 3.1), while the 
optimization dimension is absent from SADT or IDEF3. 
 
A DSM is a square matrix with as many lines and 
columns as there are activities in the modelled process. A 
non-zero aij matrix element (also called a mark) indicates 
that task i provides information to task j. All marks 
placed on a task’s row represent its input information and 
the marks appearing on a task’s column represent its 
output information. If one reads the matrix as a sequence 
of activities (from top to bottom and left to right), then the 
marks under the diagonal stand for information 
transferred to later tasks while those which appear above 
the diagonal represent information fed back to previous 
tasks. 
 

 
Figure 1. Binary DSM dependencies between two activities 
 
Such information feedback leads to iterations, which 
means that some tasks have to be performed using 
incomplete inputs and may need to be revised. Iterations 
are common for processes in many engineering fields, 
such as chemical engineering and product design, but 
also in mathematics to solve large systems of equations 
(see for instance [6], [9]). 

3.1 DSM Analysis 

Once a DSM is built, the aim of the analysis is to optimize 
the sequence of tasks in the matrix. For this, two stages 
are performed, each of them corresponding to an 
algorithm: first the partitioning and second, the tearing. 
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Those two algorithms are described in [2] ,[3] and [9], and 
detailed tutorials are available on the DSM community 
website [17]. We will thus only give a succinct 
presentation in this section. 
 
The partitioning algorithm (also called sequencing) aims 
to establish an optimal permutation of the rows (or 
columns) of the DSM to enhance the available 
information in the system. The goal of this analysis step is 
to obtain a lower block triangular DSM in which the 
remaining feedback marks are concentrated along the 
diagonal. This is performed according to two steps: 
• Step 1: Schedule independent tasks: tasks with no necessary 

input (empty rows) are scheduled first and tasks with 
no output (empty columns) are scheduled last. 

• Step 2: Identify interdependent groups of tasks. The 
two main methods for this step are the Path Searching 
and the Powers of the Adjacency Matrix [6]. When a 
loop is identified, the tasks of which it is composed 
are collapsed together and considered as one task for 
the next steps of the partitioning. 

• Step 3: Repeat steps 1 and 2 until all tasks are scheduled. 
 

Block sub-matrices can then be distinguished to form 
what is called a partition. These are the smallest squared 
matrices along the diagonal with only zeros to their right, 
as illustrated in Figure 2. 
 
Once the DSM is partitioned, the tearing algorithm is 
used to re-sequence the tasks within blocks containing 
interdependencies and that have been collapsed during 
partitioning. Tearing aims at finding an ordering in those 
blocks to start the iterations by making assumptions 
regarding some elements. Two main methods are given 
in [5], [6]: the use of Shunt diagrams and tearing by 
heuristics. However, this step of DSM processing requires 
engineering and management judgment from the user, 
and involves a certain amount of subjectivity. A good 
knowledge of the system or of the intervention is 
obviously useful in choosing which activity to schedule 
first in the loop and to reduce its number of iterations, 
while a poor choice could increase it instead. A typical 
technique for choosing the dependencies to be “torn” is to 
pick the ones with the minimum number of row elements 
and thus with the minimum number of input streams. 
 

 

 
Figure 2. A seven task example for DSM partitioning algorithm 
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3.2 Building the DSM 
 
So far, we have only described the planning and 
scheduling tool that DSM can be. However, we have 
made no mention of the collaborative dimension of our 
problem. We intend to take this into account in the DSM 
building process of our framework. 
 
The situation we considered in section 2 involves several 
users collaborating on an equal level to feed their 
requirements in terms of constraints between tasks into 
the DSM. However, those constraints are not simple 
binary relations as described previously in this section. 
 
They can be of different natures, for instance linked to the 
resource availability or the technical requirements of the 
facilities in which interventions are planned. In addition, 
since we are dealing with sequential constraints between 
activities, their complexity goes beyond the binary 
relation of input (or no input) from one task to the other. 
For instance, if a task A is to be performed before a task B, 
the users should be able to specify additional information 
such as a mandatory delay between A and B or, the other 
way round, that B has to start right after A is completed. 
 
The combination of this complexity with the collaboration 
requirements led us to work on temporal logic 
frameworks, to express the sequential constraints. 
 
4. Allen’s Interval Algebra 
 
James Allen introduced the calculus that is known today 
as Allen’s Interval Algebra in the early 1980s [18], [19], 
[20]. This is a temporal logic based Boolean algebra which 
tackles the issue of how to represent the knowledge we 
have about time from an Artificial Intelligence point of 
view, and how to handle new pieces of information in a 
task network. 
 
This issue of time representation was tackled intensely 
during the 1970s and 1980s, producing many different 
possible solutions (see for instance [21], [22], [23]). Allen’s 
Interval Algebra is one of these methods and it was the 
first to model time using an interval representation rather 
than a discrete model using time points such as dates or 
states. The general idea of this framework is to describe 
actions or events as the time intervals over which they 
take place. Each action or event also has a set of 
preconditions which must be true during earlier time 
intervals before it occurs as well as a set of effects that 
will be true after it terminates. 
 
The whole algebra is based on the fact that much of 
mankind’s perception of time is relative. The advantage 
of such a representation is that one can represent events 
and the constraints that link them without having to 
worry about dates, or even fuzzy dates. This is the main 

reason we worked using this representation. For 
intervention planning in scientific facilities emitting 
ionizing radiation, the emphasis is placed on the fact that 
a task has to be performed and not on its precise 
duration, or starting and ending dates. In fact, engineers 
and technicians will actually never refer to precise 
durations of tasks, but use instead more imprecise terms 
such as fuzzy temporal descriptors (a few hours, about a 
week etc.). This type of description is very different from 
those involving starting and ending dates (which are 
precise time points), which are paradoxically the most 
commonly used nowadays. This is the case in planning 
and scheduling applications used at CERN or in off-the-
shelf commercial software tools.  
 
In addition, the possibility to describe the sequential 
constraints between tasks and to propagate the effects of 
new tasks in the network without having to worry about 
dates and duration is a critical advantage of such 
representation. These processes are explained in the 
following paragraphs. 
 
Allen’s Interval Algebra allows for a precise description 
of relations between time intervals. In fact, Allen defines 
the relations in [18] thirteen of them (actually seven 
relations and their inverse relations) as shown in Figure 
3. Using a composition or transitivity table, it is possible 
to build transitivity relations and point out incoherent 
elements in a set of time intervals. 
 

 
Figure 3. Conversion from Allen's interval algebra to DSM 
 
The transitivity table is used in the following way: 
knowing two time relations r1 and r2 and three time 
intervals A, B and C such that A r1 B and B r2 C, then the 
function Constraints(r1, r2) returns the possible values for r3 
such that A r3 C considering the transitivity table. 
 
As for the applications, temporal reasoners can be 
developed based on Allen’s Interval Algebra [24]. Those 
reasoners are higher level applications, which can 
perform a wide range of different problem-solving tasks 
among which are planning and scheduling tasks for 
automated devices. Typically, these tasks can be to do 
with path or trajectory planning, or task sequencing for 
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Those two algorithms are described in [2] ,[3] and [9], and 
detailed tutorials are available on the DSM community 
website [17]. We will thus only give a succinct 
presentation in this section. 
 
The partitioning algorithm (also called sequencing) aims 
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information in the system. The goal of this analysis step is 
to obtain a lower block triangular DSM in which the 
remaining feedback marks are concentrated along the 
diagonal. This is performed according to two steps: 
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input (empty rows) are scheduled first and tasks with 
no output (empty columns) are scheduled last. 
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two main methods for this step are the Path Searching 
and the Powers of the Adjacency Matrix [6]. When a 
loop is identified, the tasks of which it is composed 
are collapsed together and considered as one task for 
the next steps of the partitioning. 
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and involves a certain amount of subjectivity. A good 
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first in the loop and to reduce its number of iterations, 
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technique for choosing the dependencies to be “torn” is to 
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3.2 Building the DSM 
 
So far, we have only described the planning and 
scheduling tool that DSM can be. However, we have 
made no mention of the collaborative dimension of our 
problem. We intend to take this into account in the DSM 
building process of our framework. 
 
The situation we considered in section 2 involves several 
users collaborating on an equal level to feed their 
requirements in terms of constraints between tasks into 
the DSM. However, those constraints are not simple 
binary relations as described previously in this section. 
 
They can be of different natures, for instance linked to the 
resource availability or the technical requirements of the 
facilities in which interventions are planned. In addition, 
since we are dealing with sequential constraints between 
activities, their complexity goes beyond the binary 
relation of input (or no input) from one task to the other. 
For instance, if a task A is to be performed before a task B, 
the users should be able to specify additional information 
such as a mandatory delay between A and B or, the other 
way round, that B has to start right after A is completed. 
 
The combination of this complexity with the collaboration 
requirements led us to work on temporal logic 
frameworks, to express the sequential constraints. 
 
4. Allen’s Interval Algebra 
 
James Allen introduced the calculus that is known today 
as Allen’s Interval Algebra in the early 1980s [18], [19], 
[20]. This is a temporal logic based Boolean algebra which 
tackles the issue of how to represent the knowledge we 
have about time from an Artificial Intelligence point of 
view, and how to handle new pieces of information in a 
task network. 
 
This issue of time representation was tackled intensely 
during the 1970s and 1980s, producing many different 
possible solutions (see for instance [21], [22], [23]). Allen’s 
Interval Algebra is one of these methods and it was the 
first to model time using an interval representation rather 
than a discrete model using time points such as dates or 
states. The general idea of this framework is to describe 
actions or events as the time intervals over which they 
take place. Each action or event also has a set of 
preconditions which must be true during earlier time 
intervals before it occurs as well as a set of effects that 
will be true after it terminates. 
 
The whole algebra is based on the fact that much of 
mankind’s perception of time is relative. The advantage 
of such a representation is that one can represent events 
and the constraints that link them without having to 
worry about dates, or even fuzzy dates. This is the main 

reason we worked using this representation. For 
intervention planning in scientific facilities emitting 
ionizing radiation, the emphasis is placed on the fact that 
a task has to be performed and not on its precise 
duration, or starting and ending dates. In fact, engineers 
and technicians will actually never refer to precise 
durations of tasks, but use instead more imprecise terms 
such as fuzzy temporal descriptors (a few hours, about a 
week etc.). This type of description is very different from 
those involving starting and ending dates (which are 
precise time points), which are paradoxically the most 
commonly used nowadays. This is the case in planning 
and scheduling applications used at CERN or in off-the-
shelf commercial software tools.  
 
In addition, the possibility to describe the sequential 
constraints between tasks and to propagate the effects of 
new tasks in the network without having to worry about 
dates and duration is a critical advantage of such 
representation. These processes are explained in the 
following paragraphs. 
 
Allen’s Interval Algebra allows for a precise description 
of relations between time intervals. In fact, Allen defines 
the relations in [18] thirteen of them (actually seven 
relations and their inverse relations) as shown in Figure 
3. Using a composition or transitivity table, it is possible 
to build transitivity relations and point out incoherent 
elements in a set of time intervals. 
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The transitivity table is used in the following way: 
knowing two time relations r1 and r2 and three time 
intervals A, B and C such that A r1 B and B r2 C, then the 
function Constraints(r1, r2) returns the possible values for r3 
such that A r3 C considering the transitivity table. 
 
As for the applications, temporal reasoners can be 
developed based on Allen’s Interval Algebra [24]. Those 
reasoners are higher level applications, which can 
perform a wide range of different problem-solving tasks 
among which are planning and scheduling tasks for 
automated devices. Typically, these tasks can be to do 
with path or trajectory planning, or task sequencing for 
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assembly or production lines. For instance, Smith et al. 
describe a possible use of interval based planning and 
scheduling algorithm for an “ambitious spacecraft” [25]. 
The advantage of planning and scheduling systems based 
on time-interval representations is that they manage to 
reduce the gap between planning and scheduling, which 
are often considered as two distinct problems in Artificial 
Intelligence: planning problems tend to deal with action 
selection and cascading levels of interaction between 
them while scheduling problems are more concerned 
with setting an optimized sequence of already selected 
tasks given their constraints and resource needs. 
 
Time-interval-based logic has also been occasionally used 
in academic fields other than artificial intelligence. For 
instance, some publications in project management can be 
mentioned [26]. Moreover, references [27], and [28] 
describe workflow modelling and business process 
execution using interval based constraint networks, 
which is even more relevant for the computation 
framework presented in this article. 
 
To conclude this presentation section, it can be added that 
extensions to the basic definition of the interval time 
representation have been introduced. In [18], Allen 
already introduced reference intervals which aims to 
reduce computation time for constraint propagation 
algorithms by creating clusters of interrelated time 
intervals. For instance, in our case, an intervention can be 
considered to be the reference interval of all the tasks 
which compose it. The bases for duration calculation 
algebra based on a similar constraint propagation 
algorithm, are also introduced. 
 
It was also shown in [20] that the thirteen time relations 
can all be further decomposed and expressed using only 
one of them, the MEET relation (see Figure 3), as a 
primitive. These possibilities of combination or 
decomposition can be used in our case to introduce 
constraints which do not appear in the original algebra: for 
instance, by combining BEFORE, AFTER, MEETS and IS 
MET, one can indicate that two tasks have to be separated, 
regardless of which one is to be performed first. 
Additionally, in [20], the notion of moment as a non-
decomposable time interval was introduced to deal with 
the time-point notion present in discrete-time models, and 
the definition of starting and ending points of an interval 
was also formalized. This notion of time-point to extend the 
interval algebra was also studied by Zaidi in temporal logic 
programming at the end of the 1990s [29], [30] and can be 
useful to include dates at the end of the planning process. 

4.1. Constraint propagation and transitive closure 

The main role of the algebra itself is to encode the relations 
between time intervals. The job of reasoners is to compute 
the relations entered as input, check whether they form  

a compatible set and compute what can be inferred from 
them. This process is referred to as “determining the 
transitive closure” of a set of assertions. 
 

 
Figure 4. Constraint propagation algorithm 
 
This task is performed using a constraint propagation 
algorithm which is given in Figure 4. Every time the matrix 
containing temporal constraints between tasks is updated, 
the modified matrix elements <i, j> are added to a first-in-
first-out queue. Then, for every pair <i, j> removed from the 
queue, the algorithm checks if constraints between other 
pairs of tasks <i, k> or <j, k> are affected. If it is the case, the 
related pair is added to the queue. If the new constraint for 
element <i, j> is not compliant with the transitivity table, 
backtracking is performed. 
 
In [18], Allen suggests that this algorithm will run to 
completion in polynomial time and that O(n2) calls are 
necessary for the procedure. Vilain and Kautz however 
show in [31] that O(n3) operations are needed for the 
algorithm to run to completion.  
 
However, even this polynomial number of operations is 
only true for three-node sub-networks and Allen hints 
that completing the full closure (checking coherency and 
then inferring new relations) of a time interval network 
may be in fact exponential. This is confirmed and proved 
in [31]: completing closure is an NP-hard problem, which 
means that it cannot be solved in polynomial time and 
that the algorithm behaves exponentially. 
 
In fact, while the algorithm will never make an invalid 
inference about constraints between three intervals, it 
does not deal with larger sets of intervals, which would 
be required to calculate full closure. An example of an 
inconsistent network is given by Allen in [18] and 
reproduced in Figure 5. For any group of three nodes, the 
transitivity relations can be verified, since at least one of 
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the two relations carried by the arcs (except between B 
and D where there is only one) will fit in the transitivity 
table. However, one can show (for instance by imposing 
A f C instead of A (f, fi) C that it is impossible to get one 
and only one symbol per arc considering the four nodes 
together. 

 

 
Figure 5. Inconsistent labelling reproduced from [18]: all triplets 
are compatible with the transitivity relations, but it is impossible 
to get a graph filled only with single-label arcs. 
 
Several strategies can be adopted to deal with this 
intractability: 
• Limit ourselves to small databases of about a dozen 

intervals, which is reasonable for describing interventions; 
• Use one of the eighteen tractable subalgebras of Allen’s 

Interval Algebra [32]; 
• Use exponential algorithms as per Malik and Binford [33]; 
• Keep the polynomial-time constraint propagation 

algorithm however incomplete it may be. This 
method is actually efficient for systems such as ours, 
in which we mainly gather the time relations and do 
not make many inferences (see section 5.1.). In fact, 
we do not aim to compute new relations, but only to 
check that a new constraint added in the network by a 
collaborator fits with the previously submitted ones. 
This step of the algorithm is feasible in polynomial 
time and is sufficient in our case. 

 
We are thus going to work within the first and fourth 
strategies. 

4.2. Constraint gathering for intervention planning 

The use of Allen’s interval algebra to gather user’s needs 
and requirements for temporal constraints grants them an 
expressivity larger than the binary DSM while providing 
a formal background to their submissions. 
 

Our aim is, as a consequence, to have users submit tasks 
in the system as well as their temporal constraints to 
already entered tasks when such constraints exist and 
then, once the closure is computed, a simple conversion 
to DSM is easy to perform based on the correspondence 
between DSM and the temporal relations given in  
Figure 3. 
 
To deal with the intractability problem of the algebra, we 
are also working with one more restriction and studying 
the possibility of accepting only one constraint between 
two tasks. This would in fact prevent users from creating 
problems with no overall marking.  
 
However, this solution has some drawbacks. For instance, 
Allen’s interval algebra cannot state that two intervals are 
disjoint. For this reason, a combination of four relations is 
needed (BEFORE or AFTER or MEETS or IS MET). 
 
5. Computation 

5.1 Sequence of algorithms 

The proposed algorithm, or rather sequence of 
algorithms, is performed every time a collaborator 
submits an activity that may have an effect on already 
existing activities. After the user has added a new 
activity, it basically consists of 5 steps: 
• Step 1: add a row and a column to the activity DSM; 
• Step 2: implement the constraints between activities 

(new and previously entered) in the DSM with the 
Allen interval algebra notation thus building a 
parameterized DSM; 

• Step 3: check the compatibility of all constraints using 
the transitivity rules of Allen’s interval algebra. If all 
assertions are compatible, step four can be performed. 
Otherwise, a compromise algorithm has to be run (see 
section 5.2.); 

• Step 4: convert the parameterized DSM with Allen’s 
Interval Algebra notations into a classical binary 
DSM. Other possible parameterized DSMs are 
described in section 5.2.; 

• Step 5: run a classic DSM partitioning algorithm to 
establish the sequence of activities and perform a 
tearing algorithm if loops are identified. 

 
Figure 6 illustrates the collaborative elaboration of the 
sequence of activities necessary to change an instrument 
on a beam line. Three groups are involved, and they 
submit their activities at t1, t2 and t3. Seven tasks in total 
are to be scheduled. For the two first activity submissions 
at t1 and t2, the five steps described previously are 
performed with no trouble. The submission at t3 results in 
a conflict and a compromise is needed. 
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assembly or production lines. For instance, Smith et al. 
describe a possible use of interval based planning and 
scheduling algorithm for an “ambitious spacecraft” [25]. 
The advantage of planning and scheduling systems based 
on time-interval representations is that they manage to 
reduce the gap between planning and scheduling, which 
are often considered as two distinct problems in Artificial 
Intelligence: planning problems tend to deal with action 
selection and cascading levels of interaction between 
them while scheduling problems are more concerned 
with setting an optimized sequence of already selected 
tasks given their constraints and resource needs. 
 
Time-interval-based logic has also been occasionally used 
in academic fields other than artificial intelligence. For 
instance, some publications in project management can be 
mentioned [26]. Moreover, references [27], and [28] 
describe workflow modelling and business process 
execution using interval based constraint networks, 
which is even more relevant for the computation 
framework presented in this article. 
 
To conclude this presentation section, it can be added that 
extensions to the basic definition of the interval time 
representation have been introduced. In [18], Allen 
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reduce computation time for constraint propagation 
algorithms by creating clusters of interrelated time 
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a compatible set and compute what can be inferred from 
them. This process is referred to as “determining the 
transitive closure” of a set of assertions. 
 

 
Figure 4. Constraint propagation algorithm 
 
This task is performed using a constraint propagation 
algorithm which is given in Figure 4. Every time the matrix 
containing temporal constraints between tasks is updated, 
the modified matrix elements <i, j> are added to a first-in-
first-out queue. Then, for every pair <i, j> removed from the 
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pairs of tasks <i, k> or <j, k> are affected. If it is the case, the 
related pair is added to the queue. If the new constraint for 
element <i, j> is not compliant with the transitivity table, 
backtracking is performed. 
 
In [18], Allen suggests that this algorithm will run to 
completion in polynomial time and that O(n2) calls are 
necessary for the procedure. Vilain and Kautz however 
show in [31] that O(n3) operations are needed for the 
algorithm to run to completion.  
 
However, even this polynomial number of operations is 
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the two relations carried by the arcs (except between B 
and D where there is only one) will fit in the transitivity 
table. However, one can show (for instance by imposing 
A f C instead of A (f, fi) C that it is impossible to get one 
and only one symbol per arc considering the four nodes 
together. 

 

 
Figure 5. Inconsistent labelling reproduced from [18]: all triplets 
are compatible with the transitivity relations, but it is impossible 
to get a graph filled only with single-label arcs. 
 
Several strategies can be adopted to deal with this 
intractability: 
• Limit ourselves to small databases of about a dozen 

intervals, which is reasonable for describing interventions; 
• Use one of the eighteen tractable subalgebras of Allen’s 

Interval Algebra [32]; 
• Use exponential algorithms as per Malik and Binford [33]; 
• Keep the polynomial-time constraint propagation 

algorithm however incomplete it may be. This 
method is actually efficient for systems such as ours, 
in which we mainly gather the time relations and do 
not make many inferences (see section 5.1.). In fact, 
we do not aim to compute new relations, but only to 
check that a new constraint added in the network by a 
collaborator fits with the previously submitted ones. 
This step of the algorithm is feasible in polynomial 
time and is sufficient in our case. 

 
We are thus going to work within the first and fourth 
strategies. 

4.2. Constraint gathering for intervention planning 

The use of Allen’s interval algebra to gather user’s needs 
and requirements for temporal constraints grants them an 
expressivity larger than the binary DSM while providing 
a formal background to their submissions. 
 

Our aim is, as a consequence, to have users submit tasks 
in the system as well as their temporal constraints to 
already entered tasks when such constraints exist and 
then, once the closure is computed, a simple conversion 
to DSM is easy to perform based on the correspondence 
between DSM and the temporal relations given in  
Figure 3. 
 
To deal with the intractability problem of the algebra, we 
are also working with one more restriction and studying 
the possibility of accepting only one constraint between 
two tasks. This would in fact prevent users from creating 
problems with no overall marking.  
 
However, this solution has some drawbacks. For instance, 
Allen’s interval algebra cannot state that two intervals are 
disjoint. For this reason, a combination of four relations is 
needed (BEFORE or AFTER or MEETS or IS MET). 
 
5. Computation 

5.1 Sequence of algorithms 

The proposed algorithm, or rather sequence of 
algorithms, is performed every time a collaborator 
submits an activity that may have an effect on already 
existing activities. After the user has added a new 
activity, it basically consists of 5 steps: 
• Step 1: add a row and a column to the activity DSM; 
• Step 2: implement the constraints between activities 

(new and previously entered) in the DSM with the 
Allen interval algebra notation thus building a 
parameterized DSM; 

• Step 3: check the compatibility of all constraints using 
the transitivity rules of Allen’s interval algebra. If all 
assertions are compatible, step four can be performed. 
Otherwise, a compromise algorithm has to be run (see 
section 5.2.); 

• Step 4: convert the parameterized DSM with Allen’s 
Interval Algebra notations into a classical binary 
DSM. Other possible parameterized DSMs are 
described in section 5.2.; 

• Step 5: run a classic DSM partitioning algorithm to 
establish the sequence of activities and perform a 
tearing algorithm if loops are identified. 

 
Figure 6 illustrates the collaborative elaboration of the 
sequence of activities necessary to change an instrument 
on a beam line. Three groups are involved, and they 
submit their activities at t1, t2 and t3. Seven tasks in total 
are to be scheduled. For the two first activity submissions 
at t1 and t2, the five steps described previously are 
performed with no trouble. The submission at t3 results in 
a conflict and a compromise is needed. 
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Figure 6. Illustration of the collaborative process of intervention submission. Three groups (E, I and C) collaborate to plan and schedule 
the necessary activities for replacing a beam instrument. 
 
In fact, the group in charge of controls submits that the 
control devices will be changed (task 3) after the beam 
instrument (task 2), which would be noted: 2 b 3. 
However, they also submit that operation tests (task 5) 
will be performed right away, which gives 3 m 5, to allow 
personnel to perform the two tasks in a row instead of 
having to exit the facility before coming back for the tests. 
This last assertion creates a conflict: in fact, the group in 
charge of electrical cabling (group E) needs to reconnect 
the control cables (task 4b) between tasks 3 and 5 as 
indicated in their submission at t3. 
 
So to summarize, we have so far a framework that allows 
users to: 
• Submit activities and indicate their dependencies in 

terms of temporal relations; 
• Check whether the constraints they specify fit with the 

activities and constraint sets previously entered into 
the system; 

• Establish an optimized skeleton of activities using a 
conversion from Allen’s Interval Algebra to DSM 
followed by a partitioning algorithm. 

We already have some ideas as to how to compromise 
between conflicting submissions and this issue will now 
be discussed. Furthermore, since our goal is to establish a 
schedule for the activities, we will also introduce some 
insight into how we expect to add duration reasoning 
with parameterized DSMs. 

5.2 Further developments 

To perform a compromise in a case of conflicting 
submissions, we have explored two main possible solutions. 
 
The first and easiest one to implement involves considering 
activities for which conflicting constraints exist as being 
coupled and so they should be considered as a loop while 
computing the DSM. A tearing algorithm can be performed 
to optimize their sequence inside of the loop, but a rework 
of one or more of them may be needed. 
 
The second solution is that which appears in Figure 6 as 
illustrated with the different types of arrows. It involves 
discriminating between “resource constraints” and 
“technical constraints” to establish which one should have 
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the priority and then trying to “relax” the resource 
constraints if possible (i.e. replacing them with a weaker 
constraint, such as by changing “m” to “b” to allow for a 
delay between two tasks). If we take the example of 
Figure 6, it can be easily deduced that the operations tests 
in task 5 cannot be performed if all the cables are not 
reconnected (tasks 4a and 4b). This is a technical constraint 
and the resource constraint “m” imposed by group C 
between tasks 3 and 5 cannot be prioritized over it. 
 
However, for such a compromise to be successful at least in 
theory, the resource constraint obtained after being 
“relaxed” needs to fit with the transitivity relations of Allen’s 
Interval Algebra. Additionally, an ordering of the degree of 
constraint imposed by each of the thirteen relations needs to 
be defined. Although it is clear that a MEETS relation will be 
a stronger constraint than a simple BEFORE, it is not that 
clear when it comes to DURING and OVERLAPS relations. 
 
Further work will thus focus on how to rank the time 
relations in such a way that a “relaxation” will still fit in 
the transitivity table. 
 
It should also be noted that a binary DSM does not carry 
as much information as the time interval relations that are 
submitted in the first place. A Gantt-type diagram can 
still be generated after partitioning and tearing, provided 
that the durations of the activities are known. However, 
some types of parameterized DSM could encode more 
information, such as the delay between the start of two 
overlapping tasks or between two tasks constrained by 
the BEFORE relation. 
 
Instead of marks, one could for instance avoid such 
information losses using an index linked to duration. The 
DSM mark would take a numerical value lower than one 
in case of an overlap and higher than one in case of a 
delay after completion of the preceding task. A value of 
one would then correspond to the MEETS relation of 
Allen’s Interval Algebra. 
 
Finally, the situation described above might actually 
never be encountered in engineering projects, where 
precise dates and durations are often missing, and where 
one often has to deal with imprecise temporal knowledge. 
In such cases, using fuzzy durations could be tempting, 
as suggested in [34] and shown in Figure 7. A duration 
can be associated to a fuzzy interval, thus enabling 
several possible durations (and as many possible 
schedules) for the same activity based on one single 
linguistic descriptor (a small week, about an hour etc.). 
 

 
Figure 7. Example of linguistic descriptors to characterize 
duration. Figure extracted from [32]. 

6. Conclusions 
 
We propose a framework for intervention planning and 
scheduling which enables users working in 
collaborations to submit intervention requests and to 
compute the optimal sequence of activities. The interest 
of such a framework for scientific facilities emitting 
ionizing radiation lies in the optimization of exposure 
time both for human personnel and tools for 
teleoperated intervention, as early as the planning and 
scheduling phase of an intervention. The methods 
chosen for our framework, and especially Allen’s 
Interval Algebra, enable potential users to submit 
activities and their interdependencies with a wide range 
of relationships. This allows for a rich expressivity, 
while the formalism behind the transitivity table and 
DSM enables us to deal with incompatible submissions 
and then to establish an optimized sequence of tasks. 
Further works will focus on the issues linked to 
compromising in cases of conflicting submissions and the 
better encoding of temporal information in parameterized 
DSMs. 
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the priority and then trying to “relax” the resource 
constraints if possible (i.e. replacing them with a weaker 
constraint, such as by changing “m” to “b” to allow for a 
delay between two tasks). If we take the example of 
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reconnected (tasks 4a and 4b). This is a technical constraint 
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be defined. Although it is clear that a MEETS relation will be 
a stronger constraint than a simple BEFORE, it is not that 
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precise dates and durations are often missing, and where 
one often has to deal with imprecise temporal knowledge. 
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as suggested in [34] and shown in Figure 7. A duration 
can be associated to a fuzzy interval, thus enabling 
several possible durations (and as many possible 
schedules) for the same activity based on one single 
linguistic descriptor (a small week, about an hour etc.). 
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Developing an interactive
intervention planner - a systems
engineering perspective

lllll1, llll1, l1 and llllll2

1lllll
2lllllll
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Abstract Intervention planning is crucial for maintenance
operations in particle accelerator environments with
ionizing radiation, during which the radiation dose
received by maintenance workers should be reduced
to a minimum. In this context, we discuss the
development of a new software tool and the entailed
methodology, including the visualization aspects. The
software tool integrates interactive exploration of a
scene depicting an accelerator facility augmented with
residual radiation level simulations, with the visualization
of intervention data such as the followed trajectory
and maintenance tasks. Its conception allows for
future inclusion of measurements performed by mobile
robotic devices. In this work, we explore the systems
engineering life cycle of the development process of
an interactive intervention planner, which includes the
needs analysis, specification explicitation, conceptual
mathematical modelling, iterative implementation, design
and prototype testing and usability testing.

Keywords Interactive Data Visualization, Ionizing
Radiation, Intervention Planning, Systems Engineering

1. Introduction

The work in this paper is primarily closely related to
particle physics experimental areas. Particle physics
is a branch of modern physics studying the smallest
known constituents of matter. Particle physics research
necessitates large and complex scientific instruments:
particle accelerators and detectors [1, 2]. The circulation
and collisions of high energy beams in the accelerators
and detectors have an undesirable consequence, namely
the radiological activation of some of the components of
accelerator facilities [3].

The complexity of particle accelerators and detectors
leads to the frequent necessity of maintenance operations.
To protect maintenance personnel from ionizing radiation
during interventions in the particle accelerators and
detectors, the so-called ALARP or ALARA approach (As
Low As Reasonably Possible or Achievable) [4, 5] is mostly
used, which consists of justifying, optimizing and limiting
the dose received by all those who need to work on
activated components. Because of this, a core issue during
the planning of a maintenance intervention in a facility
with ionizing radiation is the minimization of the dose the
maintenance workers are subjected to. This optimization

Thomas Fabry, Liesbeth Vanherpe, Bruno Feral and Christian Braesch: 
Developing an Interactive Intervention Planner - A Systems Engineering Perspective

1www.intechopen.com

International Journal of Advanced Robotic Systems

ARTICLE

www.intechopen.com Int. j. adv. robot. syst., 2013, Vol. 10, 335:2013

1 CERN, Geneva, Switzerland
2 SYMME, Université de Savoie, Polytech Annecy-Chambéry, France
* Corresponding author E-mail: thomas.fabry@cern.ch

Received 1 Mar 2013; Accepted 9 Jul 2013

DOI: 10.5772/56846

∂ 2013 Fabry et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Thomas Fabry1,*, Liesbeth Vanherpe1, Bruno Feral1 and Christian Braesch2

Developing an Interactive  
Intervention Planner - A Systems 
Engineering Perspective
Regular Paper



[7] S. D. Eppinger, “A Planning Method for Integration 
of Large-Scale Engineering Systems,” Proceedings of 
the International Conference on Engineering Design, 
Tampere, Finland, 1997. 

[8] T. R. Browning, “Use of Dependency Structure 
Matrices for Product Developement Cycle Time 
Reduction,” Proceedings of the 5th International 
Conference on Concurrent Engineering Research and 
Applications, Tokyo, Japan, 1998. 

[9] J. N. Warfield, “Binary Matrices in System 
Modeling,” IEEE Transactions on Systems, Man and 
Cybernetics, vol. SMC-3, no. 5, pp. 441 –449, Sep. 1973. 

[10] A. A. B. Pritsker and W. W. Happ, “GERT: Graphical 
Evaluation and Review Technique. Part I. 
Fundamentals,” The journal of Industrial Engineering, 
vol. 17, pp. 267–274, 1966. 

[11] A. A. B. Pritsker and G. E. Whitehouse, “GERT: 
Graphical Evaluation and Review Technique. Part II. 
Probabilistic and Industrial Engineering 
Applications,” The journal of Industrial Engineering, 
vol. 17, pp. 293–301, 1966. 

[12] G. E. Whitehouse and A. A. B. Pritsker, “GERT: Part 
III - Further Statistical Results; Counters, Renewal 
Times and Correlations,” AIIE Transactions, vol. 1, pp. 
45–50, 1969. 

[13] G. L. Moeller and L. A. Digman, “Operations 
Planning with VERT,” Operations Research, vol. 29, 
pp. 676–697, 1981. 

[14] D. T. Ross and K. E. S. JR, “Structured Analysis for 
Requirements Definition,” IEEE Transactions on 
Software Engineering, vol. SE-3, no. 1, pp. 6–15, 1977. 

[15] D. T. Ross, “Structured Analysis (SA): A Language 
for Communicating Ideas,” IEEE Transactions on 
Software Engineering, vol. SE-3, no. 1, pp. 16–34, 1977. 

[16] “IDEF: Integrated DEFinition Methods.” [Online]. 
Available: http://www.idef.com. 

[17] U. Lindemann, “The Design Structure Matrix 
(DSM),” 2009. [Online]. Available:  

 http://DSMweb.org. 
[18] J. F. Allen, “Maintaining Knowledge about Temporal 

Intervals,” Communications of the ACM, vol. 26, no. 11, 
pp. 832–843, 1983. 

[19] J. F. Allen, “Towards a general theory of action and 
time,” Artificial Intelligence, vol. 23, no. 2, pp. 123–154, 
Jul. 1984. 

[20] J. F. Allen and P. J. Hayes, “A Common-Sense Theory 
of Time,” Proceedings of the International Joint 
Conference on Artificial Intelligence, Los Angeles, CA, 
1985. 

[21] B. C. Bruce, “A model for temporal references and its 
application in a question answering program,” 
Artificial Intelligence, vol. 3, pp. 1–25, 1972. 

 
 
 
 

[22] D. McDermott, “A temporal logic for reasoning 
about processes and plans,” Cognitive Science, vol. 6, 
no. 2, pp. 101–155, Apr. 1982. 

[23] K. Kahn and G. A. Gorry, “Mechanizing temporal 
knowledge,” Artificial Intelligence, vol. 9, no. 1, pp. 
87–108, Aug. 1977. 

[24] J. F. Allen, “Planning as Temporal Reasoning,” 
Proceedings of the Second International Conference on 
Principles of Knowledge Representation and Reasoning, 
Cambridge, MA, 1991. 

[25] D. E. Smith, J. Frank, and A. K. Jonsson, “Bridging 
the Gap Between Planning and Scheduling,” 
Knowledge Engineering Review, vol. 15, no. 1, 2000. 

[26] S. Hussain, “Project Management Using Temporal 
Logic Programming,” 2000 IEEE Int. Conference on 
Systems, Man, and Cybernetics. Nashville, TN, pp. 
2144–2149, 2000. 

[27] Ruopeng Lu, Shazia Sadiq, Vineet Padmanabhan, 
and Guido Governatori, “Using a Temporal 
Constraint Network for Business Process Execution,” 
Proceedings of the 17th Australian Database Conference, 
Hobart, Australia, pp. 157–166, 2006. 

[28] V. Dufour-Lussier, F. L. Ber, and J. Lieber, “Extension 
du formalisme des flux op’erationnels par une 
alg\`ebre temporelle,” arXiv:1209.5664, Sep. 2012. 

[29] A. K. Zaidi, “On temporal logic programming using 
Petri nets,” IEEE Transactions on Systems, Man and 
Cybernetics, Part A: Systems and Humans, vol. 29, no. 3, 
pp. 245 –254, May 1999. 

[30] A. K. Zaidi and A. H. Levis, “TEMPER: a temporal 
programmer for time-sensitive control of discrete 
event systems,” IEEE Transactions on Systems, Man 
and Cybernetics, Part A: Systems and Humans, vol. 31, 
no. 6, pp. 485 –496, Nov. 2001. 

[31] M. Vilain and H. Kautz, “Constraint Propagation 
Algorithms for Temporal Reasoning,” Proceedings of 
the Fifth National Conference on Artificial Intelligence, 
Philadelphia, PA, 1986. 

[32] A. Krokhin, P. Jeavons, and P. Jonsson, “Reasoning 
about temporal relations: The tractable subalgebras 
of Allen’s interval algebra,” J. ACM, vol. 50, no. 5, pp. 
591–640, Sep. 2003. 

[33] J. Malik and T. O. Binford, “Reasoning in Time and 
Space,” Proceedings of the 8th International Joint 
Conference on Artificial Intelligence, Karlsruhe, Germany, 
pp. 343–345, 1983. 

[34] P. Bonnal and M. Baudin, “Handling a Design 
Structure Matrix Based on Fuzzy Data,” Proceedings 
of the 14th International Dependency and Structure 
Modelling Conference, Kyoto, Japan, 2012. 

 
 

10 Int. j. adv. robot. syst., 2013, Vol. 10, 337:2013 www.intechopen.com

Developing an interactive
intervention planner - a systems
engineering perspective

lllll1, llll1, l1 and llllll2

1lllll
2lllllll
� llllll

Abstract Intervention planning is crucial for maintenance
operations in particle accelerator environments with
ionizing radiation, during which the radiation dose
received by maintenance workers should be reduced
to a minimum. In this context, we discuss the
development of a new software tool and the entailed
methodology, including the visualization aspects. The
software tool integrates interactive exploration of a
scene depicting an accelerator facility augmented with
residual radiation level simulations, with the visualization
of intervention data such as the followed trajectory
and maintenance tasks. Its conception allows for
future inclusion of measurements performed by mobile
robotic devices. In this work, we explore the systems
engineering life cycle of the development process of
an interactive intervention planner, which includes the
needs analysis, specification explicitation, conceptual
mathematical modelling, iterative implementation, design
and prototype testing and usability testing.

Keywords Interactive Data Visualization, Ionizing
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1. Introduction

The work in this paper is primarily closely related to
particle physics experimental areas. Particle physics
is a branch of modern physics studying the smallest
known constituents of matter. Particle physics research
necessitates large and complex scientific instruments:
particle accelerators and detectors [1, 2]. The circulation
and collisions of high energy beams in the accelerators
and detectors have an undesirable consequence, namely
the radiological activation of some of the components of
accelerator facilities [3].

The complexity of particle accelerators and detectors
leads to the frequent necessity of maintenance operations.
To protect maintenance personnel from ionizing radiation
during interventions in the particle accelerators and
detectors, the so-called ALARP or ALARA approach (As
Low As Reasonably Possible or Achievable) [4, 5] is mostly
used, which consists of justifying, optimizing and limiting
the dose received by all those who need to work on
activated components. Because of this, a core issue during
the planning of a maintenance intervention in a facility
with ionizing radiation is the minimization of the dose the
maintenance workers are subjected to. This optimization
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Figure 1. The systems engineering life cycle for the development of an interactive intervention planner.

cannot be automated since the practical feasibility of
the intervention tasks requires human assessment, but
the intervention planning could be facilitated by using
a software tool with three-dimensional visualization
capabilities. The development of this tool is a complex
undertaking for three reasons. Firstly, the visualization
has to cover the infrastructure, the (expected) radiation
levels in the facility and the intervention. Secondly, this
visualization has to be intuitive to work with for all
stakeholders involved (intervention planners, scientists,
maintenance workers, safety officers,. . . ) and useful
in different scenarios (visual training of operators,
three-dimensional visualizations to support the decisions
of the ALARA committee,. . . ). Thirdly, the application is
about the safety of humans and is therefore not allowed to
have any kind of ambiguity. These three points lead to the
necessity of a good systems engineering approach.

This article deals with the development process of a
methodology and software tool providing interactive
visualization for intervention planning in particle
accelerator environments with ionizing radiation. In
section 2, we discuss the various phases of the systems
engineering life cycle: needs analysis & specification
explicitation (section 2.1), conceptual mathematical
modelling (section 2.2), iterative implementation (section
2.3) and usability testing (section 2.4). Section 3 discusses
the resulting application, developed following this
systems engineering approach. Section 4 discusses a
possible future direction for the development and the
systems engineering life cycle. Section 5, finally, concludes
the paper.

2. The systems engineering life cycle of the development
process of an interactive intervention planner

Systems engineering life cycles are a very important
aspect in the accomplishment of a particular objective
according to plan [6]. The systems engineering life cycle
of the development process of an interactive intervention
planner, the analysis and synthesis of the problem parts in
the development of the interactive intervention planning
application, is shown in Figure 1. The structure of
the systems engineering life cycle also allows for clear
documentation: every block of the life cycle also includes
a documentation phase. The different phases of this
research, development, test and evaluation (RDT&E) life
cycle are discussed in the following sections.

2.1. Needs analysis & specification explicitation

In every project, be it an Information Technology (IT),
construction, industrial, organizatorial change or new
service development project, identifying user needs is
of key importance for the successful completion of the
project [7]. Although this project is a research project and
therefore a relaxed systems engineering approach might
have to be adapted, it is no exception in that the needs are
important to start with. However, identifying user needs
is also “the most difficult, most critical, most error prone
and most communication-intensive aspect of software
development” [8]. In addition, the needs will typically be
more easily changed during a research project than during
any other project.
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Figure 2. The use case context diagram. This diagram shows
how the different stakeholders (depicted as named stick figures)
and external systems (depicted as named boxes) are expected to
interact with the software system, here indicated as ‘RADIJS’.

In addition to this, at the start point of our life cycle,
the needs analysis or user needs study is particularly
important because of the set-up of this project: the user
needs are not centred around one user group. They are
distributed around many stakeholders: the intervention
planner, the maintenance worker, the radiation protection
experts, and almost all persons involved in a particular
particle science experiment or equipment.

Because this is a research project and because of the
diversity of the user needs, we decided to go for a
low-profile way of needs gathering. We did not organize
formal customer panels, but attended various meetings and
discussed in an informal, non-intrusive way the potential
applications of the software for visualization of radiation
levels with people that are concerned with this type of
problem. It became clear that in the current situation,
powerful three-dimensional visualization techniques are
not consistently used for the visualization of radiation
levels at CERN. However, both simulated and measured
data from manual measurements and from a fixed survey
system are used. In the future, data measured by mobile
robots might also become available [9–11].

In addition, because of the diversity of user needs and the
research nature of the project, it is extremely important to
explicitate the software specification in a way that is as
simple and straightforward as possible, while keeping the
information content high. This is why we opted for use
cases [12] to communicate the specifications. The use cases
are based on the gathered user needs that are mapped
in Table 1, together with their estimated importance.
This table also shows the nature of the input data of the

software, which is an important outcome of the needs
analysis. The use case context diagram for the developed
use cases can be seen in Figure 2. We have explicitized
the functional specifications in this way as the use case
context diagram is widely recognized as the simplest
graphical representation of the interaction of the user
with the to-be-developed software. It portrays different
types of user-software interactions in a very intuitive way,
namely, it shows how the different stakeholders (depicted
as named stick figures) and external systems (depicted as
named boxes) are expected to interact with the software
system, indicated in the figure as ‘RADIJS’.

An important outcome of the needs analysis and
specification explicitation phase is the starting point of the
data flow of our application, i.e., the radiation simulations
and three-dimensional geometry. At CERN, the FLUKA
Monte Carlo simulation package [13, 14] is used for
radiation protection studies, as FLUKA has its roots in
this field and is thus the most appropriate choice for these
studies [15]. FLUKA is well benchmarked in this area
[16–20]. It will thus be necessary for our application to
be able to deal with data that is the output of a FLUKA
simulation, and with the geometry data that is given as
input to FLUKA. In Figure 2, this is expressed by the two
uppermost use cases.

Data from manual measurements and/or robotic
measurements are to be considered in a further phase
of the development. These data will not have the dense
nature that the simulation data has, and will thus need
interpolation. This interpolation is however far from
trivial [21], and much research will be needed to make this
feasible. Augmenting the simulated data with measured
data, to assess the quality of the simulated data, is more
promising (see section 4).

2.2. Conceptual mathematical modelling

As the intervention planning software will be used in
a scientific environment and, more importantly, will
be used to assess the safety of maintenance workers, a
rigorous mathematical model of the intervention planning
is necessary. This modelling includes various planning
concepts, such as the intervention I , a trajectory T , and
the contracted radiation dose H.

An intervention I consists of a set of tasks Tk, each
with a specified description and duration:

I = {Tk; k = 0, 1, . . . , K}. (1)

These tasks are parts of the intervention that has to
be performed, starting with the entrance of the facility by
the worker (T0), and ending with the worker exiting the
facility (Tk).

A trajectory T consists of a series of locations mi
joined by paths Si, with i = 0, . . . , N. Each location and
each path can be associated with certain radiological
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cannot be automated since the practical feasibility of
the intervention tasks requires human assessment, but
the intervention planning could be facilitated by using
a software tool with three-dimensional visualization
capabilities. The development of this tool is a complex
undertaking for three reasons. Firstly, the visualization
has to cover the infrastructure, the (expected) radiation
levels in the facility and the intervention. Secondly, this
visualization has to be intuitive to work with for all
stakeholders involved (intervention planners, scientists,
maintenance workers, safety officers,. . . ) and useful
in different scenarios (visual training of operators,
three-dimensional visualizations to support the decisions
of the ALARA committee,. . . ). Thirdly, the application is
about the safety of humans and is therefore not allowed to
have any kind of ambiguity. These three points lead to the
necessity of a good systems engineering approach.

This article deals with the development process of a
methodology and software tool providing interactive
visualization for intervention planning in particle
accelerator environments with ionizing radiation. In
section 2, we discuss the various phases of the systems
engineering life cycle: needs analysis & specification
explicitation (section 2.1), conceptual mathematical
modelling (section 2.2), iterative implementation (section
2.3) and usability testing (section 2.4). Section 3 discusses
the resulting application, developed following this
systems engineering approach. Section 4 discusses a
possible future direction for the development and the
systems engineering life cycle. Section 5, finally, concludes
the paper.

2. The systems engineering life cycle of the development
process of an interactive intervention planner

Systems engineering life cycles are a very important
aspect in the accomplishment of a particular objective
according to plan [6]. The systems engineering life cycle
of the development process of an interactive intervention
planner, the analysis and synthesis of the problem parts in
the development of the interactive intervention planning
application, is shown in Figure 1. The structure of
the systems engineering life cycle also allows for clear
documentation: every block of the life cycle also includes
a documentation phase. The different phases of this
research, development, test and evaluation (RDT&E) life
cycle are discussed in the following sections.

2.1. Needs analysis & specification explicitation

In every project, be it an Information Technology (IT),
construction, industrial, organizatorial change or new
service development project, identifying user needs is
of key importance for the successful completion of the
project [7]. Although this project is a research project and
therefore a relaxed systems engineering approach might
have to be adapted, it is no exception in that the needs are
important to start with. However, identifying user needs
is also “the most difficult, most critical, most error prone
and most communication-intensive aspect of software
development” [8]. In addition, the needs will typically be
more easily changed during a research project than during
any other project.
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In addition to this, at the start point of our life cycle,
the needs analysis or user needs study is particularly
important because of the set-up of this project: the user
needs are not centred around one user group. They are
distributed around many stakeholders: the intervention
planner, the maintenance worker, the radiation protection
experts, and almost all persons involved in a particular
particle science experiment or equipment.

Because this is a research project and because of the
diversity of the user needs, we decided to go for a
low-profile way of needs gathering. We did not organize
formal customer panels, but attended various meetings and
discussed in an informal, non-intrusive way the potential
applications of the software for visualization of radiation
levels with people that are concerned with this type of
problem. It became clear that in the current situation,
powerful three-dimensional visualization techniques are
not consistently used for the visualization of radiation
levels at CERN. However, both simulated and measured
data from manual measurements and from a fixed survey
system are used. In the future, data measured by mobile
robots might also become available [9–11].

In addition, because of the diversity of user needs and the
research nature of the project, it is extremely important to
explicitate the software specification in a way that is as
simple and straightforward as possible, while keeping the
information content high. This is why we opted for use
cases [12] to communicate the specifications. The use cases
are based on the gathered user needs that are mapped
in Table 1, together with their estimated importance.
This table also shows the nature of the input data of the

software, which is an important outcome of the needs
analysis. The use case context diagram for the developed
use cases can be seen in Figure 2. We have explicitized
the functional specifications in this way as the use case
context diagram is widely recognized as the simplest
graphical representation of the interaction of the user
with the to-be-developed software. It portrays different
types of user-software interactions in a very intuitive way,
namely, it shows how the different stakeholders (depicted
as named stick figures) and external systems (depicted as
named boxes) are expected to interact with the software
system, indicated in the figure as ‘RADIJS’.

An important outcome of the needs analysis and
specification explicitation phase is the starting point of the
data flow of our application, i.e., the radiation simulations
and three-dimensional geometry. At CERN, the FLUKA
Monte Carlo simulation package [13, 14] is used for
radiation protection studies, as FLUKA has its roots in
this field and is thus the most appropriate choice for these
studies [15]. FLUKA is well benchmarked in this area
[16–20]. It will thus be necessary for our application to
be able to deal with data that is the output of a FLUKA
simulation, and with the geometry data that is given as
input to FLUKA. In Figure 2, this is expressed by the two
uppermost use cases.

Data from manual measurements and/or robotic
measurements are to be considered in a further phase
of the development. These data will not have the dense
nature that the simulation data has, and will thus need
interpolation. This interpolation is however far from
trivial [21], and much research will be needed to make this
feasible. Augmenting the simulated data with measured
data, to assess the quality of the simulated data, is more
promising (see section 4).

2.2. Conceptual mathematical modelling

As the intervention planning software will be used in
a scientific environment and, more importantly, will
be used to assess the safety of maintenance workers, a
rigorous mathematical model of the intervention planning
is necessary. This modelling includes various planning
concepts, such as the intervention I , a trajectory T , and
the contracted radiation dose H.

An intervention I consists of a set of tasks Tk, each
with a specified description and duration:

I = {Tk; k = 0, 1, . . . , K}. (1)

These tasks are parts of the intervention that has to
be performed, starting with the entrance of the facility by
the worker (T0), and ending with the worker exiting the
facility (Tk).

A trajectory T consists of a series of locations mi
joined by paths Si, with i = 0, . . . , N. Each location and
each path can be associated with certain radiological
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properties, that can be deduced from the radiation dose
rates that are available from the FLUKA simulations. The
equivalent dose H received by the maintenance worker
performing an intervention I , which is mapped on a
trajectory T , is then calculated as the sum of the radiation
received at the specified locations mi and the radiation
received over the paths Si between the locations, which
the maintenance worker travels along with a velocity vi:

H(I , T ) =
N

∑
i=0

ti Ḣ(mi) +
N−1

∑
i=0

∫ mi+1

mi

v−1
i Ḣ(s)ds, (2)

where s is a point on the path Si. The radiation rates
Ḣ are available from simulations of the activation of
facility equipment, or could be available from manual
measurements performed in the irradiated facility. For
more information on the mathematical model, we refer
to [21].

The model as described above is able to deal with
manual measurements as well as measurements collected
by a robot. While the interactive intervention planner
is intended for planning interventions where the work
cannot be done by a remotely operated vehicle, it
is imaginable that it is possible for a robot to perform a
pre-inspection task, of which a validation of the simulation
used for the intervention planning can be an outcome.
Efforts on such mobile robotic devices are underway in
this context [9–11].

To make this model as useful as possible, the conceptual
mathematical modelling effort is developed in parallel
with the specification explicitation and iterative
implementation phases, as can be seen from Figure
1, and is being published in order to be checked by the
wider scientific community. The mathematical modelling
is compliant with the intervention planning needs at
stake, with radiation protection theory [5], and sound to
be implemented.

2.3. Iterative implementation & design and prototype testing

Iterative software development methods are used by many
organizations to reduce development risks and to deliver
software projects on time [22, 23]. Design and prototype
testing are integral parts of the iterative implementation
strategy. In addition, this software development project
makes use of an iterative implementation method.

To facilitate fast development, we opt to develop in
Python [24]. Python is a general-purpose, high-level
programming language whose design philosophy
emphasizes code readability. This is a very important
programming language quality in the collaborative
context at CERN. Python supports the object-oriented
programming paradigm, which is needed for a project
like this. While Python is often used as a scripting
language, we thus use it in a non-scripting context.
Another important factor is that, using third-party tools,
Python code can be very easily packaged into stand-alone
executable programs, and that Python interpreters are
available for many operating systems.

User need Estimated
importance

1. Intuitive visualization � � �
1.1. CAD-like visualization of geometry � � �
2. “Easy-to-read” visualization � � �
2.1. 3D visualization � � �
2.2. Interactive visualization � � �
3. Easy-to-use software � � �
3.1. Intuitive interaction possibilities � � �
3.2. Intuitive GUI � � �
3.3. Usable on normal PC hardware ��
3.4. Easily installable ��
3.5. Cross-platform �
4. 3D interaction possibilities � � �
4.1. 3D on/off interaction possibilities ��
4.2. 3D camera interaction possibilities � � �
4.2.1. Free movements of camera � � �
4.2.2. Camera zoom � � �
4.3. 3D labels �
5. Possibility to save program

status/scenarios
�

6. Possibility to export 2D images �
7. Possibility to import simulation data � � �
7.1. Possibility to import from FLUKA � � �
8. Possibility to import geometry � � �
8.1. Possibility to import a 3D file format � � �
9. Possibility to import measured data �
10. Possibility to input various scenarios � � �
10.1. Possibility to input trajectories � � �
10.2. Possibility to input trajectory

properties, such as moving speed
� � �

10.3. Radiological calculations � � �

Table 1. Needs table and importance mapping.

For the visualization library, the Visualisation ToolKit
(VTK) [25, 26] was selected. VTK is a well-known,
open-source and freely available software system for
three-dimensional computer graphics, image processing
and visualization. VTK consists of a C++ class library and
includes a Python interface layer, is cross-platform and
runs on Linux, Windows, Mac and Unix platforms.

For the development of the graphical user interface
(GUI), we choose to make use of wxPython [27]. Because
major attention has to be paid to the requirement of an
intuitive graphical user interface allowing fast and flexible
visualization, trajectory creation and reporting, the user
interface (UI) is as much as possible decoupled from the
back-end of the software [28].

During this phase of the software development, many
implementation iterations were run through. Each time,
a prototype version of the software was tested by several
users. The resulting prototype test results were used as an
input for a new iteration of implementation. This phase
of prototype testing distinguishes itself from the phase
of usability testing described in the next section, in that
intermediate prototype versions of the software were
tested for practical reasons, i.e., the correct functioning of
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the software, such as successfully loading data and the
utility of interaction tools.

2.4. Usability testing

The central idea of the usability testing (top right in
Figure 1) is to test whether the software arrives at the
intended result and to determine the optimal settings
for the software to be user-friendly for as many of the
stakeholders as possible. The needs table that was
developed during the needs analysis and the specification
explicitation phase, as discussed in Section 2.1 and more
specifically Table 1, is therefore the guide.

Secondarily, since the interactive and three-dimensional
visualization tool for the planning of interventions in
facilities emitting ionizing radiation is not implemented
yet in the facilities it has been designed for, usability
tests are needed to prove that the application of these
techniques are indeed useful to intervention planners.

The usability tests are split into two phases. The main
goals of the first phase are, firstly, to qualitatively prove the
usefulness of the three-dimensional visualization for the
user, and secondly, to make way for larger usability tests
using more quantitative variables in order to discover the
optimal settings for the three-dimensional visualization.
More information on these first-phase tests can be found
in [29]. In a second phase, more extensive tests are
pursued to make way for the release and deployment of
the application.

For this second phase, we propose developing a test where
a large number of users each go through the intervention
planning process of a real-life situation at CERN, for
different well-known, existing visualization methods. The
test users will originate from all stakeholders involved
in intervention planning. The results of the intervention
planning, such as the simulated contracted radiation dose,
will be studied to obtain visualization parameters that are
optimal for the application. Furthermore, the subjective
feelings of the user with respect to the visualization will be
examined. At the same time, the user will be questioned
on the planning experience to assess whether the needs
listed in Table 1 have been met.

This recording of the subjective feelings of the test
subjects will be done in an informal way, by having an
informal chat with the test subject after the usability
test. In this way, a very coarse retrospective analysis of
the performance of the software tool’s visualizations is
envisaged. However, no formal think-aloud protocol
(when the subjects are taking part in the usability test
they think aloud as they perform the tests) will be
implemented. A concurrent think-aloud protocol would
make the timings that will be recorded less reliable,
as is proven in [30], while a retrospective think-aloud
protocol would make the usability testing infeasible due
to time constraints. In addition to this, the methodological
foundations of think-aloud usability testing are still
questioned with regard to scientific value [31].

The most distinctive part of the usability testing
in this particular project, the study of the optimal
volume rendering parameters, will consist of a thorough
investigation of the influence of the values of the volume
rendering parameters that we presuppose to be important
for the acceptance, the usability and the usefulness of
the software in the context of CERN operations. To our
knowledge, similar previous studies were always limited
to:

• academic examples [32–34],

• very well-defined visualization or interpretation
subtasks of visual data analysis [33, 35],

• static images [32–35] and

• specific, very specialized rendering methods or
environments [32–36].

We propose developing an interactive user study of a
real-life situation at CERN, using well-known, existing
rendering methods. The planned second-phase usability
tests will therefore be more extensive and their results will
be compared to the more specific studies in the literature.
We thus aim to demonstrate the usefulness of volume
rendering techniques and visual data analysis for the
empirical science of radiation protection.

That even small changes in the volume rendering
technique can have significant effect, and what kind of
effect they lead to in the visualization can, for instance, be
appreciated from the figures in [35].

In the spirit of systems engineering, usability tests
are an important step in the project and can lead to
valuable insights in the iterative development process.
Because of this, and because of the specific nature of
software development, we want to proceed to a usability
test as soon as possible.

3. The resulting application

The core of the resulting application is the visualization
capacity for FLUKA simulation results and the geometry
that comes with it. Due to the nature of FLUKA simulation
data and the requirement of a clear visualization of
the working conditions, volume rendering is the natural
choice for visualizing the radiation levels augmented on
the facility geometry. As we want to be able not only
to see the radiation levels on certain positions in the
three-dimensional space of the facility, but also inside the
volume that makes up the facility, volume rendering is the
only feasible choice. We consider volume rendering to be
a very intuitive volume visualization technique, compared
to, for example, volume slicing. Volume rendering has
been around for many years [37, 38] and recently the
development and improvement of off-the-shelve GPUs
has led to the proposition of several interactive advanced
volumetric illumination models [39].

Architecturally, the application consists of two main
packages, and a number of supporting modules. It
makes use of a number of well-known design patterns,
such as the Façade, Observer and Iterator patterns [28].
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properties, that can be deduced from the radiation dose
rates that are available from the FLUKA simulations. The
equivalent dose H received by the maintenance worker
performing an intervention I , which is mapped on a
trajectory T , is then calculated as the sum of the radiation
received at the specified locations mi and the radiation
received over the paths Si between the locations, which
the maintenance worker travels along with a velocity vi:

H(I , T ) =
N

∑
i=0

ti Ḣ(mi) +
N−1

∑
i=0

∫ mi+1

mi

v−1
i Ḣ(s)ds, (2)

where s is a point on the path Si. The radiation rates
Ḣ are available from simulations of the activation of
facility equipment, or could be available from manual
measurements performed in the irradiated facility. For
more information on the mathematical model, we refer
to [21].

The model as described above is able to deal with
manual measurements as well as measurements collected
by a robot. While the interactive intervention planner
is intended for planning interventions where the work
cannot be done by a remotely operated vehicle, it
is imaginable that it is possible for a robot to perform a
pre-inspection task, of which a validation of the simulation
used for the intervention planning can be an outcome.
Efforts on such mobile robotic devices are underway in
this context [9–11].

To make this model as useful as possible, the conceptual
mathematical modelling effort is developed in parallel
with the specification explicitation and iterative
implementation phases, as can be seen from Figure
1, and is being published in order to be checked by the
wider scientific community. The mathematical modelling
is compliant with the intervention planning needs at
stake, with radiation protection theory [5], and sound to
be implemented.

2.3. Iterative implementation & design and prototype testing

Iterative software development methods are used by many
organizations to reduce development risks and to deliver
software projects on time [22, 23]. Design and prototype
testing are integral parts of the iterative implementation
strategy. In addition, this software development project
makes use of an iterative implementation method.

To facilitate fast development, we opt to develop in
Python [24]. Python is a general-purpose, high-level
programming language whose design philosophy
emphasizes code readability. This is a very important
programming language quality in the collaborative
context at CERN. Python supports the object-oriented
programming paradigm, which is needed for a project
like this. While Python is often used as a scripting
language, we thus use it in a non-scripting context.
Another important factor is that, using third-party tools,
Python code can be very easily packaged into stand-alone
executable programs, and that Python interpreters are
available for many operating systems.

User need Estimated
importance

1. Intuitive visualization � � �
1.1. CAD-like visualization of geometry � � �
2. “Easy-to-read” visualization � � �
2.1. 3D visualization � � �
2.2. Interactive visualization � � �
3. Easy-to-use software � � �
3.1. Intuitive interaction possibilities � � �
3.2. Intuitive GUI � � �
3.3. Usable on normal PC hardware ��
3.4. Easily installable ��
3.5. Cross-platform �
4. 3D interaction possibilities � � �
4.1. 3D on/off interaction possibilities ��
4.2. 3D camera interaction possibilities � � �
4.2.1. Free movements of camera � � �
4.2.2. Camera zoom � � �
4.3. 3D labels �
5. Possibility to save program

status/scenarios
�

6. Possibility to export 2D images �
7. Possibility to import simulation data � � �
7.1. Possibility to import from FLUKA � � �
8. Possibility to import geometry � � �
8.1. Possibility to import a 3D file format � � �
9. Possibility to import measured data �
10. Possibility to input various scenarios � � �
10.1. Possibility to input trajectories � � �
10.2. Possibility to input trajectory

properties, such as moving speed
� � �

10.3. Radiological calculations � � �

Table 1. Needs table and importance mapping.

For the visualization library, the Visualisation ToolKit
(VTK) [25, 26] was selected. VTK is a well-known,
open-source and freely available software system for
three-dimensional computer graphics, image processing
and visualization. VTK consists of a C++ class library and
includes a Python interface layer, is cross-platform and
runs on Linux, Windows, Mac and Unix platforms.

For the development of the graphical user interface
(GUI), we choose to make use of wxPython [27]. Because
major attention has to be paid to the requirement of an
intuitive graphical user interface allowing fast and flexible
visualization, trajectory creation and reporting, the user
interface (UI) is as much as possible decoupled from the
back-end of the software [28].

During this phase of the software development, many
implementation iterations were run through. Each time,
a prototype version of the software was tested by several
users. The resulting prototype test results were used as an
input for a new iteration of implementation. This phase
of prototype testing distinguishes itself from the phase
of usability testing described in the next section, in that
intermediate prototype versions of the software were
tested for practical reasons, i.e., the correct functioning of

Int. j. adv. robot. syst., 2013, Vol. 10, 335:20134 www.intechopen.com

the software, such as successfully loading data and the
utility of interaction tools.

2.4. Usability testing

The central idea of the usability testing (top right in
Figure 1) is to test whether the software arrives at the
intended result and to determine the optimal settings
for the software to be user-friendly for as many of the
stakeholders as possible. The needs table that was
developed during the needs analysis and the specification
explicitation phase, as discussed in Section 2.1 and more
specifically Table 1, is therefore the guide.

Secondarily, since the interactive and three-dimensional
visualization tool for the planning of interventions in
facilities emitting ionizing radiation is not implemented
yet in the facilities it has been designed for, usability
tests are needed to prove that the application of these
techniques are indeed useful to intervention planners.

The usability tests are split into two phases. The main
goals of the first phase are, firstly, to qualitatively prove the
usefulness of the three-dimensional visualization for the
user, and secondly, to make way for larger usability tests
using more quantitative variables in order to discover the
optimal settings for the three-dimensional visualization.
More information on these first-phase tests can be found
in [29]. In a second phase, more extensive tests are
pursued to make way for the release and deployment of
the application.

For this second phase, we propose developing a test where
a large number of users each go through the intervention
planning process of a real-life situation at CERN, for
different well-known, existing visualization methods. The
test users will originate from all stakeholders involved
in intervention planning. The results of the intervention
planning, such as the simulated contracted radiation dose,
will be studied to obtain visualization parameters that are
optimal for the application. Furthermore, the subjective
feelings of the user with respect to the visualization will be
examined. At the same time, the user will be questioned
on the planning experience to assess whether the needs
listed in Table 1 have been met.

This recording of the subjective feelings of the test
subjects will be done in an informal way, by having an
informal chat with the test subject after the usability
test. In this way, a very coarse retrospective analysis of
the performance of the software tool’s visualizations is
envisaged. However, no formal think-aloud protocol
(when the subjects are taking part in the usability test
they think aloud as they perform the tests) will be
implemented. A concurrent think-aloud protocol would
make the timings that will be recorded less reliable,
as is proven in [30], while a retrospective think-aloud
protocol would make the usability testing infeasible due
to time constraints. In addition to this, the methodological
foundations of think-aloud usability testing are still
questioned with regard to scientific value [31].

The most distinctive part of the usability testing
in this particular project, the study of the optimal
volume rendering parameters, will consist of a thorough
investigation of the influence of the values of the volume
rendering parameters that we presuppose to be important
for the acceptance, the usability and the usefulness of
the software in the context of CERN operations. To our
knowledge, similar previous studies were always limited
to:

• academic examples [32–34],

• very well-defined visualization or interpretation
subtasks of visual data analysis [33, 35],

• static images [32–35] and

• specific, very specialized rendering methods or
environments [32–36].

We propose developing an interactive user study of a
real-life situation at CERN, using well-known, existing
rendering methods. The planned second-phase usability
tests will therefore be more extensive and their results will
be compared to the more specific studies in the literature.
We thus aim to demonstrate the usefulness of volume
rendering techniques and visual data analysis for the
empirical science of radiation protection.

That even small changes in the volume rendering
technique can have significant effect, and what kind of
effect they lead to in the visualization can, for instance, be
appreciated from the figures in [35].

In the spirit of systems engineering, usability tests
are an important step in the project and can lead to
valuable insights in the iterative development process.
Because of this, and because of the specific nature of
software development, we want to proceed to a usability
test as soon as possible.

3. The resulting application

The core of the resulting application is the visualization
capacity for FLUKA simulation results and the geometry
that comes with it. Due to the nature of FLUKA simulation
data and the requirement of a clear visualization of
the working conditions, volume rendering is the natural
choice for visualizing the radiation levels augmented on
the facility geometry. As we want to be able not only
to see the radiation levels on certain positions in the
three-dimensional space of the facility, but also inside the
volume that makes up the facility, volume rendering is the
only feasible choice. We consider volume rendering to be
a very intuitive volume visualization technique, compared
to, for example, volume slicing. Volume rendering has
been around for many years [37, 38] and recently the
development and improvement of off-the-shelve GPUs
has led to the proposition of several interactive advanced
volumetric illumination models [39].

Architecturally, the application consists of two main
packages, and a number of supporting modules. It
makes use of a number of well-known design patterns,
such as the Façade, Observer and Iterator patterns [28].
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Figure 3. The user interface of the visual intervention planner.

The two main packages are a framework package for
the processing of the facility geometry and radiation
(simulation) data, and a GUI (Graphical User Interface)
package. In the context of this paper the architecture will
not be fully discussed, but it suffices to point out that by
using an iterative development methodology, embedded
in a rigorous systems engineering life cycle, an elegant
design can be obtained.

Arguably one of the most important aspects of the
software, certainly in the context of this particular
software project and as outlined before, is the user
interface. A screenshot of this interface, the GUI of the
resulting application, can be seen in Figure 3.

The application is made so that it is intuitively possible
for every stakeholder in the intervention planning
process (intervention planners, scientists, maintenance
workers,. . . ) to assess the important features of the
intervention. This means that for every possible user of the
software, with his or her own personal background and
interest in, e.g., radiation protection, practical implication
of certain technical interventions, transport requirements,
. . . , it has to be possible to see the variables he or she is
interested in being visualized by the software. It is thus
possible to make a good assessment of the conditions in
the facility, by investigation of both the geometry of the
facility and the volume-rendered (simulated) radiation
levels. The visualization is interactive and allows zooming
or panning to gain a better view. In addition, there are
tools which enable a closer look at the radiation levels at
specific points.

Next, it is possible to prepare a trajectory in the facility
and map the tasks to specific locations of the trajectory.
To allow for optimization of the intervention, the software
provides tools to add locations to the trajectory, refine
and edit the trajectory, and move existing locations. . . .
At any time, it is possible to generate a report showing
the radiological impact the intervention will have on the
persons involved in the intervention.

The GUI is very simple in conception. The application
interface is divided in two regions: a region for the
interactive visualization and a region for the various
settings. This latter region is divided into three boxes
for, respectively, input settings, visualization settings and
trajectory settings. The settings are preset to values that
have been empirically proven to be meaningful for the
CERN cases that we have been provided with as test cases.

4. A possible future direction: robotics integration

So far we have described a systems engineering life cycle
for the development of an interactive intervention planner
with human and computer actors. In the future, there
may however also be a need to include robotic actors. In
this context, we discuss a particular use case that could be
part of an extended systems engineering life cycle for the
development of the intervention planning methodology in
general, namely, the validation of the latter methodology
using programmable mobile radiation-measuring robots.

Until now the software has relied on FLUKA simulation
data for its operation. This is justified because FLUKA
was extensively validated for use in radiation protection
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around high-energy accelerators [16–20]. By integrating
the software with a mobile robot equipped for radiation
detection, which is under development [9–11]], the
validation of individual intervention scenarios constructed
with the software tool will become feasible.

With the availability of a radiation-detecting mobile
robot, a use case can be envisaged where the trajectory
generated with the intervention planning software is used
as the input for the programming of a trajectory of the
robotic device. The robot shall therefore be equipped with
a suitable radiation sensor, so that it can measure radiation
levels while covering the trajectory. With the results of
the measurements taken by the robot, both the FLUKA
simulation data and the interactive intervention planner
can be validated in a fine-grained way, taking into account
all (possibly hidden) variables that come into play when
planning the intervention. This will further strengthen
the validation of the simulations or, alternatively, provide
new input data for strengthening the simulation code.
If robotic devices become more powerful and - for some
interventions - suitable to replace human maintenance
workers, similar use cases can be imagined to plan robotic
interventions.

5. Conclusion

Particle accelerators and detectors used in particle
physics research can lead to ionizing radiation and their
components becoming activated. This in turn leads to
facilities where ionizing radiation is present. To protect the
accelerator facility maintenance personnel from ionizing
radiation during maintenance or repair interventions,
the radiation dose received by the workers during an
intervention has to be optimized.

In this work, we outlined the systems engineering
life cycle of the development of a software tool for
interactive planning of interventions in environments
with ionizing radiation. This development is a complex
problem with many aspects. The different steps of the
systems engineering life cycle were discussed, including
a needs analysis, specification explicitation, conceptual
mathematical modelling, iterative implementation,
design and prototype testing and usability testing. The
result of this rigorous approach is a well-documented
and purposeful software tool with demonstrated potential.

This work contributes to the important question of
the feasibility of adapting a (relaxed) systems engineering
approach in rather complex multi-disciplinary research
projects.
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The two main packages are a framework package for
the processing of the facility geometry and radiation
(simulation) data, and a GUI (Graphical User Interface)
package. In the context of this paper the architecture will
not be fully discussed, but it suffices to point out that by
using an iterative development methodology, embedded
in a rigorous systems engineering life cycle, an elegant
design can be obtained.

Arguably one of the most important aspects of the
software, certainly in the context of this particular
software project and as outlined before, is the user
interface. A screenshot of this interface, the GUI of the
resulting application, can be seen in Figure 3.

The application is made so that it is intuitively possible
for every stakeholder in the intervention planning
process (intervention planners, scientists, maintenance
workers,. . . ) to assess the important features of the
intervention. This means that for every possible user of the
software, with his or her own personal background and
interest in, e.g., radiation protection, practical implication
of certain technical interventions, transport requirements,
. . . , it has to be possible to see the variables he or she is
interested in being visualized by the software. It is thus
possible to make a good assessment of the conditions in
the facility, by investigation of both the geometry of the
facility and the volume-rendered (simulated) radiation
levels. The visualization is interactive and allows zooming
or panning to gain a better view. In addition, there are
tools which enable a closer look at the radiation levels at
specific points.

Next, it is possible to prepare a trajectory in the facility
and map the tasks to specific locations of the trajectory.
To allow for optimization of the intervention, the software
provides tools to add locations to the trajectory, refine
and edit the trajectory, and move existing locations. . . .
At any time, it is possible to generate a report showing
the radiological impact the intervention will have on the
persons involved in the intervention.

The GUI is very simple in conception. The application
interface is divided in two regions: a region for the
interactive visualization and a region for the various
settings. This latter region is divided into three boxes
for, respectively, input settings, visualization settings and
trajectory settings. The settings are preset to values that
have been empirically proven to be meaningful for the
CERN cases that we have been provided with as test cases.

4. A possible future direction: robotics integration

So far we have described a systems engineering life cycle
for the development of an interactive intervention planner
with human and computer actors. In the future, there
may however also be a need to include robotic actors. In
this context, we discuss a particular use case that could be
part of an extended systems engineering life cycle for the
development of the intervention planning methodology in
general, namely, the validation of the latter methodology
using programmable mobile radiation-measuring robots.

Until now the software has relied on FLUKA simulation
data for its operation. This is justified because FLUKA
was extensively validated for use in radiation protection
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around high-energy accelerators [16–20]. By integrating
the software with a mobile robot equipped for radiation
detection, which is under development [9–11]], the
validation of individual intervention scenarios constructed
with the software tool will become feasible.

With the availability of a radiation-detecting mobile
robot, a use case can be envisaged where the trajectory
generated with the intervention planning software is used
as the input for the programming of a trajectory of the
robotic device. The robot shall therefore be equipped with
a suitable radiation sensor, so that it can measure radiation
levels while covering the trajectory. With the results of
the measurements taken by the robot, both the FLUKA
simulation data and the interactive intervention planner
can be validated in a fine-grained way, taking into account
all (possibly hidden) variables that come into play when
planning the intervention. This will further strengthen
the validation of the simulations or, alternatively, provide
new input data for strengthening the simulation code.
If robotic devices become more powerful and - for some
interventions - suitable to replace human maintenance
workers, similar use cases can be imagined to plan robotic
interventions.

5. Conclusion

Particle accelerators and detectors used in particle
physics research can lead to ionizing radiation and their
components becoming activated. This in turn leads to
facilities where ionizing radiation is present. To protect the
accelerator facility maintenance personnel from ionizing
radiation during maintenance or repair interventions,
the radiation dose received by the workers during an
intervention has to be optimized.

In this work, we outlined the systems engineering
life cycle of the development of a software tool for
interactive planning of interventions in environments
with ionizing radiation. This development is a complex
problem with many aspects. The different steps of the
systems engineering life cycle were discussed, including
a needs analysis, specification explicitation, conceptual
mathematical modelling, iterative implementation,
design and prototype testing and usability testing. The
result of this rigorous approach is a well-documented
and purposeful software tool with demonstrated potential.

This work contributes to the important question of
the feasibility of adapting a (relaxed) systems engineering
approach in rather complex multi-disciplinary research
projects.
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Accordingly, this step can only be carried out if the
matching procedure was already performed for the first
error image. Therefore, only areas that were not removed
during the first matching procedure are extended by
corresponding areas of the subsequent error images.
Otherwise, the noise (falsely detected areas) would cause
an enlargement of incorrectly detected areas. The red short
dashed rectangles in Figure 8 mark 2 examples of such
corresponding areas. Resulting areas that are too large
are removed from the error images In and In+1. This is
indicated by the areas in the right lower corner of error
image In in Figure 8. As can be seen, the resulting error
image In from Figure 8 is used as input (error image In) in
Figure 7. Without the extension of the areas, the midmost
candidate in Figure 7 would have been rejected.

As some real moving objects are sometimes not detected
in an error image as a result of an inaccurate optical flow
calculation or (radial) distortion, the temporal matching
would fail. This could already be the case if only one
area in one error image is missing. Thus, candidates that
were detected once in 3 temporal succeeding error images
and 4 greyscale images (original images), respectively, are
stored for a sequence of 3 error images subsequent to the
image where the matching was successful, cf. Figure 9(a).
Their coordinates are updated for the succeeding error
images by using the optical flow data. As a consequence,
they can be seen as candidates for moving objects in
the succeeding images, but they are not used within the
matching procedure as input. If within this sequence
of images a corresponding area is found again, it is

stored for a larger sequence of images (more than 3) and
its coordinates are updated for every succeeding error
image. The number of sequences depends on the following
condition:

ξ =

{
c+c̄
c−c̄ | c �= c̄
2c̄ | c = c̄,

(13)

where c is the number of found corresponding areas and
c̄ is the number of missing corresponding areas for one
candidate starting with the image where the candidate
was found again. If ξ < 0 ∨ ξ > 10, the candidate is
rejected. Moreover, the candidate is no longer stored if it
was detected again in 3 temporal succeeding images. In
this case, it is detected during the matching procedure.
An example concerning to this procedure is shown in
Figure 9(b). As one can imagine, error image In in
Figure 9(a) is equivalent (except area-extension) to In+1
in Figure 7, whereas error image In in Figure 9(b) is
equivalent to In+2 in Figure 9(a).

For a further processing of the data, only the position
(shown as small black crosses in the left lower corners of
the rectangles in Figures 7 and 9) and size of the rectangles
marking the candidates are of relevance. Thus, for every
error image the afore mentioned information is stored
for candidates that were detected during the matching
procedure, for candidates that were detected up to 3 error
images before and for candidates that were found again
(see above). On the basis of this data, candidates that are
very close to each other are combined and candidates that
are too large are rejected.
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Figure 9. Preventing rejection of candidates for moving objects that were detected only in a few sequences. (a) Storage of candidates
for which a further matching fails. These candidates are marked by a blue dotdashed rectangle. The green dashed rectangle marks a
candidate for which a corresponding area was found again and the red short-dashed rectangle marks a candidate with successful matching.
(b) Storage of candidates for which a corresponding area was found again. The 2 areas drawn with transparency in error image In indicate
the position of the candidates, but they are not part of the error image.
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Abstract The conception and development of large-
scale scientific facilities emitting ionizing radiations 
rely more on project management practices in use in 
the process industry than on systems engineering 
practices. This paper aims to highlight possible reasons 
for this present situation and to propose some ways to 
enhance systems engineering so that the specific 
radiation safety requirements are considered and 
integrated in the approach. To do so, we have reviewed 
lessons learned from the management of large-scale 
scientific projects and more specifically that of the Large 
Hadron Collider project at CERN. It is shown that 
project management and systems engineering practices 
are complementary and can beneficially be assembled in 
an integrated and lean managerial framework that 
grants the appropriate amount of focus to safety and 
radiation safety aspects. 
 
Keywords Project Management, Systems Engineering, 
Scientific Facility Management, Radiation Safety 

1. Introduction 
 
Out of the four concerns of RAMS (Reliability, Availability, 
Maintainability and Safety), safety may impact the success 
of a project quite differently from the others because of the 
way its deliverables are assessed. While RAM 
requirements are associated with tangible deliverables, the 
“safety success” of a system relies on intangible 
deliverables. If, over its development and operations, there 
is no impact on people, no accident, and no impact on the 
environment, then a project is considered a success. 
However, in terms of RAM requirements, whose 
assessment is based on something happening, the “safety 
success” will not be seen because “nothing” tangible has 
happened. For this reason, stakeholders are usually keener 
to work out the RAM side of the project rather than the 
safety side. As a result, the four RAMS requirements 
should be addressed differently. 
 
As exposed in the literature [1]–[3], systems engineering 
(SE) does not provide the means to handle this 
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Accordingly, this step can only be carried out if the
matching procedure was already performed for the first
error image. Therefore, only areas that were not removed
during the first matching procedure are extended by
corresponding areas of the subsequent error images.
Otherwise, the noise (falsely detected areas) would cause
an enlargement of incorrectly detected areas. The red short
dashed rectangles in Figure 8 mark 2 examples of such
corresponding areas. Resulting areas that are too large
are removed from the error images In and In+1. This is
indicated by the areas in the right lower corner of error
image In in Figure 8. As can be seen, the resulting error
image In from Figure 8 is used as input (error image In) in
Figure 7. Without the extension of the areas, the midmost
candidate in Figure 7 would have been rejected.

As some real moving objects are sometimes not detected
in an error image as a result of an inaccurate optical flow
calculation or (radial) distortion, the temporal matching
would fail. This could already be the case if only one
area in one error image is missing. Thus, candidates that
were detected once in 3 temporal succeeding error images
and 4 greyscale images (original images), respectively, are
stored for a sequence of 3 error images subsequent to the
image where the matching was successful, cf. Figure 9(a).
Their coordinates are updated for the succeeding error
images by using the optical flow data. As a consequence,
they can be seen as candidates for moving objects in
the succeeding images, but they are not used within the
matching procedure as input. If within this sequence
of images a corresponding area is found again, it is

stored for a larger sequence of images (more than 3) and
its coordinates are updated for every succeeding error
image. The number of sequences depends on the following
condition:

ξ =

{
c+c̄
c−c̄ | c �= c̄
2c̄ | c = c̄,

(13)

where c is the number of found corresponding areas and
c̄ is the number of missing corresponding areas for one
candidate starting with the image where the candidate
was found again. If ξ < 0 ∨ ξ > 10, the candidate is
rejected. Moreover, the candidate is no longer stored if it
was detected again in 3 temporal succeeding images. In
this case, it is detected during the matching procedure.
An example concerning to this procedure is shown in
Figure 9(b). As one can imagine, error image In in
Figure 9(a) is equivalent (except area-extension) to In+1
in Figure 7, whereas error image In in Figure 9(b) is
equivalent to In+2 in Figure 9(a).

For a further processing of the data, only the position
(shown as small black crosses in the left lower corners of
the rectangles in Figures 7 and 9) and size of the rectangles
marking the candidates are of relevance. Thus, for every
error image the afore mentioned information is stored
for candidates that were detected during the matching
procedure, for candidates that were detected up to 3 error
images before and for candidates that were found again
(see above). On the basis of this data, candidates that are
very close to each other are combined and candidates that
are too large are rejected.
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(b)

Figure 9. Preventing rejection of candidates for moving objects that were detected only in a few sequences. (a) Storage of candidates
for which a further matching fails. These candidates are marked by a blue dotdashed rectangle. The green dashed rectangle marks a
candidate for which a corresponding area was found again and the red short-dashed rectangle marks a candidate with successful matching.
(b) Storage of candidates for which a corresponding area was found again. The 2 areas drawn with transparency in error image In indicate
the position of the candidates, but they are not part of the error image.
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Abstract The conception and development of large-
scale scientific facilities emitting ionizing radiations 
rely more on project management practices in use in 
the process industry than on systems engineering 
practices. This paper aims to highlight possible reasons 
for this present situation and to propose some ways to 
enhance systems engineering so that the specific 
radiation safety requirements are considered and 
integrated in the approach. To do so, we have reviewed 
lessons learned from the management of large-scale 
scientific projects and more specifically that of the Large 
Hadron Collider project at CERN. It is shown that 
project management and systems engineering practices 
are complementary and can beneficially be assembled in 
an integrated and lean managerial framework that 
grants the appropriate amount of focus to safety and 
radiation safety aspects. 
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1. Introduction 
 
Out of the four concerns of RAMS (Reliability, Availability, 
Maintainability and Safety), safety may impact the success 
of a project quite differently from the others because of the 
way its deliverables are assessed. While RAM 
requirements are associated with tangible deliverables, the 
“safety success” of a system relies on intangible 
deliverables. If, over its development and operations, there 
is no impact on people, no accident, and no impact on the 
environment, then a project is considered a success. 
However, in terms of RAM requirements, whose 
assessment is based on something happening, the “safety 
success” will not be seen because “nothing” tangible has 
happened. For this reason, stakeholders are usually keener 
to work out the RAM side of the project rather than the 
safety side. As a result, the four RAMS requirements 
should be addressed differently. 
 
As exposed in the literature [1]–[3], systems engineering 
(SE) does not provide the means to handle this 
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specificity. For instance, although the NASA SE 
Standard suggests that safety reviews be organized 
regularly, out of the 33 typical activities of the Concept 
and Technology Development Phase of a space project 
[2] (p. 23), safety is only mentioned in two of them. Out 
of the 21 typical activities of the Preliminary Design and 
Technology Completion Phase [2] (p. 24), only one is 
related to safety. Safety is addressed in Section 4.4 of 
this document [2] (pp. 63-64). In these few paragraphs it 
is suggested, for instance, that Failure Modes and 
Effects Analyses (FMEAs) or Preliminary Hazard 
Analysis (PHA) be performed. The situation is similar to 
that of the European Cooperation for Space 
Standardization (ECSS) brochures. According to ECSS-
E-00A, safety is an activity carried out by the system 
supplier that is part of product quality assurance. The 
boundaries of this activity are not always clearly 
defined; for instance, product assurance includes 
reliability, availability, maintainability and safety 
activities [4] (p.15). Related to safety, an ECSS brochure 
is dedicated to this subject [5]. Safety is also scarcely 
introduced in IEEE Std. 1233 [6] (pp. 9-10). Literature 
related to systems engineering is abundant [1, 7, 8]. Of 
the few reviewed, all of them mention safety as an 
important requirement for the development of a 
complex system. For instance, Sage and Rouse consider 
safety as part of the “scientific and engineering effort” 
of SE, as transverse activities beside “reliability, 
maintainability, survivability, human engineering and 
other factors” [1] (p.13). It is also worth mentioning that 
none of the resources cited above introduces the two 
equivalent concepts of ALARA (As Low As Reasonably 
Achievable) or ALARP (As Low As Reasonably 
Practicable). These methods are related to radiation 
safety and concerned with the optimization of radiation 
doses received by personnel. They are of prime 
importance throughout the lifecycle of a particle 
accelerator facility, as will be shown further in this 
article.  
 
In the present paper, we propose a framework to 
approach safety and in particular radiation safety 
coherently within the corpus of project management and 
of systems engineering more specifically. In addition to 
the introduction, this paper is composed of three sections: 
Section 2 briefly recalls what project management and 
systems engineering are, Section 3 summarizes systems 
engineering and project management requirements for 
the conception, development, operations and 
maintenance of scientific facilities emitting ionizing 
radiations; and finally, Section 4 proposes ideas towards 
an integrated systems engineering approach that would 
pay particular attention to radiation safety and hardware 
and software solutions to enhance this concern through 
the early-stage promotion of remote handling and 
robotics. 

2. Project Management and Systems Engineering 

2.1 Project Management 

Even if some professional associations such as the US 
Project Management Institute [www.pmi.org] aim to 
homogenize practices, the project management corpus 
differs substantially depending on the professional 
domain it is applied to. One can typically observe 
different approaches for the eight following domains: 
construction, process industry, new product 
development, new service development, information and 
communication technologies, organization, events and 
human resource development. Research projects shall be 
considered separately as they do not completely fulfil all 
of the generally agreed definitions for projects in 
organizations. So-called scientific projects differ from 
research projects in the sense that they are aimed at 
providing means for performing research projects. In many 
research domains, scientific projects share many of the 
characteristics of industrial projects. This is the case for 
particle accelerator facilities that have many engineering 
aspects in common with process industry facilities, such as 
chemical plants or power stations. While “reasonable-size” 
projects belong typically to one of the eight domains 
mentioned above, large-scale scientific facilities are 
composed of sub-projects from all eight domains. Taking 
the CERN’s Large Hadron Collider (LHC) as an example 
[www.cern.ch/lhc], its conception and development 
involved sub-projects from these eight domains: 
● Organization: The launch of this unprecedented 

large-scale project required an organizational effort. 
Before 1996, CERN’s organizational structure was 
largely dictated by PS, SPS and LEP1 particle 
accelerator operations requirements (function-
oriented structure [9]). The approval of the LHC 
Project led CERN Management to review the 
organizational structure in order to facilitate the 
realization of this project (a mix of heavy-weight 
and light-weight project matrix structures [9]). 

● The construction of the LHC required extensive 
civil engineering work; huge underground caverns, 
kilometres of underground galleries and industrial 
and tertiary surface buildings. To succeed with 
these subprojects, the civil engineers wanted to 
legitimately implement state of the art practices of 
construction project management [10, 11]. 

● New product development: the manufacture and 
assembly of some 1600 cryomagnets, for instance, 
required the implementation of enhanced plant 
engineering and operations management practices [9]. 

 

                                                                 
1 Besides the Large Hadron Collider, the Proton Synchrotron, the 
Super Proton Synchrotron and the former Large Electron 
Positron collider, are or were major CERN particle accelerators. 
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● Process industry: The several cryogenics facilities 
that were constructed to deliver liquid nitrogen and 
liquid helium to the superconducting cryomagnets 
and accelerating cavities have a lot in common with 
industrial plants and cryogenics engineers are used 
to following project management practices from this 
project domain [12, 13]. So did the HVAC (Heating, 
Ventilation and Air Conditioning) and electrical 
engineers for the construction of the cooling plants 
and power distribution stations. 

● Information and communication technologies: the 
development of the many controls required to 
operate an accelerator relies predominantly on 
information systems project management practices. 
For instance, software engineers prefer agile project 
management methodologies such as Scrum [14]. 

● In modern management understanding, a particle 
accelerator facility aims to deliver a service to the 
particle physics community: to enhance this 
objective, new service development project 
management practices were, to some extent, 
followed [15, 16]. 

● The conception, development and construction of 
the LHC Project required the redeployment of many 
technicians, engineers and physicists as well as the 
recruitment of many project specialists. The success 
of these human-resource deployment and 
development projects was possible if and only if 
appropriate project management practices were 
implemented. 

● Event: Last but not least, it is not possible to succeed 
with these large-scale projects if they are not 
appropriately marketed. In April 2008, the LHC 
Open-Days welcomed about 80,000 visitors 
[http://cern.ch/lhc2008]. The success of such an 
event is subject to the implementation of good event 
project management practices. 

 
The conception, development and construction of large-
scale scientific facilities rely on the appropriate use of 
project management practices. However, these practices 
are not unique; they are widespread and specific to 
certain aspects of the project. Forcing all project 
contributors to implement a unique project management 
approach must have a rationale. Sharing a common core 
is a prerequisite for enhancing communication and 
coordination among project participants, although the 
definition of this is not straightforward. Some suggest the 
implementation of PMI’s Project Management Body of 
Knowledge [17], which aims to describe project 
management practices suited to all types of projects. The 
recently released ISO 21500 Std. [18] “can be used by any 
type of organization, including public, private or 
community organizations, and for any type of project, 
irrespective of complexity, size and duration”. Both 
documents are general-purpose standards and not 

sufficiently specific to fulfil the expectations mentioned 
above and for that very reason can serve as a basis for the 
core framework, but cannot be the core framework. While 
the NASA’s Systems Engineering Handbook [2] or the 
ESA’s ECSS Standards [4] propose such a core framework 
for space projects, to our knowledge, nothing similar 
exists for large-scale particle accelerator projects and 
more broadly for scientific projects. 
 
2.2 Systems Engineering 
 
According to the International Council on Systems 
Engineering (INCOSE) [www.incose.org] “systems 
engineering (SE) is an interdisciplinary approach and 
means to enable the realization of successful systems. It 
focuses on defining customer needs and required 
functionalities early in the development cycle, 
documenting requirements, and then proceeding with 
design synthesis and system validation while considering 
the complete problem: performance, cost & schedule, 
manufacturing, testing, operations, training & support, 
and disposal” [3]. In other words, SE can be seen as a 
subset of the project management corpus dedicated to the 
development of complex mechatronics systems. 
 
As the PMI’s Project Management Body of Knowledge 
[17] suggests, if appropriate attention is paid to the nine 
knowledge areas of project management, typically by 
implementing the suited management techniques, then 
project management teams substantially increase the 
chance of success of their projects. Several academic 
studies have confirmed that the implementation of 
standardized practices increases project success (see for 
instance Milosevic and Patanakul [19]). But other studies 
convey the contrary, such as that of Dvir, Raz and 
Shenhar [20]. To these authors: “The findings suggest that 
project success is insensitive to the level of 
implementation of management processes and 
procedures, which are readily supported by modern 
computerized tools and project management training. On 
the other hand, project success is positively correlated 
with the investment in requirements’ definition and 
development of technical specifications”. The SE corpus 
is somehow in line with this conclusion: it suggests that 
particular attention be paid to the technical side of the 
project and according to the NASA’s Systems 
Engineering Handbook or ESA’s ECSS Standards, more 
specifically with these aspects: 
● Needs gathering (see NASA-SHE § 4.1 Stakeholder 

Expectation Definition [4] (pp. 33-39)) and 
requirement definition (see NASA-SHE § 4.2 
Technical Requirement Definition [2] (pp. 40-48) or 
ECSS-E-00A § 6.2 Requirements Engineering [4] (p. 
30) that consists of identifying who the stakeholders 
are, and what their intentions are towards the 
systems, before transforming these needs into a 
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specificity. For instance, although the NASA SE 
Standard suggests that safety reviews be organized 
regularly, out of the 33 typical activities of the Concept 
and Technology Development Phase of a space project 
[2] (p. 23), safety is only mentioned in two of them. Out 
of the 21 typical activities of the Preliminary Design and 
Technology Completion Phase [2] (p. 24), only one is 
related to safety. Safety is addressed in Section 4.4 of 
this document [2] (pp. 63-64). In these few paragraphs it 
is suggested, for instance, that Failure Modes and 
Effects Analyses (FMEAs) or Preliminary Hazard 
Analysis (PHA) be performed. The situation is similar to 
that of the European Cooperation for Space 
Standardization (ECSS) brochures. According to ECSS-
E-00A, safety is an activity carried out by the system 
supplier that is part of product quality assurance. The 
boundaries of this activity are not always clearly 
defined; for instance, product assurance includes 
reliability, availability, maintainability and safety 
activities [4] (p.15). Related to safety, an ECSS brochure 
is dedicated to this subject [5]. Safety is also scarcely 
introduced in IEEE Std. 1233 [6] (pp. 9-10). Literature 
related to systems engineering is abundant [1, 7, 8]. Of 
the few reviewed, all of them mention safety as an 
important requirement for the development of a 
complex system. For instance, Sage and Rouse consider 
safety as part of the “scientific and engineering effort” 
of SE, as transverse activities beside “reliability, 
maintainability, survivability, human engineering and 
other factors” [1] (p.13). It is also worth mentioning that 
none of the resources cited above introduces the two 
equivalent concepts of ALARA (As Low As Reasonably 
Achievable) or ALARP (As Low As Reasonably 
Practicable). These methods are related to radiation 
safety and concerned with the optimization of radiation 
doses received by personnel. They are of prime 
importance throughout the lifecycle of a particle 
accelerator facility, as will be shown further in this 
article.  
 
In the present paper, we propose a framework to 
approach safety and in particular radiation safety 
coherently within the corpus of project management and 
of systems engineering more specifically. In addition to 
the introduction, this paper is composed of three sections: 
Section 2 briefly recalls what project management and 
systems engineering are, Section 3 summarizes systems 
engineering and project management requirements for 
the conception, development, operations and 
maintenance of scientific facilities emitting ionizing 
radiations; and finally, Section 4 proposes ideas towards 
an integrated systems engineering approach that would 
pay particular attention to radiation safety and hardware 
and software solutions to enhance this concern through 
the early-stage promotion of remote handling and 
robotics. 

2. Project Management and Systems Engineering 

2.1 Project Management 

Even if some professional associations such as the US 
Project Management Institute [www.pmi.org] aim to 
homogenize practices, the project management corpus 
differs substantially depending on the professional 
domain it is applied to. One can typically observe 
different approaches for the eight following domains: 
construction, process industry, new product 
development, new service development, information and 
communication technologies, organization, events and 
human resource development. Research projects shall be 
considered separately as they do not completely fulfil all 
of the generally agreed definitions for projects in 
organizations. So-called scientific projects differ from 
research projects in the sense that they are aimed at 
providing means for performing research projects. In many 
research domains, scientific projects share many of the 
characteristics of industrial projects. This is the case for 
particle accelerator facilities that have many engineering 
aspects in common with process industry facilities, such as 
chemical plants or power stations. While “reasonable-size” 
projects belong typically to one of the eight domains 
mentioned above, large-scale scientific facilities are 
composed of sub-projects from all eight domains. Taking 
the CERN’s Large Hadron Collider (LHC) as an example 
[www.cern.ch/lhc], its conception and development 
involved sub-projects from these eight domains: 
● Organization: The launch of this unprecedented 

large-scale project required an organizational effort. 
Before 1996, CERN’s organizational structure was 
largely dictated by PS, SPS and LEP1 particle 
accelerator operations requirements (function-
oriented structure [9]). The approval of the LHC 
Project led CERN Management to review the 
organizational structure in order to facilitate the 
realization of this project (a mix of heavy-weight 
and light-weight project matrix structures [9]). 

● The construction of the LHC required extensive 
civil engineering work; huge underground caverns, 
kilometres of underground galleries and industrial 
and tertiary surface buildings. To succeed with 
these subprojects, the civil engineers wanted to 
legitimately implement state of the art practices of 
construction project management [10, 11]. 

● New product development: the manufacture and 
assembly of some 1600 cryomagnets, for instance, 
required the implementation of enhanced plant 
engineering and operations management practices [9]. 

 

                                                                 
1 Besides the Large Hadron Collider, the Proton Synchrotron, the 
Super Proton Synchrotron and the former Large Electron 
Positron collider, are or were major CERN particle accelerators. 
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● Process industry: The several cryogenics facilities 
that were constructed to deliver liquid nitrogen and 
liquid helium to the superconducting cryomagnets 
and accelerating cavities have a lot in common with 
industrial plants and cryogenics engineers are used 
to following project management practices from this 
project domain [12, 13]. So did the HVAC (Heating, 
Ventilation and Air Conditioning) and electrical 
engineers for the construction of the cooling plants 
and power distribution stations. 

● Information and communication technologies: the 
development of the many controls required to 
operate an accelerator relies predominantly on 
information systems project management practices. 
For instance, software engineers prefer agile project 
management methodologies such as Scrum [14]. 

● In modern management understanding, a particle 
accelerator facility aims to deliver a service to the 
particle physics community: to enhance this 
objective, new service development project 
management practices were, to some extent, 
followed [15, 16]. 

● The conception, development and construction of 
the LHC Project required the redeployment of many 
technicians, engineers and physicists as well as the 
recruitment of many project specialists. The success 
of these human-resource deployment and 
development projects was possible if and only if 
appropriate project management practices were 
implemented. 

● Event: Last but not least, it is not possible to succeed 
with these large-scale projects if they are not 
appropriately marketed. In April 2008, the LHC 
Open-Days welcomed about 80,000 visitors 
[http://cern.ch/lhc2008]. The success of such an 
event is subject to the implementation of good event 
project management practices. 

 
The conception, development and construction of large-
scale scientific facilities rely on the appropriate use of 
project management practices. However, these practices 
are not unique; they are widespread and specific to 
certain aspects of the project. Forcing all project 
contributors to implement a unique project management 
approach must have a rationale. Sharing a common core 
is a prerequisite for enhancing communication and 
coordination among project participants, although the 
definition of this is not straightforward. Some suggest the 
implementation of PMI’s Project Management Body of 
Knowledge [17], which aims to describe project 
management practices suited to all types of projects. The 
recently released ISO 21500 Std. [18] “can be used by any 
type of organization, including public, private or 
community organizations, and for any type of project, 
irrespective of complexity, size and duration”. Both 
documents are general-purpose standards and not 

sufficiently specific to fulfil the expectations mentioned 
above and for that very reason can serve as a basis for the 
core framework, but cannot be the core framework. While 
the NASA’s Systems Engineering Handbook [2] or the 
ESA’s ECSS Standards [4] propose such a core framework 
for space projects, to our knowledge, nothing similar 
exists for large-scale particle accelerator projects and 
more broadly for scientific projects. 
 
2.2 Systems Engineering 
 
According to the International Council on Systems 
Engineering (INCOSE) [www.incose.org] “systems 
engineering (SE) is an interdisciplinary approach and 
means to enable the realization of successful systems. It 
focuses on defining customer needs and required 
functionalities early in the development cycle, 
documenting requirements, and then proceeding with 
design synthesis and system validation while considering 
the complete problem: performance, cost & schedule, 
manufacturing, testing, operations, training & support, 
and disposal” [3]. In other words, SE can be seen as a 
subset of the project management corpus dedicated to the 
development of complex mechatronics systems. 
 
As the PMI’s Project Management Body of Knowledge 
[17] suggests, if appropriate attention is paid to the nine 
knowledge areas of project management, typically by 
implementing the suited management techniques, then 
project management teams substantially increase the 
chance of success of their projects. Several academic 
studies have confirmed that the implementation of 
standardized practices increases project success (see for 
instance Milosevic and Patanakul [19]). But other studies 
convey the contrary, such as that of Dvir, Raz and 
Shenhar [20]. To these authors: “The findings suggest that 
project success is insensitive to the level of 
implementation of management processes and 
procedures, which are readily supported by modern 
computerized tools and project management training. On 
the other hand, project success is positively correlated 
with the investment in requirements’ definition and 
development of technical specifications”. The SE corpus 
is somehow in line with this conclusion: it suggests that 
particular attention be paid to the technical side of the 
project and according to the NASA’s Systems 
Engineering Handbook or ESA’s ECSS Standards, more 
specifically with these aspects: 
● Needs gathering (see NASA-SHE § 4.1 Stakeholder 

Expectation Definition [4] (pp. 33-39)) and 
requirement definition (see NASA-SHE § 4.2 
Technical Requirement Definition [2] (pp. 40-48) or 
ECSS-E-00A § 6.2 Requirements Engineering [4] (p. 
30) that consists of identifying who the stakeholders 
are, and what their intentions are towards the 
systems, before transforming these needs into a 
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validated set of technical requirements expressed as 
“shall” statements. 

● Product/systems integration (see NASA-SHE § 5.2 
Product Integration [2] (pp. 78-82) or ECSS-E-00A § 
6.1 System Engineering Integration and Control [4] 
(p. 29) that consists of transforming lower-level 
components into higher-level systems and making 
sure that the integrated systems function properly. 

● Product/system verification (see NASA-SHE § 5.3 
Product Verification [2] [pp. 83-97], ECSS-E-00A § 
6.5 System Verification [4] [pp. 32-33] or ECSS-E-10-
02a [21] dedicated to verification) and validation 
(see NASA-SHE § 5.3 Product Validation [2] [pp. 98-
105]). Even if these two processes are not always 
described as such in all SE standards or textbooks, 
verification and validation are two distinct 
processes of prime importance for the success of a 
complex systems development project. Verification 
relates to the validated set of technical requirements 
by checking if the expected requirements are 
implemented and perform as expected; validation 
relates to stakeholders expectations by checking if 
these expectations are fulfilled at an overall system 
level [1] (§ 14.6.5 Role of Verification and Validation, 
pp. 557-558). It should be noted that verification and 
validation (V&V) are important components of the 
V-Modell [22] and are two distinct process areas of 
the CMMI model [23] where “verification ensures 
that you are building a product according to its 
requirements, specifications, and standards. For 
Verification, you should ask the following 
questions: Are you meeting the specified 
requirements? Are you building the product right?” 
while “validation ensures that your product will be 
usable once it is in its intended environment. For 
Validation, you should ask the following questions: 
Are you meeting the operational need? Does this 
product meet its intended use in the intended 
environment? Are you building the right product?” 
[http://cmmiinstitute.com/] 

 
In conclusion, it should be highlighted that systems 
engineering complements project management practices 
by providing means to communicate and coordinate the 
technical dimension of the project. However, while 
systems engineering is particularly well suited for the 
conception and development of complex products that 
are made of subprojects of a mechatronics nature 
(mechanics, electronics, controls software), it has not been 
designed for complex facilities that will probably include 
civil engineering, process plants, new product/service 
developments, information and communication 
technologies. Both project management and systems 
engineering practices and standards provide insight into 
the processes to implement, including their lifecycles, into 
the stakeholders at large and their roles and into the 

outcomes of the various processes, in particular the key 
documents to release. 
 
3. Developing Scientific Facilities Subject  
to Ionizing Radiations 
 
The projects to which scientific facility developments are 
the most similar are industrial plant development projects 
implementing rather complex processes. For scientific 
facility projects that are subject to ionizing radiations like 
particle accelerator facilities, these are nuclear power 
stations (NPS) or nuclear waste reprocessing plants 
(NWRP) projects. Even if they might be similar in several 
aspects, they strongly diverge on some others, for instance: 
● NPS or NWRP are privately owned, whereas most 

large-scale scientific facilities are not. These two 
types of development projects balance the so-called 
project triangle differently (i.e., the trade-off 
between time, costs and performance to achieve 
[24]). For instance, the performance perspective of 
scientific facilities is superior. 

● The number of engineering disciplines involved in 
conceiving and developing large-scale scientific 
facilities is larger than that of an NPS or NWRP. It is 
also much larger than that of space engineering [4] 
(§ 5.3, pp. 24-25). 

 
These aspects may not appear to be very selective, but in 
practice they are. Because of these specificities, the 
conception and development of scientific facilities are 
approached differently. 
 
Among the specific requirements are those of the nuclear 
licensing authorities. Even if nuclear material is not 
necessarily present in scientific facilities that are subject to 
ionizing radiations, national nuclear licensing authorities 
are consulted before these facilities are brought to 
operation. In order to provide their clearance, these 
authorities have specific expectations regarding safety—
i.e., workers should not fall victim to an accident or 
professional illness because of the facility or system. This 
concern is covered by occupational health and safety and 
integrity. In other words, the presence of the facility 
should not represent any hazard to the people or the 
environment. It should operate reliably towards the 
teams in charge of the conception and development and 
then those in charge of operations. They typically require 
that a file be developed and endorsed. This so-called 
Safety File, also called Safety Data Package [2] or [5] (pp. 
49-50), shall provide a comprehensive description of the 
facilities, but also justifications of all choices towards 
solutions enhancing safety and integrity. This includes 
the application of the ALARA/ALARP approach and 
specific prescriptions towards the operations teams so 
that the facility is operated safely and the integrity of the 
facility is guaranteed. 

4 Int. j. adv. robot. syst., 2013, Vol. 10, 366:2013 www.intechopen.com

 

 

3.1 Requirements from Licensing Authorities 
 
As mentioned earlier, safety and integrity concerns are of 
prime importance in the conception, development and 
construction of scientific facilities, especially if they are 
expected to emit ionizing radiations. This applies to a 
facility when it is seen as a whole, but also equally to any 
of its sub-systems and components, whether they are 
developed in synchronization with the facility to which 
they belong, or afterwards as consolidation or upgrade 
projects. As a consequence, licensing authorities are very 
important partners in the process of preparing a facility 
or systems for operations and maintenance. 
 
Even if they differ from one country to another, the 
expectations of the licensing authorities evolve as the 
global knowledge on nuclear and radiation safety 
management grows. Lessons learned from the operation 
of facilities on the one hand and near-accident and 
accident inquiries and analyses on the other, contribute 
importantly to the evolution of these expectations. 
However, since the mid-1990s, the so-called ALARA (As 
Low As Reasonably Achievable) or ALARP (As Low As 
Reasonably Practicable) principle has become a major 
expected result. 
 
To understand the ALARA principle, one should 
investigate the concept of risk. According to etymologists, 
the noun “risk” possibly has several origins. It might be 
traced back to classical Greek “ριζα”, that means “root” 
or to the ancient Latin “risicare” that means “reef” or 
“snag”. In both cases, Sabelli [26] suggests that this 
understanding typically led to risk protection behaviour: 
one shall avoid the root on her/his pathway or the sailor 
shall protect her/his boat from grounding on a reef. The 
term “risk” can also be traced back to the Latin “rixa” that 
means “brawl” or “quarrel”. Sabelli explains that to 
survive or to protect their belongings, any one has to fight 
against others. These two possible etymologies clearly 
suggest that the concept of risk be understood from two 
opposite (antagonist) perspectives: 
● The “risk-snag”2 perspective for which risk shall be 

cancelled or at least mitigated. This is typically the 
attitude safety engineers have had for many years; 

● The “risk-action” perspective suggesting that any 
one shall take reasonable risks. 

 
Undoubtedly, the advent of safety management rose to 
address the “risk-snag” perspective. Consequently, from 
a pure teleological viewpoint, a straightforward way for 
avoiding these “risk-snags” consists of getting rid of all 
the activities and systems that are at the origin of the 
risks. If this reasoning is pushed to the extreme, in other 

                                                                 
2 Translated from the French “risque-écueil”. 

words getting rid of all activities and systems, then it 
becomes evident that this tenet is incompatible with the 
goal of any organization that is creating value, or 
knowledge in the case of scientific institutions. The 
ALARA principle emerged from this necessity of 
mitigating “risk-snag” vs. “risk-action”: how far can we 
pursue the goal of any organization while keeping safety 
risks at a tolerable level? With respect to ionizing 
radiations and their consequences on workers, the 
ALARA principle can be set up in terms of how much 
resource the organization accepts to spend to reduce 
substantially the radiation risk towards its personnel and 
the population living in the area surrounding the facility. 
 
In the field of radiation protection, the ALARA principle 
was raised from experimental cell biology observations: 
when subject to ionizing radiations, human body cells 
absorb energy. Consequently, three situations may occur: 
● If the deposited energy is low enough, the cells will 

repair themselves and no sanitary effects will be 
observed. 

● If the level of transferred energy is too high, the cells 
will not survive the radiation and will die. 

● In between, cell transformations are observed, but 
the boundary thresholds are very difficult to define 
and predict; in some situations some cells will 
repair, and in others they will die.  

 
In addition, while the opposite survival processes are of a 
deterministic nature in that the outcome can be predicted, 
the intermediate one is of a pure stochastic nature: it is 
difficult to predict the consequence of the radiation for 
the cells on the medium- or long-term. Because of this, it 
is impossible to define a radiation dose and a dose rate 
threshold below which there is undoubtedly no risk. 
Radiation protection experts suggest that a trade-off 
approach that advocates the implementation of all 
possible protective and preventive measures, so that the 
radiation risk reaches a tolerable level in the spirit of the 
“risk-snag” vs. “risk-action” trade-off exposed before, is 
preferable. 
 
Practically, implementing the ALARA principle consists 
of foreseeing several solutions to perform an activity that 
contributes substantially to its value generation process, 
and to set up the most acceptable trade-off between the 
cost of implementing high-end solutions that definitively 
lower risks and may be less costly solutions that present 
certainly more risks but which are fully acceptable, i.e., 
well below tolerable risks and within legal provisions [27, 
28]. For instance, remote-controlled interventions by 
means of telerobotics systems in ionizing radiation areas 
are necessarily seen as more expensive as they require 
investment compared to more straightforward human 
interventions. 
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validated set of technical requirements expressed as 
“shall” statements. 

● Product/systems integration (see NASA-SHE § 5.2 
Product Integration [2] (pp. 78-82) or ECSS-E-00A § 
6.1 System Engineering Integration and Control [4] 
(p. 29) that consists of transforming lower-level 
components into higher-level systems and making 
sure that the integrated systems function properly. 

● Product/system verification (see NASA-SHE § 5.3 
Product Verification [2] [pp. 83-97], ECSS-E-00A § 
6.5 System Verification [4] [pp. 32-33] or ECSS-E-10-
02a [21] dedicated to verification) and validation 
(see NASA-SHE § 5.3 Product Validation [2] [pp. 98-
105]). Even if these two processes are not always 
described as such in all SE standards or textbooks, 
verification and validation are two distinct 
processes of prime importance for the success of a 
complex systems development project. Verification 
relates to the validated set of technical requirements 
by checking if the expected requirements are 
implemented and perform as expected; validation 
relates to stakeholders expectations by checking if 
these expectations are fulfilled at an overall system 
level [1] (§ 14.6.5 Role of Verification and Validation, 
pp. 557-558). It should be noted that verification and 
validation (V&V) are important components of the 
V-Modell [22] and are two distinct process areas of 
the CMMI model [23] where “verification ensures 
that you are building a product according to its 
requirements, specifications, and standards. For 
Verification, you should ask the following 
questions: Are you meeting the specified 
requirements? Are you building the product right?” 
while “validation ensures that your product will be 
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[http://cmmiinstitute.com/] 
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the processes to implement, including their lifecycles, into 
the stakeholders at large and their roles and into the 

outcomes of the various processes, in particular the key 
documents to release. 
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● NPS or NWRP are privately owned, whereas most 

large-scale scientific facilities are not. These two 
types of development projects balance the so-called 
project triangle differently (i.e., the trade-off 
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[24]). For instance, the performance perspective of 
scientific facilities is superior. 

● The number of engineering disciplines involved in 
conceiving and developing large-scale scientific 
facilities is larger than that of an NPS or NWRP. It is 
also much larger than that of space engineering [4] 
(§ 5.3, pp. 24-25). 

 
These aspects may not appear to be very selective, but in 
practice they are. Because of these specificities, the 
conception and development of scientific facilities are 
approached differently. 
 
Among the specific requirements are those of the nuclear 
licensing authorities. Even if nuclear material is not 
necessarily present in scientific facilities that are subject to 
ionizing radiations, national nuclear licensing authorities 
are consulted before these facilities are brought to 
operation. In order to provide their clearance, these 
authorities have specific expectations regarding safety—
i.e., workers should not fall victim to an accident or 
professional illness because of the facility or system. This 
concern is covered by occupational health and safety and 
integrity. In other words, the presence of the facility 
should not represent any hazard to the people or the 
environment. It should operate reliably towards the 
teams in charge of the conception and development and 
then those in charge of operations. They typically require 
that a file be developed and endorsed. This so-called 
Safety File, also called Safety Data Package [2] or [5] (pp. 
49-50), shall provide a comprehensive description of the 
facilities, but also justifications of all choices towards 
solutions enhancing safety and integrity. This includes 
the application of the ALARA/ALARP approach and 
specific prescriptions towards the operations teams so 
that the facility is operated safely and the integrity of the 
facility is guaranteed. 
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expectations of the licensing authorities evolve as the 
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Low As Reasonably Achievable) or ALARP (As Low As 
Reasonably Practicable) principle has become a major 
expected result. 
 
To understand the ALARA principle, one should 
investigate the concept of risk. According to etymologists, 
the noun “risk” possibly has several origins. It might be 
traced back to classical Greek “ριζα”, that means “root” 
or to the ancient Latin “risicare” that means “reef” or 
“snag”. In both cases, Sabelli [26] suggests that this 
understanding typically led to risk protection behaviour: 
one shall avoid the root on her/his pathway or the sailor 
shall protect her/his boat from grounding on a reef. The 
term “risk” can also be traced back to the Latin “rixa” that 
means “brawl” or “quarrel”. Sabelli explains that to 
survive or to protect their belongings, any one has to fight 
against others. These two possible etymologies clearly 
suggest that the concept of risk be understood from two 
opposite (antagonist) perspectives: 
● The “risk-snag”2 perspective for which risk shall be 

cancelled or at least mitigated. This is typically the 
attitude safety engineers have had for many years; 

● The “risk-action” perspective suggesting that any 
one shall take reasonable risks. 

 
Undoubtedly, the advent of safety management rose to 
address the “risk-snag” perspective. Consequently, from 
a pure teleological viewpoint, a straightforward way for 
avoiding these “risk-snags” consists of getting rid of all 
the activities and systems that are at the origin of the 
risks. If this reasoning is pushed to the extreme, in other 

                                                                 
2 Translated from the French “risque-écueil”. 

words getting rid of all activities and systems, then it 
becomes evident that this tenet is incompatible with the 
goal of any organization that is creating value, or 
knowledge in the case of scientific institutions. The 
ALARA principle emerged from this necessity of 
mitigating “risk-snag” vs. “risk-action”: how far can we 
pursue the goal of any organization while keeping safety 
risks at a tolerable level? With respect to ionizing 
radiations and their consequences on workers, the 
ALARA principle can be set up in terms of how much 
resource the organization accepts to spend to reduce 
substantially the radiation risk towards its personnel and 
the population living in the area surrounding the facility. 
 
In the field of radiation protection, the ALARA principle 
was raised from experimental cell biology observations: 
when subject to ionizing radiations, human body cells 
absorb energy. Consequently, three situations may occur: 
● If the deposited energy is low enough, the cells will 

repair themselves and no sanitary effects will be 
observed. 

● If the level of transferred energy is too high, the cells 
will not survive the radiation and will die. 

● In between, cell transformations are observed, but 
the boundary thresholds are very difficult to define 
and predict; in some situations some cells will 
repair, and in others they will die.  

 
In addition, while the opposite survival processes are of a 
deterministic nature in that the outcome can be predicted, 
the intermediate one is of a pure stochastic nature: it is 
difficult to predict the consequence of the radiation for 
the cells on the medium- or long-term. Because of this, it 
is impossible to define a radiation dose and a dose rate 
threshold below which there is undoubtedly no risk. 
Radiation protection experts suggest that a trade-off 
approach that advocates the implementation of all 
possible protective and preventive measures, so that the 
radiation risk reaches a tolerable level in the spirit of the 
“risk-snag” vs. “risk-action” trade-off exposed before, is 
preferable. 
 
Practically, implementing the ALARA principle consists 
of foreseeing several solutions to perform an activity that 
contributes substantially to its value generation process, 
and to set up the most acceptable trade-off between the 
cost of implementing high-end solutions that definitively 
lower risks and may be less costly solutions that present 
certainly more risks but which are fully acceptable, i.e., 
well below tolerable risks and within legal provisions [27, 
28]. For instance, remote-controlled interventions by 
means of telerobotics systems in ionizing radiation areas 
are necessarily seen as more expensive as they require 
investment compared to more straightforward human 
interventions. 
 

5Pierre Bonnal, Mathieu O. Baudin and Jean-Michel Ruiz: Systems Engineering  
and Safety Issues in Scientific Facilities Subject to Ionizing Radiations

www.intechopen.com



 

 

As ALARA is globally accepted as a principle, licensing 
authorities have within their mission the duty to verify 
that all organizations at risk for their personnel, the 
surrounding local population and the environment 
implement this principle. As is often the case in matters of 
quality assurance, the concerned organizations shall 
provide evidence of appropriate implementation by 
providing the proper documentation of the processes 
followed. In this way, the safety documentation 
management process becomes important. 
 
3.2 Organizing Safety 
 
There is no definitive approach to organizing safety in an 
organization. Nevertheless, because safety and 
environmental concerns have taken a central position in 
the ethical behaviour of many organizations, one can easily 
observe that, because the stakeholders are many (the 
management of the organizations, as well as members of 
their personnel, trade unions, local communities, local and 
national authorities) organizations have developed a 
“democratic behaviour” towards these concerns. The 
results of these observations are the emergence of the 
principles of Montesquieu. In The Spirit of Laws written 
more than two centuries ago [29, 30], Montesquieu argues 
that the concept of democracy relies on the separation of 
power between the legislature who makes the laws, the 
judiciary who punishes those who do not respect the law, 
and the executive who manages the community with the 
boundaries defined by the laws. 
 
Translated into the safety-related vocabulary of 
organization, this means that by analogy with the three 
powers from Montesquieu: 
● Organizations shall develop their own set of safety 

rules and set up international and national laws on 
the one hand, and on official and professional 
standards on the other 

● Organizations shall create their own inspection 
bodies to ensure that the safety rules are correctly 
implemented 

● Any member of the personnel of the organization 
and stakeholders at large shall carry out their tasks 
in conformity with the safety rules. 

 
The implementation of safety measures is then the duty 
of everyone and not a matter to be kept with safety 
experts. Since quality principles shall also apply to safety, 
everyone shall document safety to prove that the 
appropriate safety provisions have been considered and 
implemented. 
 
3.3 Safety Documentation Management 
 
Especially when the facilities and industrial processes are 
complex, featuring specialized technologies, the safety 

documentation that is expected has three purposes [31] 
that lead to the three parts of the safety documentation: 
● Descriptive: one part of the safety documentation 

shall describe succinctly, the facility, systems, 
equipment, process, activity, etc., in words that can 
be understood by anyone with a general 
engineering knowledge. The questions to be 
answered in this descriptive part are typically: Why 
is it useful? Where is it located? What is it made of? 
How does it work? When will it be constructed, 
operated, dismantled? Who is responsible for its 
development, construction? How will it be 
developed, constructed? Who will be responsible for 
its operation, maintenance and dismantling? How 
will it be operated, maintained and dismantled? 
And last but not least, which hazards are present in 
the facility/process? 

● Demonstrative: the second part provides evidence 
that the safety provisions, either foreseen or 
implemented, either preventive or protective, either 
technical or organizational, are sufficient to avoid or 
mitigate the risks down to a tolerable level or even 
below. All the safety risks that have been identified 
and assessed are listed in this demonstrative part, 
including the corresponding risk analyses, the 
ALARA processes conducted and the technical and 
organizational risk control measures. 

● Prescriptive: the third part describes the safety rules 
to follow, and the technical and organizational 
provisions to implement to develop, construct, 
operate, maintain and dismantle the facility, systems 
and equipment. Practically, this part collects all the 
manuals, instructions, procedures and all other 
appropriate documents to conduct the tasks listed 
above, including the appropriate quality 
management framework. 

 
Records, including monitoring data, lessons learned and 
improvement write-ups may constitute the fourth part to 
the safety documentation. 
 
The release of this documentation shall be 
synchronized with the facility lifecycle. During a study 
phase, this safety documentation may only consist of a 
preliminary descriptive part and of an initial 
demonstrative part. These components are important 
in the process of deciding whether or not to implement 
a project. The prescriptive part is prepared while the 
project is being developed. One part of the manuals, 
instructions and procedures is likely to be dedicated to 
the construction of the facility, systems or equipment. 
The rest addresses operations, maintenance and 
dismantling requirements. Finally, records and lessons 
learned are collected after safety reviews and 
inspections are launched. Figure 1 synthesizes this 
synchronization of documents. 
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Figure 1. CERN’s approach to safety documentation management [31]. 
 
4. Integrating Radiation Safety Concerns  
with Systems Engineering 
 
Scientific facilities are complex systems, and the 
management of their conception and development can 
definitively benefit from SE practices. But to do so, it is 
necessary to embed radiation safety requirements in the SE 
corpus. On the one hand, the V-Modell depicts the SE 
process (see Figure 2) well. On the other hand, CERN’s 
approach to safety documentation management, as shown 
for instance in Figure 1, fulfils expectations in matters of 
safety information handling. Prosaically, integrating 
radiation safety requirements as expected by all stakeholders 
of a scientific facility emitting ionizing radiations may 
consist of an overlap of these two visual concepts. 
 

 
 

Figure 2. The systems engineering V-Modell. 
 
Since SE practices complement project management ones 
by providing specific insights on need gathering, solution 

finding and writing the requirements, and on enforcing 
continuous verifications and validations, the issue becomes 
how radiation safety concerns can be combined with these 
SE sub-processes. This has been visually expressed in 
Figure 3 and is developed in the following sections. 
 
4.1 During the Project Front-End Phase 
 
Radiation safety concerns shall be fully integrated in the 
needs gathering exercise from the project front-end phase. 
Collecting needs consists of identifying stakeholders’ 
expectations of the complex systems to develop from 
several perspectives: technical needs (typically functions to 
fulfil, performance to achieve, interfaces to accommodate, 
technical feasibility); development needs (project 
feasibility, manufacturability, constructability) and 
operational needs (typically strategic alignment, economic 
feasibility, reliability, availability, maintainability). 
Collecting safety needs, including environment protection 
needs, is the fourth perspective. 
 
Solution finding, i.e., working out concepts that may fulfil 
needs is a process that takes place in parallel to needs 
gathering. For complex systems, needs can be gathered, 
i.e., a “needs portfolio” can be assembled, only if one 
already has some ideas of possible solutions. Concepts 
result from needs, but some conceptualization of possible 
solutions is required to gather needs exhaustively. Needs 
gathering and concept generation are two processes that 
are to be synchronized. 
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Needs shall be expressed in “stakeholders’ words”, but a 
complex system development project is likely to involve 
tens to hundreds of contributors who may not necessarily 
have consistent and coherent expectations. Such a project 
expressed only in “stakeholders’ words” is impossible to 
coordinate. Lessons learned have shown [9, 32, 33] that 
expressing needs statements as “shall” requirements is a 
prerequisite to guarantee the success of a project. While 
needs can be kept expressed in a rather informal and 
vague manner to be endorsed by the stakeholders who 
have a holistic vision of the outcome of the project, but 
not necessarily an in-depth understanding of all the 
disciplines involved in the proposed concepts, they are 
insufficiently precise to ease the coordination and 
integration of the many sub-systems. Requirement 
statements are derived from needs. Requirements 
translate in a straightforward way the expectations of the 
stakeholders. Since requirements shall be focused on the 
outcome of the development project, their identification is 
feasible only out of one or a few preferred concepts. The 
concepts are worked out and tuned until the list of 
requirements is stabilized and endorsed by the 
stakeholders. 
 
These three activities (needs gathering, concept workout 
and requirement writing) form the core of the project front-
end phase. Even if they are to be performed in a given 
sequence, these activities should be approached in a 
holistic way. With many scientific projects, the deliverable 
of this phase is called Concept Design Report (CDR). 
 
To accommodate safety needs and requirements, this 
document should at least dedicate a safety annex 
assembling preliminary descriptive and demonstrative 
parts. To make this annex consistent, some preliminary 
ALARA analyses may be needed. 
 
Later on, while the development project is ongoing, it is 
necessary to check and validate the fulfilment of these 
needs and requirements. This is the purpose of the 
validation activity operationally supported by a 
Validation Plan (VAP) and Validation Reports (VAR). All 
these documents should have safety-dedicated sections. 
 
4.2 During the Project Development Phase 
 
As suggested by several project management [34, 35] and 
systems engineering methodologies [1–4, 7, 8], for 
obvious managerial reasons, it is wise to break this main 
phase down into three sub-phases: the definition phase 
dedicated to the engineering design of the solution; the 
development phase itself that consists of implementing 
the engineered solution, including manufacturing, 
assembling, integrating, coding, etc. and the deployment 
phase that aims to transfer the systems developed to 
those who have a duty to operate and maintain them. 

For many scientific projects, the delivery of the definition 
phase is called a Technical Design Report (TDR). As for 
the CDR, this document should have at least one annex 
dedicated to safety, complementing the descriptive and 
demonstrative parts of the CDR and featuring some 
elements of the prescriptive part. Additional or enhanced 
ALARA analyses are likely to be conducted during the 
definition phase and appended to the TDR. During this 
phase, remote handling and robotics options are typically 
considered and engineered.  
 
Out of the definition phase outcome, each engineering 
discipline should be capable of pursuing the 
development in relative autonomy. Two cases may arise: 
● Either the sub-system to develop is still perceived as 

a complex system, in which case it may be wise to 
carry out the SE process described above on this 
system, i.e., going through a project front-end phase, 
followed by a definition phase and a development 
phase in a kind of “fractal approach”. From a 
quality assurance point of view, a dedicated CDR 
may be needed and released, with a dedicated 
annex related to safety. 

● Or the sub-system can be seen as an engineered set 
of components to manufacture and assemble. From 
an SE documentation point of view, the team in 
charge of the development of this assembly is 
expected to release a so-called Manufacture and 
Assembly File (MAF) providing insights on the 
detail design of the set of components, on the 
manufacture and assembly instructions, procedures 
and quality records. The MAF shall be enhanced 
with a safety annex complementing the descriptive 
and demonstrative parts of the TDR safety annex, 
and expending the prescriptive part of this report.  

 
Once the set of components and sub-systems are 
materialized, the project team can proceed with their 
integration. Quality assurance then aims to ensure that 
this integration work provides the expected results from 
the systems design. This is the purpose of the so-called 
verification activity. In practice, verification is planned 
with a Verification Plan (VEP) then followed up with 
Verification Reports (VER) as deliverables. All these 
documents shall have safety-dedicated sections. 
 
Last but not least, the deployment phase that has four 
main focuses in practice: moving the complex systems 
into operation and ramping them up until expected 
performance levels are reached [9]; transferring the 
knowledge acquired all along the conception and 
development of the project to the teams who will be in 
charge of the operations and maintenance; editing the 
various operations and maintenance manuals (O&M); 
and finalizing the safety documentation. 
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Figure 3. Integrating Radiation Safety Concerns with Systems Engineering. 
 
5. Conclusion 
 
In this article, we have shown that it is possible to 
assemble the key concepts of project management, of 
systems engineering and those of safety documentation 
management. Some project management and systems 
engineering methodology suggest releasing tens of 
different types of documents. We are convinced that a 
few key documents, such as the CDR, TDR, MAF, VAP 
and VAR, VEP and VER, and O&M Manuals, are 
sufficient to structure the framework of the technical 
documentation. This can then be appropriately 
complemented by a safety documentation broken down 
into four parts (descriptive, demonstrative, prescriptive 
and records), and by a few project management 
documents (project proposal/mandate, project 
management plan and progress and close out reports). 
This lean documentation framework is sufficient to 
guarantee the successful conception and development of 
a scientific facility or system. 
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complex system development project is likely to involve 
tens to hundreds of contributors who may not necessarily 
have consistent and coherent expectations. Such a project 
expressed only in “stakeholders’ words” is impossible to 
coordinate. Lessons learned have shown [9, 32, 33] that 
expressing needs statements as “shall” requirements is a 
prerequisite to guarantee the success of a project. While 
needs can be kept expressed in a rather informal and 
vague manner to be endorsed by the stakeholders who 
have a holistic vision of the outcome of the project, but 
not necessarily an in-depth understanding of all the 
disciplines involved in the proposed concepts, they are 
insufficiently precise to ease the coordination and 
integration of the many sub-systems. Requirement 
statements are derived from needs. Requirements 
translate in a straightforward way the expectations of the 
stakeholders. Since requirements shall be focused on the 
outcome of the development project, their identification is 
feasible only out of one or a few preferred concepts. The 
concepts are worked out and tuned until the list of 
requirements is stabilized and endorsed by the 
stakeholders. 
 
These three activities (needs gathering, concept workout 
and requirement writing) form the core of the project front-
end phase. Even if they are to be performed in a given 
sequence, these activities should be approached in a 
holistic way. With many scientific projects, the deliverable 
of this phase is called Concept Design Report (CDR). 
 
To accommodate safety needs and requirements, this 
document should at least dedicate a safety annex 
assembling preliminary descriptive and demonstrative 
parts. To make this annex consistent, some preliminary 
ALARA analyses may be needed. 
 
Later on, while the development project is ongoing, it is 
necessary to check and validate the fulfilment of these 
needs and requirements. This is the purpose of the 
validation activity operationally supported by a 
Validation Plan (VAP) and Validation Reports (VAR). All 
these documents should have safety-dedicated sections. 
 
4.2 During the Project Development Phase 
 
As suggested by several project management [34, 35] and 
systems engineering methodologies [1–4, 7, 8], for 
obvious managerial reasons, it is wise to break this main 
phase down into three sub-phases: the definition phase 
dedicated to the engineering design of the solution; the 
development phase itself that consists of implementing 
the engineered solution, including manufacturing, 
assembling, integrating, coding, etc. and the deployment 
phase that aims to transfer the systems developed to 
those who have a duty to operate and maintain them. 

For many scientific projects, the delivery of the definition 
phase is called a Technical Design Report (TDR). As for 
the CDR, this document should have at least one annex 
dedicated to safety, complementing the descriptive and 
demonstrative parts of the CDR and featuring some 
elements of the prescriptive part. Additional or enhanced 
ALARA analyses are likely to be conducted during the 
definition phase and appended to the TDR. During this 
phase, remote handling and robotics options are typically 
considered and engineered.  
 
Out of the definition phase outcome, each engineering 
discipline should be capable of pursuing the 
development in relative autonomy. Two cases may arise: 
● Either the sub-system to develop is still perceived as 

a complex system, in which case it may be wise to 
carry out the SE process described above on this 
system, i.e., going through a project front-end phase, 
followed by a definition phase and a development 
phase in a kind of “fractal approach”. From a 
quality assurance point of view, a dedicated CDR 
may be needed and released, with a dedicated 
annex related to safety. 

● Or the sub-system can be seen as an engineered set 
of components to manufacture and assemble. From 
an SE documentation point of view, the team in 
charge of the development of this assembly is 
expected to release a so-called Manufacture and 
Assembly File (MAF) providing insights on the 
detail design of the set of components, on the 
manufacture and assembly instructions, procedures 
and quality records. The MAF shall be enhanced 
with a safety annex complementing the descriptive 
and demonstrative parts of the TDR safety annex, 
and expending the prescriptive part of this report.  

 
Once the set of components and sub-systems are 
materialized, the project team can proceed with their 
integration. Quality assurance then aims to ensure that 
this integration work provides the expected results from 
the systems design. This is the purpose of the so-called 
verification activity. In practice, verification is planned 
with a Verification Plan (VEP) then followed up with 
Verification Reports (VER) as deliverables. All these 
documents shall have safety-dedicated sections. 
 
Last but not least, the deployment phase that has four 
main focuses in practice: moving the complex systems 
into operation and ramping them up until expected 
performance levels are reached [9]; transferring the 
knowledge acquired all along the conception and 
development of the project to the teams who will be in 
charge of the operations and maintenance; editing the 
various operations and maintenance manuals (O&M); 
and finalizing the safety documentation. 
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Figure 3. Integrating Radiation Safety Concerns with Systems Engineering. 
 
5. Conclusion 
 
In this article, we have shown that it is possible to 
assemble the key concepts of project management, of 
systems engineering and those of safety documentation 
management. Some project management and systems 
engineering methodology suggest releasing tens of 
different types of documents. We are convinced that a 
few key documents, such as the CDR, TDR, MAF, VAP 
and VAR, VEP and VER, and O&M Manuals, are 
sufficient to structure the framework of the technical 
documentation. This can then be appropriately 
complemented by a safety documentation broken down 
into four parts (descriptive, demonstrative, prescriptive 
and records), and by a few project management 
documents (project proposal/mandate, project 
management plan and progress and close out reports). 
This lean documentation framework is sufficient to 
guarantee the successful conception and development of 
a scientific facility or system. 
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Abstract Mobile manipulators are one of the most
complicated types of mechatronics systems. The
performance of these robots in performing complex
manipulation tasks is highly correlated with the
synchronization and integration of their low-level
components. This paper discusses in detail the
mechatronics design of a four wheel steered mobile
manipulator. It presents the manipulator’s mechanical
structure and electrical interfaces, designs low-level
software architecture based on embedded PC-based
controls, and proposes a systematic solution based on
code generation products of MATLAB and Simulink. The
remote development environment described here is used
to develop real-time controller software and modules
for the mobile manipulator under a POSIX-compliant,
real-time Linux operating system. Our approach enables
developers to reliably design controller modules that
meet the hard real-time constraints of the entire low-level
system architecture. Moreover, it provides a systematic
framework for the development and integration of
hardware devices with various communication mediums
and protocols, which facilitates the development and
integration process of the software controller.

Keywords Mobile Manipulators, Real-time Systems,
Autonomous Vehicles, Mechatronic Design

1. Introduction

A mobile manipulator refers to a robotic manipulator
arm mounted on a mobile base. Mobility provides
the manipulator with an unlimited workspace at the
expense of added challenges[1, 2]. iMoro, shown in
Figure 1, is a four wheel independently steered (4WS)
mobile manipulator that is under investigation for high
maneuverability and flexibility in high-speed motions
under the PURESAFE project. The PURESAFE project,
"Preventing hUman intervention for incREased SAfety in
inFrastructures Emitting ionizing radiation", was initiated
to advance theoretical and experimental knowledge
on semi-autonomous mobile manipulation within the
ionizing radiation-filled and contaminated environments
of accelerators, particularly within tunnels inside the
European Organization for Nuclear Research (CERN).

A mobile manipulator is a complex mechatronics
system that synergistically blends multidisciplinary
solutions and methods from mechanics and embedded
control systems [3, 4].There are different issues associated
with the development of such mechatronic systems,
especially in the low level architectures involving
device drivers and system controllers. One example
of such an issue is that of interfacing with hardware
devices, including different communication mediums
and protocols.Moreover, developing mechatronic systems
requires numerous and consecutive practical tests in order
to verify and validate the functionality and integrity of
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1. Introduction

A mobile manipulator refers to a robotic manipulator
arm mounted on a mobile base. Mobility provides
the manipulator with an unlimited workspace at the
expense of added challenges[1, 2]. iMoro, shown in
Figure 1, is a four wheel independently steered (4WS)
mobile manipulator that is under investigation for high
maneuverability and flexibility in high-speed motions
under the PURESAFE project. The PURESAFE project,
"Preventing hUman intervention for incREased SAfety in
inFrastructures Emitting ionizing radiation", was initiated
to advance theoretical and experimental knowledge
on semi-autonomous mobile manipulation within the
ionizing radiation-filled and contaminated environments
of accelerators, particularly within tunnels inside the
European Organization for Nuclear Research (CERN).

A mobile manipulator is a complex mechatronics
system that synergistically blends multidisciplinary
solutions and methods from mechanics and embedded
control systems [3, 4].There are different issues associated
with the development of such mechatronic systems,
especially in the low level architectures involving
device drivers and system controllers. One example
of such an issue is that of interfacing with hardware
devices, including different communication mediums
and protocols.Moreover, developing mechatronic systems
requires numerous and consecutive practical tests in order
to verify and validate the functionality and integrity of
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Figure 1. Mobile platform of iMoro

the developed algorithms and codes.Ultimately, it should
lead to an optimized implementation of controllers that
can punctually receive sensor data and produce control
signals over guaranteed intervals of time.

This paper is the synergistic conclusion of the authors’
research on this topic, presented in [5, 6]. It demonstrates
how the framework proposed in [5] for rapid prototyping
of real-time controllers successfully provides a software
development basis for the iMoro mobile manipulator, the
design of which is presented in [6]. In the following, the
authors present the background study for the hardware
and software architecture and introduce the integration
approach. Section 2 details the hardware design of
the mobile manipulator and discusses the selected
communication interfaces between the components.
Section 3 explains the framework for the real-time
software integration. The final section presents the
experimental results of successful implementation of the
method.

1.1 Hardware Architecture

The main challenge in designing a mobile manipulator is
the selection of its mobile base and wheel configurations.
Wheeled mobile robots with different drive-steering
mechanisms have been researched and engineered [7].
The most common variation is that of the differential
drive robot. These have minimal actuated degrees
of freedom and no moving parts for steering [8]. The
second most popular mechanisms, particularly for office
environments, use omni-directional wheels such as the
Mechanum or Swedish wheels [9, 10]. Such mechanisms
provide freedom to control robot heading independent of
linear translation, thus increasing maneuverability. They
also use a differential drive for steering. However, as
mentioned by [11], a large portion of the tangential force
is lost by the rolling parts. Therefore, these types of robots
often have high maneuverability but lower efficiency,

which is an important factor in a battery-powered mobile
platform [12].

For years, differential-type mechanisms have been
popular due to the simplicity of their mechanics; however,
4WS mechanisms have recently received increasing
attention as suitable platforms for mobile manipulators.
4WS mechanisms enhance the functionality of normal
wheels for smooth motion, efficiency, and maneuverability
for indoor applications [13]. Off-road applications of 4WS
robots have been reviewed by [14]. The drawback of the
4WS design is the increased complexity of its mechanics,
kinematics, and control in both autonomous and manual
modes [15, 16].

Many studies have attempted to simplify motion
control and synchronization of actuators by mechanically
constraining steering angles (by implementing steering
mechanisms, such as in [17, 18]) or by employing control
strategies that keep the wheels parallel to one another
(as in [19]). These solutions can solve conventional
over-steering or under-steering problems of car-like
robots, but they also decrease robot maneuverability. An
efficient solution that enables the robot to maneuver in
limited space requires independent steering of each wheel
[13, 19].

1.2 Software Architecture

Another challenge in the process of designing a mobile
manipulator is the selection of a suitable software
development framework for the robot. While software
engineers prefer direct C\C++ programming, control
engineers and system developers prefer MATLAB and
Simulink or similar software or toolboxes because of
their ready-to-use advanced mathematical functions and
algorithms. Additionally, in most cases, the simulation
of the control algorithms is done in MATLAB/Simulink,
and re-implementation in C\C++ is both time consuming
and a potential source of errors. However, the high-level
programming of this approach makes the models
developed in MATLAB/Simulink unsuitable for real-time
tasks.

On one hand, during the design procedures of a
complex mechatronic system, several teams of researchers
are working simultaneously on the design processes and
modeling of both hardware and software platforms. Thus,
even conceptual design and development of product
hardware can be subject to change at the same time
that software is being designed. On the other hand,
validation of the developed design models, methods,
and tools occurs through prototype experiments. The
desirable outcome benefits the blocks, modules, and
patterns of the implemented components and written
software, which can be reused. Therefore, a real-time
control rapid prototyping environment is necessary to
overcome the control issues of a mechatronic system
and simultaneously consider other criteria, such as
modularity, flexibility, reusability, compatibility with
commercial off-the-shelf components, and creating a
dependable basis for future advances in safety measures
(such as the Safety Integrity Level (SIL)).
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Several studies have examined the real-time
implementation of algorithms in MATLAB [20, 21] and its
integration with Linux [22]. Moreover, there are available
software package applications that utilize selected
functionalities of MATLAB in their real-time execution
environments, such as the xPC Targeting toolbox [23],
RT-Lab [24], and RTAI-Lab [25]. Mathworks has addressed
this problem by embedding code generator products that
automatically generate optimized, independent, and
royalty-free C\C++ code from MATLAB codes and
Simulink models. Comparing generated C\C++ codes
with their original MATLAB codes is the subject of
research in [26].

Generally speaking, one of the challenges in a mechatronic
system is making interfaces that are operational between
real-world sensors and actuators and the software that
develops computational controllers like MATLAB. This
challenge has been solved in dSpace® products by means
of the complementary hardware for rapid prototyping
and code generation in its package, which has been used
in several research studies [27]. The RTAI Linux team [28]
has also produced a comprehensive work that integrates
RTAI-Lab into Simulink and translates the code into
the RTAI framework by means of Real-Time Workshop
(RTW). These systems are popular for a certain range of
control and software requirements. However, compared to
traditional C\C++ software development, their solutions
enforce additional limitations on the reusability of existing
codes. This problem is negligible until research and
development teams use products that are only compatible
with their development environments. In the event
of any unforeseen instrumental necessities, adaptation
of a third-party driver to those environments is full
of difficulties. On the other hand, a normal C\C++
application can easily use manufacturer-provided drivers
for C\C++.

1.3 Integration

This paper discusses a software development environment
for the rapid prototyping of the afore-mentioned
mechatronic systems. Its aim is to introduce a coherent
framework for remote development of independent
hard, real-time software controllers based on MATLAB
and Simulink products for the rapid prototyping of
PC-based mechatronic systems. The authors provide the
technical details of the method in [5]. This paper shows
how the method is successfully applied to the iMoro.
The proposed method consists of developing software
modules and controllers in a Simulink project on a PC
with a Windows operating system, with a target of one
or several embedded PCs running real-time Linux (the
"Target PC"). Then, the Code Generators toolbox is used
to derive a stand-alone and hard real-time C\C++ code
for the real-time Linux operating system. The resultant
code is automatically transferred to the embedded target,
where it is compiled and built. The final software is ready
to debug, run, or verify on the Target PC.

Note that this methodology could easily be expanded
to develop multiple software programs to run on the
Target PC at once. For very complex mechatronic systems,

in which software and controllers cannot be put into
one executable application, this method could be used
simultaneously for multiple Simulink models to develop
different parts of the whole software. Then, each model
could be turned into a module or service on the Target PC
and collaborate with other modules by means of different
internal communication services, such as programming
queues. Hence, developers would be able to benefit from
Service Oriented Architecture (SOA) principles [29] in
developing their software. Furthermore, the code can
be generated not just for Windows, but also for a wide
variety of operating systems that support the Portable
Operating System Interface (POSIX) [30].

Moreover, this paper addresses some of the issues
and difficulties commonly associated with remote
development and code generation with MATLAB and
Simulink products. One of the main issues is how to
integrate device drivers and hardware interfaces into
Simulink models. Technically, these interfaces should be
turned into re-usable Simulink block libraries. However,
the drivers and their related API libraries are installed
differently on the remote target system (real-time Linux)
than on the operating system of the development
environment (Windows®) Hence, deriving such blocks
demands more advanced treatment. Addressing this issue
requires detailed knowledge of S-Function programming
as well as the development of Target Language Compiler
(TLC) files that tell code generators how to generate C
code out of the S-Functions.

2. Robot Architecture Design

This section details the primary design requirements.
We have documented a comprehensive list of the
requirements in [31]. The iMoro mobile manipulator is
designed based on this list. In this section, different
components of the mobile platform are presented, and
their physical and logical architecture and designed
interfaces are explained. Moreover, the implemented
embedded controller that facilitates rapid prototyping
of the controller software is described. Finally, we
explain different implemented control modules designed
for performing tele-operation and autonomous tasks. A
high-level state machine controller is devised that governs
the execution order of the controller modules.

2.1 Design Requirements

As mentioned before, the main aim of the PURESAFE
project is to design a mobile manipulator that can be
utilized to perform inspection and manipulation tasks in
hazardous environments of research facilities. Here, our
main focus is to design a mobile base and manipulator for
such a robot. Below are the key requirements considered
in the design of the mobile manipulator:
1. The mobile platform should be able to carry 30 kg of

extra load.
2. The mobile platform should be able to pass through

normal doors.
3. The mobile platform should have high maneuverability

that enables it to rotate and changes its heading in
limited spaces.
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Figure 1. Mobile platform of iMoro

the developed algorithms and codes.Ultimately, it should
lead to an optimized implementation of controllers that
can punctually receive sensor data and produce control
signals over guaranteed intervals of time.

This paper is the synergistic conclusion of the authors’
research on this topic, presented in [5, 6]. It demonstrates
how the framework proposed in [5] for rapid prototyping
of real-time controllers successfully provides a software
development basis for the iMoro mobile manipulator, the
design of which is presented in [6]. In the following, the
authors present the background study for the hardware
and software architecture and introduce the integration
approach. Section 2 details the hardware design of
the mobile manipulator and discusses the selected
communication interfaces between the components.
Section 3 explains the framework for the real-time
software integration. The final section presents the
experimental results of successful implementation of the
method.

1.1 Hardware Architecture

The main challenge in designing a mobile manipulator is
the selection of its mobile base and wheel configurations.
Wheeled mobile robots with different drive-steering
mechanisms have been researched and engineered [7].
The most common variation is that of the differential
drive robot. These have minimal actuated degrees
of freedom and no moving parts for steering [8]. The
second most popular mechanisms, particularly for office
environments, use omni-directional wheels such as the
Mechanum or Swedish wheels [9, 10]. Such mechanisms
provide freedom to control robot heading independent of
linear translation, thus increasing maneuverability. They
also use a differential drive for steering. However, as
mentioned by [11], a large portion of the tangential force
is lost by the rolling parts. Therefore, these types of robots
often have high maneuverability but lower efficiency,

which is an important factor in a battery-powered mobile
platform [12].

For years, differential-type mechanisms have been
popular due to the simplicity of their mechanics; however,
4WS mechanisms have recently received increasing
attention as suitable platforms for mobile manipulators.
4WS mechanisms enhance the functionality of normal
wheels for smooth motion, efficiency, and maneuverability
for indoor applications [13]. Off-road applications of 4WS
robots have been reviewed by [14]. The drawback of the
4WS design is the increased complexity of its mechanics,
kinematics, and control in both autonomous and manual
modes [15, 16].

Many studies have attempted to simplify motion
control and synchronization of actuators by mechanically
constraining steering angles (by implementing steering
mechanisms, such as in [17, 18]) or by employing control
strategies that keep the wheels parallel to one another
(as in [19]). These solutions can solve conventional
over-steering or under-steering problems of car-like
robots, but they also decrease robot maneuverability. An
efficient solution that enables the robot to maneuver in
limited space requires independent steering of each wheel
[13, 19].

1.2 Software Architecture

Another challenge in the process of designing a mobile
manipulator is the selection of a suitable software
development framework for the robot. While software
engineers prefer direct C\C++ programming, control
engineers and system developers prefer MATLAB and
Simulink or similar software or toolboxes because of
their ready-to-use advanced mathematical functions and
algorithms. Additionally, in most cases, the simulation
of the control algorithms is done in MATLAB/Simulink,
and re-implementation in C\C++ is both time consuming
and a potential source of errors. However, the high-level
programming of this approach makes the models
developed in MATLAB/Simulink unsuitable for real-time
tasks.

On one hand, during the design procedures of a
complex mechatronic system, several teams of researchers
are working simultaneously on the design processes and
modeling of both hardware and software platforms. Thus,
even conceptual design and development of product
hardware can be subject to change at the same time
that software is being designed. On the other hand,
validation of the developed design models, methods,
and tools occurs through prototype experiments. The
desirable outcome benefits the blocks, modules, and
patterns of the implemented components and written
software, which can be reused. Therefore, a real-time
control rapid prototyping environment is necessary to
overcome the control issues of a mechatronic system
and simultaneously consider other criteria, such as
modularity, flexibility, reusability, compatibility with
commercial off-the-shelf components, and creating a
dependable basis for future advances in safety measures
(such as the Safety Integrity Level (SIL)).
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Several studies have examined the real-time
implementation of algorithms in MATLAB [20, 21] and its
integration with Linux [22]. Moreover, there are available
software package applications that utilize selected
functionalities of MATLAB in their real-time execution
environments, such as the xPC Targeting toolbox [23],
RT-Lab [24], and RTAI-Lab [25]. Mathworks has addressed
this problem by embedding code generator products that
automatically generate optimized, independent, and
royalty-free C\C++ code from MATLAB codes and
Simulink models. Comparing generated C\C++ codes
with their original MATLAB codes is the subject of
research in [26].

Generally speaking, one of the challenges in a mechatronic
system is making interfaces that are operational between
real-world sensors and actuators and the software that
develops computational controllers like MATLAB. This
challenge has been solved in dSpace® products by means
of the complementary hardware for rapid prototyping
and code generation in its package, which has been used
in several research studies [27]. The RTAI Linux team [28]
has also produced a comprehensive work that integrates
RTAI-Lab into Simulink and translates the code into
the RTAI framework by means of Real-Time Workshop
(RTW). These systems are popular for a certain range of
control and software requirements. However, compared to
traditional C\C++ software development, their solutions
enforce additional limitations on the reusability of existing
codes. This problem is negligible until research and
development teams use products that are only compatible
with their development environments. In the event
of any unforeseen instrumental necessities, adaptation
of a third-party driver to those environments is full
of difficulties. On the other hand, a normal C\C++
application can easily use manufacturer-provided drivers
for C\C++.

1.3 Integration

This paper discusses a software development environment
for the rapid prototyping of the afore-mentioned
mechatronic systems. Its aim is to introduce a coherent
framework for remote development of independent
hard, real-time software controllers based on MATLAB
and Simulink products for the rapid prototyping of
PC-based mechatronic systems. The authors provide the
technical details of the method in [5]. This paper shows
how the method is successfully applied to the iMoro.
The proposed method consists of developing software
modules and controllers in a Simulink project on a PC
with a Windows operating system, with a target of one
or several embedded PCs running real-time Linux (the
"Target PC"). Then, the Code Generators toolbox is used
to derive a stand-alone and hard real-time C\C++ code
for the real-time Linux operating system. The resultant
code is automatically transferred to the embedded target,
where it is compiled and built. The final software is ready
to debug, run, or verify on the Target PC.

Note that this methodology could easily be expanded
to develop multiple software programs to run on the
Target PC at once. For very complex mechatronic systems,

in which software and controllers cannot be put into
one executable application, this method could be used
simultaneously for multiple Simulink models to develop
different parts of the whole software. Then, each model
could be turned into a module or service on the Target PC
and collaborate with other modules by means of different
internal communication services, such as programming
queues. Hence, developers would be able to benefit from
Service Oriented Architecture (SOA) principles [29] in
developing their software. Furthermore, the code can
be generated not just for Windows, but also for a wide
variety of operating systems that support the Portable
Operating System Interface (POSIX) [30].

Moreover, this paper addresses some of the issues
and difficulties commonly associated with remote
development and code generation with MATLAB and
Simulink products. One of the main issues is how to
integrate device drivers and hardware interfaces into
Simulink models. Technically, these interfaces should be
turned into re-usable Simulink block libraries. However,
the drivers and their related API libraries are installed
differently on the remote target system (real-time Linux)
than on the operating system of the development
environment (Windows®) Hence, deriving such blocks
demands more advanced treatment. Addressing this issue
requires detailed knowledge of S-Function programming
as well as the development of Target Language Compiler
(TLC) files that tell code generators how to generate C
code out of the S-Functions.

2. Robot Architecture Design

This section details the primary design requirements.
We have documented a comprehensive list of the
requirements in [31]. The iMoro mobile manipulator is
designed based on this list. In this section, different
components of the mobile platform are presented, and
their physical and logical architecture and designed
interfaces are explained. Moreover, the implemented
embedded controller that facilitates rapid prototyping
of the controller software is described. Finally, we
explain different implemented control modules designed
for performing tele-operation and autonomous tasks. A
high-level state machine controller is devised that governs
the execution order of the controller modules.

2.1 Design Requirements

As mentioned before, the main aim of the PURESAFE
project is to design a mobile manipulator that can be
utilized to perform inspection and manipulation tasks in
hazardous environments of research facilities. Here, our
main focus is to design a mobile base and manipulator for
such a robot. Below are the key requirements considered
in the design of the mobile manipulator:
1. The mobile platform should be able to carry 30 kg of

extra load.
2. The mobile platform should be able to pass through

normal doors.
3. The mobile platform should have high maneuverability

that enables it to rotate and changes its heading in
limited spaces.
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Figure 2. Designed Modules

4. The whole system should be able to perform operations
for at least several hours and travel two to three
kilometers without recharging.

5. The hardware and software of the whole system should
be component-oriented and modular to allow the
simultaneous development of different components.

6. The software platform for the controller should support
real-time capabilities while providing simple and
straightforward means to develop and test different
software modules.

7. The designed control modules should provide both
autonomous and tele-operated capabilities for the
mobile platform.

8. The manipulator should be able to handle a weight of
10kg

9. The manipulator should have a gripper capable of
grasping a cube with a section size of 10cm × 10cm

10. The end-effector of the manipulator should have
dexterous motion up to a height of 1.2m outside of the
moving platform.

Some trade-offs among these requirements are necessary
in order to maximize the stability of the platform,
especially during manipulation tasks. For example, it is
desirable to make the platform’s size as large as possible.
However, the second and third requirements limit the
size of the platform. Thus, we consider the maximum
dimensions that satisfy those requirements for the overall
size of the base. Table 1 lists specific parameters of the
mobile platform.

The third requirement presented in 2.1 requires the
platform to perform pure rotations. More generally, in
order to achieve high maneuverability, the robot should
have a decoupled heading and linear movement or,
in other words, three degrees of freedom for the main
body. As mentioned before, there are two popular
types of architectures for mobile robots that hold such
characteristics. The first type is the differential drive
mobile robot, which has at least three omnidirectional
wheels, such as the one presented in [9]. The second type
is the pseudo-omnidirectional mobile robot, which has at
least two wheels with independent steering and driving

Description Quantity
Main Body Length 655 mm
Main Body Width 335 mm
Max. Velocity of Leg’s Steering 0.74 rad/sec
Max. Velocity of the Platform(30kg load) 2.1 m/sec
Wheel Diameter 200 mm
Approximate Mass of Each Leg 20 kg
Approximate Overall Mass 120 kg

Table 1. General specifications of the robot

actuators. The efficiency of omnidirectional wheels is
minimal, hence, such wheels limit the general efficiency
of the robot. Moreover, such robots must carry relatively
smaller payloads. Based on the payload and efficiency
requirements, we designed the mobile platform based on
the second popular robot architecture.

2.2 General Design

The designed platform consists of four wheel modules
(legs). Each leg has two degrees of freedom for
independent driving and steering. Figure 2(a) portrays the
designed leg, which consists of two parts: a moving part
and a fixed part. The fixed part contains the actuators and
their directly connected gearboxes. The steering motor
rotates the entire moving part along the vertical axis of the
leg. Since there are no mechanical constraints, the moving
part is able to rotate multiple turns. The first driving
gearbox is connected to the second one via a shaft that
passes through the steering gear box. The second driving
gear box then rotates a pulley-belt system connected to
the wheel.

All the actuators are driven by the same motor type
(brushless servo motor, 400 watt). Based on the selected
motors and other mechanical components, the nominal
efficiency of each modular wheel at a speed of 1.7m/sec
is 70%. The motors are derived using Maxon EPOS2
drivers, which support different control schemes such as
position, velocity, and torque based on CiA CANopen®

specifications [32]. The drivers for the steering actuators
are configured to work in position mode and to return
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the position as feedback. On the other hand, the drivers
for the driving actuators receive and execute velocity
commands while their desired feedback is configured as
the speed of the motor.

The main sensors that are used for localization and
navigation (except actuators’ encoders) are assembled on
an external body called the sensor rack. It contains a laser
range finder, a stereo camera, and an Inertial Measurement
Unit (IMU). Figure 2(b) illustrates the designed sensor
rack. As shown in the figure, the camera’s field of view
and the laser scanner’s vertical position can be adjusted at
will during the development phase. The main advantage
of such a design is that it turns the whole system into an
individual module for localization and navigation that
can be easily attached or detached from the base. Such
a modular design also facilitates the calibration of the
sensors with respect to one other. Moreover, it allows the
developers to work separately on the module and the
mobile platform during development, while the mobile
robot can undergo independent developments before the
integration phase.

Last but not least, the schematic view of the selected
manipulator for the iMoro is shown in Figure 2(c).
The whole arm contains six DoF manipulators that
are connected with six DOF Force/Torque sensors to a
double finger gripper. These components are off-the-shelf
products. The main challenge here is the synchronized
interfacing of these components with the rest of the mobile
platform devices, a topic that is thoroughly discussed in
the next section.

2.3 Communication Interfaces

This section presents the selected communication
interfaces for the iMoro. As described in the next
subsection, a fanless embedded PC is used as the
controller hardware. Sensors and actuator drivers are
connected to the controller via various communication
interfaces. The schematics are shown in Figure 3.

Figure 3 illustrates that there are four CAN networks
in the system. The communication speed of each network
is 1 Mbps. The devices connected to each network are
selected in such a way as to minimize potential conflicts
and maximize communication frequency. For example,
the manipulator force feedback is the fastest loop in
the system and should be closed with the frequency
of 1KHz. Hence, an entire network is dedicated to the
force/torque sensor module to facilitate such a high
sample rate. Moreover, since the drivers of the wheel
actuators communicate via a similar CANopen1 protocol,
another CAN network is dedicated exclusively to them.
The network implements the CANopen Heartbeat protocol
to continuously monitor the status of the devices. All the
devices expect to receive a Heartbeat message from the
embedded PC every 50ms and to send Heartbeat messages
to the embedded PC every 100ms. The controller sends
desired set points to the drivers every 10 ms using

1 www.can-cia.org

Process Data Objects (PDO). The system implements
the CANopen Sync protocol in order to synchronize the
actuators.

2.4 Embedded Controller

The robot is equipped with an embedded PC that acts as
a central controller for the whole mobile platform. Since
the robot will need to operate in contaminated areas,
the authors have selected a fanless embedded PC with
powerful cooling. The PC’s quad-core CPU is capable of
running multiple software modules, such as vision and
motion control, in parallel. Hence, it provides a powerful
computational base for executing complex algorithms.
Some communications require prompt responses to the
data received from sensors or must send the commands at
exact time intervals. Therefore, the software platform must
provide hard real-time capabilities for some interfacing
software modules.

The authors use Xenomai2 real-time Linux as the
Operating System (OS) for the embedded PC in order
to provide such real-time capabilities. However, it is
impossible to execute all the software modules in the hard
real-time environment due to the non-real-time nature of
some of the software functions. This is the case especially
for some interfacing modules, such as User Datagram
Protocol (UDP) packets and almost all other LAN network
protocols that are not generally supported in real-time
environment.

Here, the authors use a multi-thread programming
approach. Different software modules of the controller
are executed in different executing threads. Hence,
modules can be run in the hard real-time scheduler of
the OS or the non-real-time scheduler, depending on
their characteristics. Real-time programming queues are
used to communicate between different software modules.

The communication interface for the CANopen network
is implemented using the Xenomai RTDM library, which
is executed in hard real-time environment. This is
also the case for gathering data from the laser range
finder through LAN using the RTnet real-time library.
However, the process of capturing images from the stereo
camera or UDP communication through the wireless
network is executed in a non-real-time environment. The
implementation of such a strategy can be quite tedious
and time consuming, especially in the development
phase, when software modules and algorithms subject
to constant change and improvement. In order to
facilitate rapid prototyping of different algorithms and
software modules, especially in real-time environments,
the authors implement a unified framework that was
initially proposed by the authors in [5]. This framework is
presented in the next section.

3. Development Environment for the Controller Software

This section provides a general description of the proposed
framework for the rapid prototyping of a PC-based

2 www.xenomai.org
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Figure 2. Designed Modules

4. The whole system should be able to perform operations
for at least several hours and travel two to three
kilometers without recharging.

5. The hardware and software of the whole system should
be component-oriented and modular to allow the
simultaneous development of different components.

6. The software platform for the controller should support
real-time capabilities while providing simple and
straightforward means to develop and test different
software modules.

7. The designed control modules should provide both
autonomous and tele-operated capabilities for the
mobile platform.

8. The manipulator should be able to handle a weight of
10kg

9. The manipulator should have a gripper capable of
grasping a cube with a section size of 10cm × 10cm

10. The end-effector of the manipulator should have
dexterous motion up to a height of 1.2m outside of the
moving platform.

Some trade-offs among these requirements are necessary
in order to maximize the stability of the platform,
especially during manipulation tasks. For example, it is
desirable to make the platform’s size as large as possible.
However, the second and third requirements limit the
size of the platform. Thus, we consider the maximum
dimensions that satisfy those requirements for the overall
size of the base. Table 1 lists specific parameters of the
mobile platform.

The third requirement presented in 2.1 requires the
platform to perform pure rotations. More generally, in
order to achieve high maneuverability, the robot should
have a decoupled heading and linear movement or,
in other words, three degrees of freedom for the main
body. As mentioned before, there are two popular
types of architectures for mobile robots that hold such
characteristics. The first type is the differential drive
mobile robot, which has at least three omnidirectional
wheels, such as the one presented in [9]. The second type
is the pseudo-omnidirectional mobile robot, which has at
least two wheels with independent steering and driving

Description Quantity
Main Body Length 655 mm
Main Body Width 335 mm
Max. Velocity of Leg’s Steering 0.74 rad/sec
Max. Velocity of the Platform(30kg load) 2.1 m/sec
Wheel Diameter 200 mm
Approximate Mass of Each Leg 20 kg
Approximate Overall Mass 120 kg

Table 1. General specifications of the robot

actuators. The efficiency of omnidirectional wheels is
minimal, hence, such wheels limit the general efficiency
of the robot. Moreover, such robots must carry relatively
smaller payloads. Based on the payload and efficiency
requirements, we designed the mobile platform based on
the second popular robot architecture.

2.2 General Design

The designed platform consists of four wheel modules
(legs). Each leg has two degrees of freedom for
independent driving and steering. Figure 2(a) portrays the
designed leg, which consists of two parts: a moving part
and a fixed part. The fixed part contains the actuators and
their directly connected gearboxes. The steering motor
rotates the entire moving part along the vertical axis of the
leg. Since there are no mechanical constraints, the moving
part is able to rotate multiple turns. The first driving
gearbox is connected to the second one via a shaft that
passes through the steering gear box. The second driving
gear box then rotates a pulley-belt system connected to
the wheel.

All the actuators are driven by the same motor type
(brushless servo motor, 400 watt). Based on the selected
motors and other mechanical components, the nominal
efficiency of each modular wheel at a speed of 1.7m/sec
is 70%. The motors are derived using Maxon EPOS2
drivers, which support different control schemes such as
position, velocity, and torque based on CiA CANopen®

specifications [32]. The drivers for the steering actuators
are configured to work in position mode and to return
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the position as feedback. On the other hand, the drivers
for the driving actuators receive and execute velocity
commands while their desired feedback is configured as
the speed of the motor.

The main sensors that are used for localization and
navigation (except actuators’ encoders) are assembled on
an external body called the sensor rack. It contains a laser
range finder, a stereo camera, and an Inertial Measurement
Unit (IMU). Figure 2(b) illustrates the designed sensor
rack. As shown in the figure, the camera’s field of view
and the laser scanner’s vertical position can be adjusted at
will during the development phase. The main advantage
of such a design is that it turns the whole system into an
individual module for localization and navigation that
can be easily attached or detached from the base. Such
a modular design also facilitates the calibration of the
sensors with respect to one other. Moreover, it allows the
developers to work separately on the module and the
mobile platform during development, while the mobile
robot can undergo independent developments before the
integration phase.

Last but not least, the schematic view of the selected
manipulator for the iMoro is shown in Figure 2(c).
The whole arm contains six DoF manipulators that
are connected with six DOF Force/Torque sensors to a
double finger gripper. These components are off-the-shelf
products. The main challenge here is the synchronized
interfacing of these components with the rest of the mobile
platform devices, a topic that is thoroughly discussed in
the next section.

2.3 Communication Interfaces

This section presents the selected communication
interfaces for the iMoro. As described in the next
subsection, a fanless embedded PC is used as the
controller hardware. Sensors and actuator drivers are
connected to the controller via various communication
interfaces. The schematics are shown in Figure 3.

Figure 3 illustrates that there are four CAN networks
in the system. The communication speed of each network
is 1 Mbps. The devices connected to each network are
selected in such a way as to minimize potential conflicts
and maximize communication frequency. For example,
the manipulator force feedback is the fastest loop in
the system and should be closed with the frequency
of 1KHz. Hence, an entire network is dedicated to the
force/torque sensor module to facilitate such a high
sample rate. Moreover, since the drivers of the wheel
actuators communicate via a similar CANopen1 protocol,
another CAN network is dedicated exclusively to them.
The network implements the CANopen Heartbeat protocol
to continuously monitor the status of the devices. All the
devices expect to receive a Heartbeat message from the
embedded PC every 50ms and to send Heartbeat messages
to the embedded PC every 100ms. The controller sends
desired set points to the drivers every 10 ms using

1 www.can-cia.org

Process Data Objects (PDO). The system implements
the CANopen Sync protocol in order to synchronize the
actuators.

2.4 Embedded Controller

The robot is equipped with an embedded PC that acts as
a central controller for the whole mobile platform. Since
the robot will need to operate in contaminated areas,
the authors have selected a fanless embedded PC with
powerful cooling. The PC’s quad-core CPU is capable of
running multiple software modules, such as vision and
motion control, in parallel. Hence, it provides a powerful
computational base for executing complex algorithms.
Some communications require prompt responses to the
data received from sensors or must send the commands at
exact time intervals. Therefore, the software platform must
provide hard real-time capabilities for some interfacing
software modules.

The authors use Xenomai2 real-time Linux as the
Operating System (OS) for the embedded PC in order
to provide such real-time capabilities. However, it is
impossible to execute all the software modules in the hard
real-time environment due to the non-real-time nature of
some of the software functions. This is the case especially
for some interfacing modules, such as User Datagram
Protocol (UDP) packets and almost all other LAN network
protocols that are not generally supported in real-time
environment.

Here, the authors use a multi-thread programming
approach. Different software modules of the controller
are executed in different executing threads. Hence,
modules can be run in the hard real-time scheduler of
the OS or the non-real-time scheduler, depending on
their characteristics. Real-time programming queues are
used to communicate between different software modules.

The communication interface for the CANopen network
is implemented using the Xenomai RTDM library, which
is executed in hard real-time environment. This is
also the case for gathering data from the laser range
finder through LAN using the RTnet real-time library.
However, the process of capturing images from the stereo
camera or UDP communication through the wireless
network is executed in a non-real-time environment. The
implementation of such a strategy can be quite tedious
and time consuming, especially in the development
phase, when software modules and algorithms subject
to constant change and improvement. In order to
facilitate rapid prototyping of different algorithms and
software modules, especially in real-time environments,
the authors implement a unified framework that was
initially proposed by the authors in [5]. This framework is
presented in the next section.

3. Development Environment for the Controller Software

This section provides a general description of the proposed
framework for the rapid prototyping of a PC-based
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Figure 3. Communication Interfaces of various components

mechatronic system such as a mobile manipulator. The
framework allows developers to develop their control
software in Simulink and to use MATLAB code generation
products to automatically generate and build real-time
code for their control modules. The whole system is
divided into three distinct environments, which are shown
schematically in Figure 4. The Development Environment
consists of tools that are used to develop the controller
and generates the pertinent C code for the whole software.
The Target Environment consists of the actual mechatronic
system, which receives the generated code and compiles
it into the real-time software. The Supervisory System
sends runtime commands to the mechatronic system and
generally receives monitoring data and information. Both
the Development Environment and the Supervisory System
can be run on the same machine. Detailed descriptions of
each part are given in the following sections.

3.1 Remote Development Environment

The development environment consists of a Windows PC
with MATLAB and Simulink installed (the "Host PC").
The Host PC is connected to the Target PC responsible for
controlling the mechatronic system by means of a LAN
network. The model for the whole software controller
is developed on this system as one or more Simulink
models. An SSH connection is used to transfer data
between the Host PC and the embedded real-time target.
Hence, the Target PC should be configured to accept
SSH connections. Moreover, the PuTTY3 SSH software
should be installed on the Host PC. MATLAB uses this
software to establish a RSH connection to the Target PC
and to transfer the generated code. Note that, prior to
MATLAB 2011a, the code generation packages were called
Real-Time Workshop and Embedded Real-Time Workshop.
Since MATLAB 2011a, these packages have been combined
with related packages and are now presented as three
products called Matlab Coder, Simulink Coder and Embedded
Coder. The reader is referred to MATLAB documentation
for further information. The terminologies used in this
paper are based on new versions of MATLAB. Those
packages have their own licenses and should be installed
with MATLAB.

The controller and computational algorithms for the
mechatronic system are developed as a Simulink model
and can be tested with simulation tools in Simulink before

3 www.chiark.greenend.org.uk/∼sgtatham/putty/

being sent to the actual system. Since the 2011 release,
Simulink has added a new Project feature, which has
useful properties such as Subversion® source control.
Project can be utilized to manage a highly complex
controller in a collaborative environment. Once the design
evolves to an acceptable level of maturity, generated
blocks for device drivers will be added to the model and
appropriate signal connections will be set between those
blocks and the developed software. Note that some of
the blocks in Simulink support only a specific operating
system. Although the Simulink model is being developed
under Windows, networking blocks such as UDP have
both Windows and Linux versions. Since the target system
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Figure 4. Schematic Diagram of the Rapid Prototyping
Framework
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is Linux-based, the model should use the Linux versions
of such blocks.

The model requires specific configurations to allow the
code generator to produce appropriate code for the Linux
target. Once these configurations are made, the Embedded
Coder is used to generate C code for the whole Simulink
model. Along with generating code, the Embedded Coder is
configured to generate the Makefile for the produced code
with appropriate paths and flags. The Makefile is based
on set of configurable templates. However, it is made for
the Host PC which means that, although the libraries used
in the generated code are designed for Linux, the paths
and flags associated with them are related to the MATLAB
installed folder in the Host PC. Hence, the Makefile is
useless in the Target PC.

Nevertheless, a useful MATLAB function called
remoteBuild can be used to solve this issue. remoteBuild
receives as input an object called buildInfo, which is a
by-product of the code generation process, along with
information on the Target PC such as its IP address and
user credentials. First, the remoteBuild function reads the
produced Makefile, gathers all the headers and libraries
based on their Makefile paths, and adds them into an
archived folder along with the generated code. Then, the
function modifies the Makefile and produces another with
appropriate paths and flags, which it adds to the archive
as well. Next, it establishes an RSH connection with the
Target PC and extracts the archive there. Finally, the
make command is used to compile and build the software
executable on the Target PC. Note that this entire process
is done automatically. Further notes on the configurations
that should be made in the Simulink model for using
remoteBuild are given in [5]. Note that the executable
application made on the Target PC is fully independent of
MATLAB, the Host PC, or any other part of development
environment. Hence, the entire environment can be
disconnected from the embedded real-time target.

3.2 Embedded Real-Time Target

The real-time target consists of an embedded PC running
a real-time Linux operating system. It is connected to
hardware devices by means of different communication
networks and protocols, such as Serial, USB, CAN, etc.
It is assumed that device drivers and software libraries
associated with those devices are properly installed on
the Target PC. As mentioned before, the execution of the
remoteBuild function copies the generated code, along with
the Makefile and other dependencies, to a specified path
in the real-time Linux system. remoteBuild uses a GNU
compiler to compile and build the code into executable
software. Once the software is run, it can receive runtime
commands from the supervisory system and send logging
data and monitoring information in return.

3.3 Supervisory System

As mentioned before, the Supervisory System is in
fact the operator station and is used to send runtime
commands and receive monitoring data from the Target

PC. Physically, it can be the Host PC, the Target PC, or a
fully separate system that is connected to the Target by
means of a computer network (more technically, through
the sending and receiving of UDP packets). In advanced
cases, it could contain HMI interfaces, virtual reality
programs and task planners. Again, code generation
products can be utilized for the development of such
software.

4. Experimental Results

The proposed method was implemented on the iMoro
mobile manipulator. The host PC connects to the
department’s wireless intranet via a Wi-Fi modem. It is
accessible through the school network. Over this network,
the embedded Target PC on the iMoro with Xenomai
Linux is connected to the Host PC, which has MATLAB
R2013a installed on it. The framework presented in this
paper was used to develop a software controller for the
robot. Several controller modules were developed in
Simulink. The modules consist of systems for receiving
tele-operation commands, obstacle direction using the
laser scanner, differential driving, etc. In order to interface
with hardware components, the authors implemented
the approach discussed in the previous sections with the
technical details given in [5].

The entire real-time software for the robot based on
the methodology discussed in Section 3. The complete
model was developed in Simulink. Then, the Embedded
Coder toolbox was used to generate the code from the
model, with the real-time Linux system defined as the
target. The code was sent automatically to the Target PC
and built by the GNU compiler. The software has a base
thread with a real-time periodic sample time of 1e − 4
seconds. No calculations are done in the base thread. The
thread is used as a trigger for activating slower periodic
tasks that implement the control modules and device
communications. The faster periodic tasks have a sample
time of 1e − 3 seconds and close the force/torque feedback
loop of the manipulator’s F/T sensor. The main periodic
tasks have a sample time of 1e − 2 seconds and run the
low-level control algorithms for both the wheels and
the manipulator actuators. This arrangement guaranties
synchronization between the actuators of the arm and the
mobile base.

To show the accuracy of the synchronization between
the actuators, we present some results of a sample
experiment with the mobile platform. In this example,
the platform is required to follow a desired curve and
the synchronization error between the wheel-driving
actuators is recorded. The path followed by the
mobile platform is a cubic Bezier curve with its control
points located at {(0, 0), (2m, 0), (2m, 2m), (0, 2m)}. The
platform’s desired heading profile changes from 0 to 180◦.
Figure 5(a) shows the body and leg trajectories following
the given profile. It also depicts as red dots the estimated
location of the body’s Instantaneous Centre of Rotation
(ICR) during its movement. Figure 5(b) renders the norm
of the synchronization error between the wheel-driving
actuators. From the figure, it is clear that, due to real-time
synchronization of the set points, the velocity error
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Figure 3. Communication Interfaces of various components

mechatronic system such as a mobile manipulator. The
framework allows developers to develop their control
software in Simulink and to use MATLAB code generation
products to automatically generate and build real-time
code for their control modules. The whole system is
divided into three distinct environments, which are shown
schematically in Figure 4. The Development Environment
consists of tools that are used to develop the controller
and generates the pertinent C code for the whole software.
The Target Environment consists of the actual mechatronic
system, which receives the generated code and compiles
it into the real-time software. The Supervisory System
sends runtime commands to the mechatronic system and
generally receives monitoring data and information. Both
the Development Environment and the Supervisory System
can be run on the same machine. Detailed descriptions of
each part are given in the following sections.

3.1 Remote Development Environment

The development environment consists of a Windows PC
with MATLAB and Simulink installed (the "Host PC").
The Host PC is connected to the Target PC responsible for
controlling the mechatronic system by means of a LAN
network. The model for the whole software controller
is developed on this system as one or more Simulink
models. An SSH connection is used to transfer data
between the Host PC and the embedded real-time target.
Hence, the Target PC should be configured to accept
SSH connections. Moreover, the PuTTY3 SSH software
should be installed on the Host PC. MATLAB uses this
software to establish a RSH connection to the Target PC
and to transfer the generated code. Note that, prior to
MATLAB 2011a, the code generation packages were called
Real-Time Workshop and Embedded Real-Time Workshop.
Since MATLAB 2011a, these packages have been combined
with related packages and are now presented as three
products called Matlab Coder, Simulink Coder and Embedded
Coder. The reader is referred to MATLAB documentation
for further information. The terminologies used in this
paper are based on new versions of MATLAB. Those
packages have their own licenses and should be installed
with MATLAB.

The controller and computational algorithms for the
mechatronic system are developed as a Simulink model
and can be tested with simulation tools in Simulink before
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being sent to the actual system. Since the 2011 release,
Simulink has added a new Project feature, which has
useful properties such as Subversion® source control.
Project can be utilized to manage a highly complex
controller in a collaborative environment. Once the design
evolves to an acceptable level of maturity, generated
blocks for device drivers will be added to the model and
appropriate signal connections will be set between those
blocks and the developed software. Note that some of
the blocks in Simulink support only a specific operating
system. Although the Simulink model is being developed
under Windows, networking blocks such as UDP have
both Windows and Linux versions. Since the target system
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is Linux-based, the model should use the Linux versions
of such blocks.

The model requires specific configurations to allow the
code generator to produce appropriate code for the Linux
target. Once these configurations are made, the Embedded
Coder is used to generate C code for the whole Simulink
model. Along with generating code, the Embedded Coder is
configured to generate the Makefile for the produced code
with appropriate paths and flags. The Makefile is based
on set of configurable templates. However, it is made for
the Host PC which means that, although the libraries used
in the generated code are designed for Linux, the paths
and flags associated with them are related to the MATLAB
installed folder in the Host PC. Hence, the Makefile is
useless in the Target PC.

Nevertheless, a useful MATLAB function called
remoteBuild can be used to solve this issue. remoteBuild
receives as input an object called buildInfo, which is a
by-product of the code generation process, along with
information on the Target PC such as its IP address and
user credentials. First, the remoteBuild function reads the
produced Makefile, gathers all the headers and libraries
based on their Makefile paths, and adds them into an
archived folder along with the generated code. Then, the
function modifies the Makefile and produces another with
appropriate paths and flags, which it adds to the archive
as well. Next, it establishes an RSH connection with the
Target PC and extracts the archive there. Finally, the
make command is used to compile and build the software
executable on the Target PC. Note that this entire process
is done automatically. Further notes on the configurations
that should be made in the Simulink model for using
remoteBuild are given in [5]. Note that the executable
application made on the Target PC is fully independent of
MATLAB, the Host PC, or any other part of development
environment. Hence, the entire environment can be
disconnected from the embedded real-time target.

3.2 Embedded Real-Time Target

The real-time target consists of an embedded PC running
a real-time Linux operating system. It is connected to
hardware devices by means of different communication
networks and protocols, such as Serial, USB, CAN, etc.
It is assumed that device drivers and software libraries
associated with those devices are properly installed on
the Target PC. As mentioned before, the execution of the
remoteBuild function copies the generated code, along with
the Makefile and other dependencies, to a specified path
in the real-time Linux system. remoteBuild uses a GNU
compiler to compile and build the code into executable
software. Once the software is run, it can receive runtime
commands from the supervisory system and send logging
data and monitoring information in return.

3.3 Supervisory System

As mentioned before, the Supervisory System is in
fact the operator station and is used to send runtime
commands and receive monitoring data from the Target

PC. Physically, it can be the Host PC, the Target PC, or a
fully separate system that is connected to the Target by
means of a computer network (more technically, through
the sending and receiving of UDP packets). In advanced
cases, it could contain HMI interfaces, virtual reality
programs and task planners. Again, code generation
products can be utilized for the development of such
software.

4. Experimental Results

The proposed method was implemented on the iMoro
mobile manipulator. The host PC connects to the
department’s wireless intranet via a Wi-Fi modem. It is
accessible through the school network. Over this network,
the embedded Target PC on the iMoro with Xenomai
Linux is connected to the Host PC, which has MATLAB
R2013a installed on it. The framework presented in this
paper was used to develop a software controller for the
robot. Several controller modules were developed in
Simulink. The modules consist of systems for receiving
tele-operation commands, obstacle direction using the
laser scanner, differential driving, etc. In order to interface
with hardware components, the authors implemented
the approach discussed in the previous sections with the
technical details given in [5].

The entire real-time software for the robot based on
the methodology discussed in Section 3. The complete
model was developed in Simulink. Then, the Embedded
Coder toolbox was used to generate the code from the
model, with the real-time Linux system defined as the
target. The code was sent automatically to the Target PC
and built by the GNU compiler. The software has a base
thread with a real-time periodic sample time of 1e − 4
seconds. No calculations are done in the base thread. The
thread is used as a trigger for activating slower periodic
tasks that implement the control modules and device
communications. The faster periodic tasks have a sample
time of 1e − 3 seconds and close the force/torque feedback
loop of the manipulator’s F/T sensor. The main periodic
tasks have a sample time of 1e − 2 seconds and run the
low-level control algorithms for both the wheels and
the manipulator actuators. This arrangement guaranties
synchronization between the actuators of the arm and the
mobile base.

To show the accuracy of the synchronization between
the actuators, we present some results of a sample
experiment with the mobile platform. In this example,
the platform is required to follow a desired curve and
the synchronization error between the wheel-driving
actuators is recorded. The path followed by the
mobile platform is a cubic Bezier curve with its control
points located at {(0, 0), (2m, 0), (2m, 2m), (0, 2m)}. The
platform’s desired heading profile changes from 0 to 180◦.
Figure 5(a) shows the body and leg trajectories following
the given profile. It also depicts as red dots the estimated
location of the body’s Instantaneous Centre of Rotation
(ICR) during its movement. Figure 5(b) renders the norm
of the synchronization error between the wheel-driving
actuators. From the figure, it is clear that, due to real-time
synchronization of the set points, the velocity error
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Figure 5. Experiment: (a) Mobile Platfrom Follows a half-circle trajectory and change its heading 180◦. (b) The norm of synchronization
error between the wheels’ driving actuators.

between the actuators is far less than the medium of the
actuators’ speed, which is 100mm/sec. In the event that
the wheel odometer feedback is used to localize the base,
this error can be further reduced by using the redundancy
in the number of the mobile base actuators. We have
presented the details for such treatment in [6].

5. Conclusion

In this paper, we present the mechatronics design of the
iMoro mobile manipulator. We discuss the low-level
software architecture based on embedded PC-based
controls and present a systematic solution based on
code generation products of MATLAB and Simulink.
We The authors propose a simplified solution for rapid
prototyping of the controller software in the hard
real-time Linux environment that significantly reduces the
complexities often arises in the design and implementation
of low- level real-time controllers. The proposed
framework allows the developers to easily synchronize the
collection of various sensor data and actuator commands,
that notably increases the performance of the mobile
manipulator.
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Figure 5. Experiment: (a) Mobile Platfrom Follows a half-circle trajectory and change its heading 180◦. (b) The norm of synchronization
error between the wheels’ driving actuators.

between the actuators is far less than the medium of the
actuators’ speed, which is 100mm/sec. In the event that
the wheel odometer feedback is used to localize the base,
this error can be further reduced by using the redundancy
in the number of the mobile base actuators. We have
presented the details for such treatment in [6].

5. Conclusion

In this paper, we present the mechatronics design of the
iMoro mobile manipulator. We discuss the low-level
software architecture based on embedded PC-based
controls and present a systematic solution based on
code generation products of MATLAB and Simulink.
We The authors propose a simplified solution for rapid
prototyping of the controller software in the hard
real-time Linux environment that significantly reduces the
complexities often arises in the design and implementation
of low- level real-time controllers. The proposed
framework allows the developers to easily synchronize the
collection of various sensor data and actuator commands,
that notably increases the performance of the mobile
manipulator.
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Abstract This paper describes one of the challenging
issues implied by scientific infrastructures on a mobile
robot cognition architecture. For a generally applicable
cognition architecture, we study the dependencies and
logical relations between several tasks and subsystems.
The overall view of the software modules is described,
including their relationship with a fault management
module that monitors the consistency of the data flow
among the modules. The fault management module is
the solution of the deliberative architecture for the single
point failures, and the safety anchor is the reactive solution
for the faults by redundant equipment. In addition, a
hardware architecture is proposed to ensure safe robot
movement as a redundancy for the cognition of the robot.
The method is designed for a four-wheel steerable (4WS)
mobile manipulator (iMoro) as a case study.

Keywords Mobile Robot, Autonomous Vehicle Drive,
Architecture Design, Remote Handling, Cognition

1. Introduction

Scientific facilities (SFs) and research infrastructures
are indispensable in realizing the dreams of human
beings. They necessitate a combination of state-of-the-art

technologies together with reliability, availability,
maintainability and safety (RAMS) [1]. The development
of autonomous or semi-autonomous mechatronic systems
for such an environment is a challenging issue. The
challenge arises when the facilities turn into hazardous
environments for humans and/or machines. In this case, a
robot is utilized in order to minimize human intervention
in the non-suitable conditions of the workspace. The
robot is used in order to reduce the risks for humans “as
low as reasonably possible or achievable” (ALARA or
ALARP) [2]. Consequently, it is not acceptable to employ
robots or any complex system in SFs if they will become
an insecure system which needs on-site maintenance [3].
Therefore, the service robot has to be safe in order to
avoid undesirable changes in the environment, and it
has to be fault tolerant in order to recover itself without
direct human intervention, especially for leaving the test
environment. This necessity is a key requirement for such
a robot or any device acceptable for SFs [4].

The aim of this paper is a discussion of a fault-tolerant
architecture for the fulfilment of the above-mentioned
requirements as well as common needs for service robots,
such as flexibility and modularity.

The contributions of this paper can be divided into
higher-level strategies and lower-level practical issues for
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Figure 1. The four wheel steerable mobile manipulator (iMoro)

design improvements of a safety standards-compatible,
fault-tolerant robot for SFs. This paper reflects the
decomposition of a high-level mission to generate several
commands and the structural behavior of the robot.
Next, we describe the necessary modules for achieving
the required functionalities of the robot. Moreover, to
make the robot compatible with safety requirements,
a safety anchor is proposed to provide a low-cost
redundant decision-making unit. It maintains the robot’s
behavior during its mission as well as its exit in the
case of unforeseen problems. The design considers
the requirements for a robot tasked to explore the
Large Hadron Collider (LHC) tunnels of the European
Organization of Nuclear Research (CERN) as a sample SF.

Generally speaking, a cognition architecture can be
divided into four control schemes: deliberative, reactive,
hybrid and behavior-based [5];

Deliberative Sense, plan, and then act.

Reactive React on a predefined action to a perception
relation.

behavior-based Distribute thinking over acting.

Hybrid Combine deliberative and reactive – think slowly,
react quickly.

Although all autonomous robots have to include
deliberation [6, 7], a pure deliberative architecture
cannot accomplish the requirements of contemporary
applications [8]. In some cases, it is used in assisting
the operator using autonomous functionalities, and in
order to predict possible accidents [9]. A study conducted
recently addressed several aspects of a deliberative control
schema as a divide-and-conquer problem-solving strategy
[7].

The hybrid control topology is developed to overcome
the limitations of deliberative control and reactive control.
It uses the reactive control scheme to respond to
environmental changes and high-level planning to handle
complex tasks [10, 11]. During this research, we partially
apply a hybrid control topology for the architecture of

a mobile platform. Moreover, the safety of the mobile
manipulator is another issue addressed in this study via
a service robot with a lightweight arm [12].

The aim of this paper is to determine a strategy for
utilizing a mobile manipulator in inspections planning
and scheduling [13] and interventions instead of human
intervention [2]. In order to lower the risks, it is more
reliable to control the behavior of the autonomous
identification or model-based control process by
a safe configuration [14]. We propose a redundant
safety-compatible architecture to tolerate the faults of the
main architecture. It contains a set of actions activated by
pre-selected processes through triggers.

2. Problem Definition

This paper represents an architecture for a Modular Mobile
Manipulator System (MMMS) to be used as a road map
for the design and implementation process of mobile
robots targeting SFs. The concepts are designed based on
the statement of needs and requirements as a part of the
PURESAFE project systems engineering documents [4].
The project, “Preventing hUman intervention for incREased
SAfety in inFrastructures Emitting ionizing radiation”
(PURESAFE), has been initiated to advance theoretical
and experimental knowledge regarding semi-autonomous
mobile manipulation within the ionizing radiation and
contaminated environment of accelerators, in particular
the tunnels inside the CERN and the GSI Helmholtz
Centre for Heavy Ion Research, Facility for Anti-proton
and Ion Research (GSI/FAIR). While perception and
navigation are challenging issues for mobile platforms,
robot intervention in SFs and hazardous environment
imply more significance of architecture design considering
fault tolerance and safety in robot cognition.

Although a variety of requirements should be considered
in the architecture design of the robot, we only discuss
a sample solution to a task scenario described in 2.1. In
addition to the challenging issues of mobile manipulator
architectures, this research considers an important and
mandatory constraint for the robot:

“As a service robot, the robot should not cause
human intervention in the test environment. In case
of failure in mission, it should be able to return to its
station.”

This restriction affects the risk assessment results and
highlights the immobility of the robot as the most severe
failure of the robot. Moreover, the presence of the robot
in the neighborhood of scientific test equipment during
operation or maintenance time, arises failure severity even
with a low occurrence chance. For instance, any damage
to the experiment infrastructure results in a SF shutdown
and human intervention in hazardous environment. The
robot perception, planning and navigation should be safe
and reliable so as to guarantee avoiding any destruction
or unplanned shutdown in the SF and to ensure the
robot’s ability to escape from the test environment in
an emergency. To overcome this problem, the proposed
architecture design of the robot will be addressed in the
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following sections. We use IHA Mobile Robot (iMoro) as a
case study for experiments and the simulations proposed
in this paper. It is also under investigation for the further
development of robot intervention for SFs by Tampere
University of Technology.1

Similar to other complex systems, SFs are the subject
of frequent inspections and maintenance during their
lifetimes. Moreover, modifications, repairs and inspections
have to be accomplished over a short duration to
prevent the shutdown of scientific experiments, aging of
the robot body, the effects of ionizing or non-ionizing
contamination, and hardware corrosion. In the following
section, we will define a sample mission for iMoroand
describe the necessary hardware and software components
in the rest of the paper that are compatible with the
described constraints.

2.1 Task Description

A mobile manipulator can have wide range of applications
within SFs. In this section, to summarize the system
description, the authors define a mission as a sequence
of tasks to develop necessary hardware and software
components. A sample inspection covers the following
description:

Mission Receive commands on control room
Human Machine Interface (HMI): In point “A”, Fast
forward to section “B” addressed on the CAD-based
map. Prepare for tele-operation around the device
number “36” and then inform the operator for
a semi-autonomous operation. Touch the object
defined by the operator. Inspect the area defined
by the operator and transmit preliminary results.
Finally, come back to your station and give detailed
data report. 2

To task the robot mobile manipulator inside a hazardous
area of a SF, there are several limitations and requirements.
Some of the key requirements are listed below:

Requirement 1. The physical or chemical effects of
materials and test equipment in the environment can
affect the work performance and lifetime of electrical
components.

Requirement 2. The facilities are mostly designed for
humans, the test equipment or special machines
accessible through different corridors. There is no
dedicated environment or specific landmarks - or
setups for a robot except its station. In other words,
the environment is unstructured for a robot.

Requirement 3. A lack of communication can frequently
occur. The robot shall be tolerant to failures of Wi-Fi
or delays of GSM transmitted signals.

Requirement 4. The purpose of utilizing a robot is
to prevent human intervention in hazardous

1 Robot videos are available at: https://www.youtube.com/channel/
UCxemrk8NrIj-db6h06VBVLA

2 The numbers and names here are only samples for non-quantitative
addresses by the operator.

environments. Therefore, during the operation of
the robot, the area is not suitable for humans, and all
robot operations shall be remotely controllable.

Requirement 5. In case of failure, the robot should be able
to leave the SF.

Considering these requirements, the mission can break
down into sequential tasks. Since, in most cases,
the mobile manipulator applications are similar to the
described mission, we describe here those tasks, while we
describe the overall solution later on.

Task 1. Initialization
Get the global map IM, initial pose ITB0 , destination
ITB f

3, a final workspace IW, the initial status
of the robot, and calibration parameters. Monitor
output of the sensors and command their initialization.
Verify their functionality and consistency with the
initialized variables. Initialize the actuators. Perform
a predefined motion and examine the actuators and
sensors by verifying the consistency of the commands
and feedback.

Task 2. Planning
Convert the global map into a 2D occupancy grid IM′.
Plan an energy-optimal obstacle-free path from ITB0

to ITB f within IM′. Plan for wondering around the
position ITB f within IW. Estimate the elapsed time
and power consumption for all of the future tasks
programmed within the mission with a safety margin.
Compare the power status of the batteries with the
estimated power consumption. Wait for extra charge
in case of insufficient power.

Task 3. Autonomous Running Mode
Run these modules in parallel, repetitively:
Perception Perceive any change in the environment

and status of the robot compared to the preliminary
planned motions.

Planning Look–ahead and plan for local movements
regarding the high–level commands received and
the local obstacles and costs for doing the job.

Actuation Run the planned actions while receiving the
joints’ feedback for the closed–loop actuator–level
control.

Exception Handling In case of single point failures,
bypass the current sequence and save the algorithm.
Batch the logs and transmit to the supervisory room.

Fault Detection Once a while, conduct a survey
among the software and hardware modules with
their model. In case of the detection of unpredicted
motions and feedback signals, decide for one of
these solutions. Run the relevant fault management
component. Call the operator for decision making
or manual driving. Run the Safety Anchor
(described in Section 5 ).

Watchdog Independently maintain surveillance of the
robot software and hardware modules during the
operation.

3 It should be noted that ATB stands for the homogenous transformation
representing a coordinate frame B with respect to another coordinate
frame A

Mohammad M. Aref, Reza Oftadeh, Reza Ghabcheloo and Jouni Mattila: Fault Tolerant  
Control Architecture Design for Mobile Manipulation in Scientific Facilities

3



Task 4. Update Mode
After reaching the target position, map the workspace
on a detailed map. Extract the optimum features for
accurate localization. Define the local stationary
coordinate attached to the features. Obtain
transformations between the new coordinate and
the predefined coordinates. Upload the collected
information to the supervisory room while considering
possibility of data loss and a delay in connection.
Finalize the autonomous mode and switch to the
semi-autonomous mode. Call the operator through all
of the available networks, such as Wi-Fi or GSM.

Task 5. Tele-operation Mode
Let the operator define the movements in the virtual
environment and execute the commands in order.
Update the current status for the operator by the
minimal transmission of data to overcome any lack of
connection bandwidth and to enable the possibility of
augmented reality. In the case of selecting an object,
run the visual servoing to approach the vicinity of the
target object and do any inspection or manipulation
as commanded by the operator. At the same time,
maintain the prediction of power consumption. Set an
alarm when the power reaches the limit of the safety
margin. Quit from the position if the operator has
finished the operation or else if the power limitation
implies a forced return.

Task 6. Finalization Mode
Return to the nearest safe station. Set all the actuators
to their home positions. Next, transmit all the gathered
data by the high bandwidth connection, including the
final status of the robot and its components and the
evaluation of the modules that are gathered during run
mode. Clear any temporary information. Recharge the
embedded power source.

Task 7. Standby Mode
Turn off any high-consumption hardware and keep the
control blocks in sleep mode. Wait for the next trigger
and another mission.

According to the tasks and their descriptions, the rest
of this paper gives an overview of the hardware and
then describes the necessary software modules and the
architecture designed for the concisely described tasks.

2.2 Sensors

The robot is equipped with several sensors to collect data
from its components and the environment. We describe
them in the following subsections.

2.2.1. Laser Range Finder (LRF)

The laser scanner or LRF provides a 2D map of the
environment based on the reflection of its infrared beams.
The output data comprise pairs of distance and angle
based on a predefined polar coordinate attached to the
{LRF} coordinate. The origin of {LRF} which is
virtually defined as attached to the axis of rotation of its

motor in such a way that the +z direction is collinear to
the axis of rotation. Therefore, all the transmitted points
rely on the x − y plane of {LRF}. The corresponding
Cartesian representation of the detected point number k
by the laser scanner can be defined as LRFΛk(xk, yk, 0).
The number of detected points during one scan, max(k),
depends on the field of view (FOV) and the angular
resolution of the laser scanner. Note that the source of
systematic and random errors in the positions of the
detected points are still in the polar coordinate as errors in
the distance and angle [15, 16]. We can write for the vector
of points:

BΛLRF = BTLRF
LRFΛ (1)

The output of the laser scanner determines the position
of the robot relative to its environment by a Simultaneous
Localization and Mapping Toolbox (SLAM) as described in
Subsection 4.2. Moreover, its output can be a local map for
obstacle avoidance and heading estimation.

Despite the fact that the LRF is a robust sensor for
the navigation of the mobile platform, it fails in the
detection of transparent and reflective materials in the
environment [17]. It is also hard to detect darker materials
at longer distances. Regarding these issues, the sensor can
be considered as a safe sensor for short distances (under
20m). Besides the accurate distance angle measurements,
it is possible to define warning zones on the same plane.
In this case, the scanner transmits the corresponding
situation of each zone. This communication can be safe
and totally independent of the points measurements, and
can be utilized in the safety anchor mechanism described
in Section 5. The warning zones can be defined as relay
outputs or logical switches on the hard-wired network.

2.2.2. Wheel Odometry

Each wheel of the robot is equipped by an encoder on the
steering and driving servo motors. The measured values
for the joint parameters used in the kinematics and then in
the path-following controller are estimated based on these
data. The steering actuators provide φi as a feedback, and
the driving actuators feed the driving speeds vi. These
parameters have been used to determine the velocity
vectors of each wheel as shown in Figure 2. The resultant
data determine the robot’s velocity v and angular velocity
ωb and motion direction ψv.

2.2.3. Current Sensor

The overall current of the mobile manipulator passes
through a current sensor. The measured sensor data can
be used for the power consumption and then for the
estimation of the remaining autonomy time. Moreover,
it can sense any abnormal electrical loss during standby
or the run-time of the robot. The energy management
methods [3] are also applicable to analyze the information
gathered from this sensor.
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Figure 2. Denoted kinematic parameters

3. Kinematics

In this section, we present a kinematics formulation in the
velocity space for the 4WS mobile platform. Although the
equation is quite straightforward, it embeds substantial
information pertinent to the relative velocities of the body
and wheel modules. A general solution is then given for
estimating the body’s linear and angular velocity using
kinematic constraints and encoders data. The solution
uses the least squares method to measure the relative
consistency of the legs’ velocities, thus detecting faulty
encoder data. The mobile robot can be fully functional
even after losing the functionality of one of its wheel
modules. Hence, this approach can be used to single out a
faulty leg during the robot’s operation.

3.1 Inverse Kinematics

Figure 2 shows a schematic view of a 4WS mobile robot.
The denoted parameters for the configuration of the body
and the leg modules are presented in the figure. The
coordinate frame U{X̂ , Ŷ } is the inertial frame. Frame
B{x̂, ŷ} is a fixed-body frame defining the heading of the
robot, and Bv{v̂, û} is the velocity frame, that is, the unit
vector v̂ determines the direction of the robot’s base linear
velocity vector. Both B and Bv are attached to the robot’s
base at point Q, which can be chosen at will. The angles
ψv and θB are the angles v̂ and x̂, respectively, in U . The
scalar value v is the magnitude of the linear velocity of
point Q. The variables ωB = θ̇B and ωv = ψ̇v are the
angular velocities of the base and of v̂, respectively. The
constant vectors

−−→
QLi presented in frame B are denoted

by B�i, i = 1..4. The angle φi is the heading angle of the
ith leg while viv̂i is the velocity vector of the attachment
point Li. The steering and speed control commands for leg
i are calculated using φi and vi, respectively. The following
kinematic relations hold:

B v̂ = R(ψv − θB)[1 0 0]T (2a)

vi
B v̂i = v B v̂ + ωB(ẑ ×B �i) (2b)

in which, ẑ = [0 0 1]T and R(ψv − θB) is the rotation
matrix with angle ψv − θB around the z-axis, that is, frame

Bv in B. For motion control purposes, once the control
signals ψv, ωB and v are calculated for the body frame,
the desired signals φi and vi can be derived using above
kinematics equations. Notice that only angle φi and not its
derivatives appears in (2a-2b) as the angle of vector B v̂i.
This fact justifies having steering actuators to be controlled
in position mode.

3.2 Forward Kinematics

As mentioned earlier, the speed of the drive actuators and
the positions of the steering actuators are measured, that
is, positions φi for the steering actuators and speeds vi for
the driving actuators. In this subsection, the goal is to
derive ψv, ωB and v based on the encoders’ measurement
data, that is, the sets {vi, φi} for i = 1 . . . 4. Clearly, the
relative velocity of the wheel modules with respect to each
other must be zero. In other words, the set {vi, φi} applied
to a leg should be consistent with other sets. Although
the set points for the steering and drive commands are
derived based on the equation (2b), and hence consistent,
the actual value of the actuators’ encoders will not comply
exactly with the kinematics relations due to different loads
and different servo dynamics. Since the legs are connected
to a rigid base, this inconsistency causes the legs to slip
with respect to one another. This slippage is different
than the overall slippage of the robot, and cannot be
observed through odometry data. In order to measure the
consistency of the actuators’ actual values, we define the
following measure:

ei =
1
4

√√√√ 4

∑
j=1,j �=i

e2
ij , i ∈ {1, 2, 3, 4} (3)

where:

eij = (vi
B v̂i − vj

B v̂j). �ij (4a)

�ij =
B�i −B�j

||B�i −B�j||2
(4b)

In the above equations eij is the relative velocity line Li
to Lj. Clearly, if both wheels are synchronized perfectly
and no slippage occurs, eij is zero. However, as explained
before, in practice these variables are not zero and the
value eij indicates the relative slippage of the wheel
modules i and j. The variable ei is the measure of the
relative slippage of one wheel with respect to the other
three wheels. In practice, for the mobile robot to move
properly, all eis must be small. The value of eis determine
the overall consistency of wheel i with respect to the other
modules. Several cases can be considered for different
values of ei.

• In the case where:

min(ei) > emax (5)

this means that the legs are somewhat faulty and that
they are not consistent with one another. Observing
such a condition for a pre-specified interval of time
should cause the controller to issue a fault signal to stop
the robot.
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• If ei is large only for one wheel, it can be interpreted
such that the wheel is not consistent with the other
wheels and that it is being pushed by them. In this case,
different strategies can be considered, such as stopping
the robot or singling out the faulty leg from the control
loop and setting the actuators of the faulty wheel to
rotate freely.

• Alternatively, more complex strategies can be designed
based on the robot’s assigned task and application.

After calculating ei for all the legs and evaluating their
values, the forward kinematics problem can be solved as
follows. Let B v̂ and B v̂i be denoted by their components
by [vx vy]T and [vix, viy]

T . Next, (2b) for all the legs can be
rearranged into the following equation:

A




vvx
vvy
ωB




3×1

= B (6)

in which:

AT =




1 0 . . . 1 0
0 1 . . . 0 1

−l1y l1x . . . −l4y l4x




3×8

(7a)

BT =
[

v1x v1y . . . v4x v4y
]

1×8 (7b)

Obviously, in the general case the matrix equation (6)
consists of eight equations and three unknowns. A simple
least squares solution is given by:




vvx
vvy
ωB




3×1

= A†B (8)

Note that the elements of A are the only function of
the constant vectors B�i. Hence, A† = (AAT)−1AT

needs to be calculated once. In practice, we need at
least three rows of matrices A and B to solve the forward
kinematics. Thus, one way to improve the solution is to
eliminate the inconsistent wheel module and eliminate the
corresponding rows from (6). Our strategy is based on
isolating the leg with a maximum of ei. Next, the rows
with respect to that leg are eliminated from matrix A in
7a and the least squares is calculated based on this new
matrix. In [18], we show the efficacy of the above strategy
and further details of the implementation of this approach.

4. Robot Software Modules

4.1 Dead Reckoning

Generally speaking, the time integration of the velocity
vector – known as ’deductive reckoning’ or Dead Reckoning
(DR) – for a mobile platform gives its approximate position
with respect to its initial pose [19, chap. 20]:

IxB(t) = IxB0 +
IRB0

∫ t

t0

B0RB Vx(t) dt (9)

IyB(t) = IyB0 +
IRB0

∫ t

t0

B0RB Vy(t) dt (10)

IRB(t) = IRB0 Rz(θB (t)), θB (t) =

(∫ t

t0

ωz(t) dt
)

(11)

The driving velocities of the wheels as regards their
steering angles and robot kinematics can generate
fundamental data for the localization of the mobile
platform.

4.2 SLAM

The errors for the mobile manipulator are accumulative
during its motion. In order to reduce the errors, it is
necessary to compare the position of the mobile base
with respect to its environment. The SLAM [20] method
provides the change in location of the robot according to
its initial configuration. Moreover, it provides the local
map of the environment IM′, which is convertible to an
occupancy grid for the planning module.

4.3 Path Planning

The path-planning module comprises two modes: local
and global planning. The planner initially plans the
required path through requests from ITB0 to ITB f as
described in Task 2, namely a global plan. It considers
a configuration space extracted from IM′ based on
the initial information and the foreknown structural
conditions [21]. The global planner generates a set of via
points, ITBvia, which channelizes the route to approach
ITB f .

The module also implements local planning. It receives
the current status and some of the upcoming via points,
together with the current local map BM imported from the
SLAM module based on the LRF sensor. The outcome of
the module is a segment of a smooth and obstacle-free path
passing near the via points. It can also be extracted from a
motion-planning roadmap framework [22, 23].

4.4 Path Following

A path follower controller navigates the robot on
the given path and returns the resultant pose. The
path-following module considers actuator limitations at
maximum velocity and acceleration [24–26]. The path
follower also avoids obstacle on the robot’s route.

4.5 Mobile Manipulator Controller

Manipulators are usually provided together with their
specialized controllers. However, coordinated tasks have
to be performed synchronously between the path follower
for the mobile base and the arm controller [27]. We use
a mobile manipulator controller to close the outer control
loop that follows the task commands distributed among
the mobile base and the arm in a similar manner to [28].

4.6 Fault Management

Besides software fault detection and fault-tolerant
techniques [29], it is necessary to monitor, verify and
recover the robot’s sensory data and actuator commands
from the instrumentation and control viewpoint.
This section contains a brief explanation of the fault
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management module’s functionalities. As a general
requirement for the fault tolerance of safety-critical
systems [30, chap.1], the robot has redundancy in
actuation and sensation. Four steerable wheels [31] reduce
the risk of immobility caused by the mechanical hardware.
The wheel odometry, IMU, laser scanner and camera
provide redundancy for the perception of the robot. The
fault management module’s job includes:
• Monitoring the input and output of the other modules.

• In the case of a single point failure of a module, using
an alternative function.

• Verifying the consistency of the resultant sensory
information from the different sources, for each sensor
as well as results of sensor fusion:

∆T = BTS1

(
BTS2

)−1
(12)

where S1 and S2 are the localization or detection data
from Sources 1 and 2, respectively. For a perfect system,
∆T becomes the identity 4 × 4 matrix. It should be
noted that the inverse of a transformation matrix is
calculated by the transpose of its rotational part as
addressed in [28]. Therefore, this calculation cannot be
singular. Arguments of ∆T represent the inconsistency
of the gathered information.

• If ∆T − I4×4 gives a sensible difference, the module
learns the difference.

• In case of a change in the learned difference, it calls
the calibration maintenance module which in turn
calibrates the divergent sensor.

• In case of unacceptable divergence of the primary
navigation sensors, the module suspends the motion
of the robot and reports its status. Following the
confirmation of the operator, the control changes to
tele-operation mode.

Some errors can be solved by outlier detection and the
substitution of the fused values. For instance, in the
following we describe how, at each segment of the path,
the module compensates for small errors between the
position and velocity feedback of the wheels.

The localization is obtained by dead-reckoning of the
odometry data as described in the previous section. The
iMoro mobile platform shown in Figure 1 is used to run
the experiments. The desired path that is followed by the
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• If ei is large only for one wheel, it can be interpreted
such that the wheel is not consistent with the other
wheels and that it is being pushed by them. In this case,
different strategies can be considered, such as stopping
the robot or singling out the faulty leg from the control
loop and setting the actuators of the faulty wheel to
rotate freely.

• Alternatively, more complex strategies can be designed
based on the robot’s assigned task and application.

After calculating ei for all the legs and evaluating their
values, the forward kinematics problem can be solved as
follows. Let B v̂ and B v̂i be denoted by their components
by [vx vy]T and [vix, viy]

T . Next, (2b) for all the legs can be
rearranged into the following equation:

A




vvx
vvy
ωB




3×1

= B (6)

in which:

AT =




1 0 . . . 1 0
0 1 . . . 0 1

−l1y l1x . . . −l4y l4x




3×8

(7a)

BT =
[

v1x v1y . . . v4x v4y
]

1×8 (7b)

Obviously, in the general case the matrix equation (6)
consists of eight equations and three unknowns. A simple
least squares solution is given by:




vvx
vvy
ωB




3×1

= A†B (8)

Note that the elements of A are the only function of
the constant vectors B�i. Hence, A† = (AAT)−1AT

needs to be calculated once. In practice, we need at
least three rows of matrices A and B to solve the forward
kinematics. Thus, one way to improve the solution is to
eliminate the inconsistent wheel module and eliminate the
corresponding rows from (6). Our strategy is based on
isolating the leg with a maximum of ei. Next, the rows
with respect to that leg are eliminated from matrix A in
7a and the least squares is calculated based on this new
matrix. In [18], we show the efficacy of the above strategy
and further details of the implementation of this approach.

4. Robot Software Modules

4.1 Dead Reckoning

Generally speaking, the time integration of the velocity
vector – known as ’deductive reckoning’ or Dead Reckoning
(DR) – for a mobile platform gives its approximate position
with respect to its initial pose [19, chap. 20]:

IxB(t) = IxB0 +
IRB0

∫ t

t0

B0RB Vx(t) dt (9)

IyB(t) = IyB0 +
IRB0

∫ t

t0

B0RB Vy(t) dt (10)

IRB(t) = IRB0 Rz(θB (t)), θB (t) =

(∫ t

t0

ωz(t) dt
)

(11)

The driving velocities of the wheels as regards their
steering angles and robot kinematics can generate
fundamental data for the localization of the mobile
platform.

4.2 SLAM

The errors for the mobile manipulator are accumulative
during its motion. In order to reduce the errors, it is
necessary to compare the position of the mobile base
with respect to its environment. The SLAM [20] method
provides the change in location of the robot according to
its initial configuration. Moreover, it provides the local
map of the environment IM′, which is convertible to an
occupancy grid for the planning module.

4.3 Path Planning

The path-planning module comprises two modes: local
and global planning. The planner initially plans the
required path through requests from ITB0 to ITB f as
described in Task 2, namely a global plan. It considers
a configuration space extracted from IM′ based on
the initial information and the foreknown structural
conditions [21]. The global planner generates a set of via
points, ITBvia, which channelizes the route to approach
ITB f .

The module also implements local planning. It receives
the current status and some of the upcoming via points,
together with the current local map BM imported from the
SLAM module based on the LRF sensor. The outcome of
the module is a segment of a smooth and obstacle-free path
passing near the via points. It can also be extracted from a
motion-planning roadmap framework [22, 23].

4.4 Path Following

A path follower controller navigates the robot on
the given path and returns the resultant pose. The
path-following module considers actuator limitations at
maximum velocity and acceleration [24–26]. The path
follower also avoids obstacle on the robot’s route.

4.5 Mobile Manipulator Controller

Manipulators are usually provided together with their
specialized controllers. However, coordinated tasks have
to be performed synchronously between the path follower
for the mobile base and the arm controller [27]. We use
a mobile manipulator controller to close the outer control
loop that follows the task commands distributed among
the mobile base and the arm in a similar manner to [28].

4.6 Fault Management

Besides software fault detection and fault-tolerant
techniques [29], it is necessary to monitor, verify and
recover the robot’s sensory data and actuator commands
from the instrumentation and control viewpoint.
This section contains a brief explanation of the fault
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mobile platform is a cubic Bezier curve with its control
points located at {(0, 0), (2m, 0), (2m, 2m), (0, 2m)}. The
path is used with two desired heading profiles. Figure 5
shows the body and legs trajectories for following the path
with 180◦ rotation of the main body. Moreover, Figure 6
shows the same trajectories, this time for −90◦ rotation of
the body. Figure 5 also depicts the estimated location of
the body’s Instantenous Center of Rotation (ICR) during its
movement as red dots.
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Figure 5. Experimental results: the robot’s trajectories, 180◦

rotation
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Figure 6. Experimental results: the robot’s trajectories, -90◦

rotation

The forward kinematics solution is solved both with and
without eliminating the leg with maximum ei. Figure
7 depicts the pseudo-inverse error before and after the
elimination. From the figure, it is clear that the error
is reduced considerably by eliminating the leg with
maximum ei from the forward kinematics solution.

Figure 8 shows the sensor number with the biggest ei at
each sample time. From the figure, it is clear that, at each
period, a different leg has maximum ei. This is due to

Figure 7. Experimental results: Least squares error before and
after the elimination of the outlier leg
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Figure 8. Experimental results: leg number for the most
inconsistent leg

the change in the dynamic loads acting on each leg during
movement. Having one specific leg with maximum ei all
the time could indicate a defect in that leg.

5. Safety Anchor (SA)

It is a key requirement for a robot in SFs to be safe or at
least compatible with the safety standards’ requirements.
The first solution is to make the whole system certified
by the safety integrated standards, for instance, the
Safety Integrity Level (SIL) II or SIL III standards.
The solution is suitable for mechatronic systems with
lower flexibility and mass-produced products due to
its complexity and cost. On the other hand, the
perception and navigation of the mobile platform include
a variety of procedures and instruments which are
not necessarily safe. For the software, certain test
techniques exist for the verification of the safety standards’
compatibility. However, there are many issues confronting
the verification of decision-making for an autonomous
robot, even for industrial controlled environments, if
we assume that the robots are Automated Guided
Vehicles (AGVs). Moreover, the compatibility of the
processes and the required modules for decision-making
cause an increase in the robot’s production costs and
verification complexity. Furthermore, the robot must be
equipped with safe instruments and safe process units,
which is impossible for several sensors. For instance,
vision-based estimations and acceleration measurements
are not compatible with the current safety regulations.
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In order to make the system tolerant to faults in these
modules, we define a redundant controller. The controller
is supposed to be safety compatible for both the hardware
and software. The software must be reactive and simple,
and therefore easy to examine. The hardware requirement
for such software becomes suitable for implementation on
a safe Programmable Logical Controller (PLC) or any other
safe process unit. It should be noted that target application
for this design comprises tunnels and corridor-shaped SFs.
Locally, the watchdog on the robot, and remotely, the
operator, can trigger the SA when the functionality of the
robot is not as expected.

5.1 Hardware Architecture

A schematic hardware architecture of the mobile platform
is shown in figure 9. The sensors and actuators are
connected to the embedded PC, which runs all of the
necessary cognition subsystems. The embedded PC is
connected to the motor drives, arm joints, laser scanners,
cameras, IMU and encoders. Most of the robot sensors
provide the perception of the robot and its environment
for object manipulation. The embedded PC is the target
of the remote development method described in [32]
during its run-time and debugging and the development
of its algorithms. It should be noted that any failure
in the embedded PC during its run-time can cause the
immobility of the robot or a collision with other facilities
in the environment.

In order to avoid failure, the authors propose adding a
safety anchor topology as a redundant decision-maker for
the mobile platform, as shown in figure 9. During the
robot’s run-time, in case of any embedded PC failure,
the safety PLC can be triggered by the watchdog or
supervisory system to manage the mobile platform in
escape mode by a reactive controller. Ignoring complex
mathematical procedures and high-level algorithms, the
PLC solves the navigation problem at the lowest possible
level to guide the robot to safe places [33] before the
operation of the accelerators. The redundant system can
benefit from off-the-shelf, safe and certified components to
guaranty the safety of the system.

The LRF sensors provide for the availability or occupancy
of any predefined zone by toggling the corresponding
signal. The signal goes through the logical circuits of
the PLC. By limited conditional statements programmed
on the PLC, the system reacts by commanding the motor
drives in real-time. Since the logic, codes and connections
are reactive, time-invariant and simple, their verification is
easier and more dependable. In the same architecture, we
can also program and utilize the embedded PC by means
of the remote development method described in [32, 34].

5.2 SA Logic

The hardware described in 5.1 needs a special setup,
adjustment and programming. The LRF zones need the
warning and alarm zones to be set up similar to the zones
shown in Figures 10, 11 and 12. The reason for using
the LRFs is their flexibility in the definition of sensitive
zones and their compatibility with the safety standards.

Field Network

Safety Commander

Servo Motor Drivers and Encoders

Safety Sensors
Embedded PC Perception and Navigation Sensors

IMUBumblebee XB3
Manipulator Joints

Servo Motors and Encoders
Force/Torque
6DOF Sensor

Gripper
And Smart Finger

Figure 9. The hardware architecture related to cognition; the
yellow parts are the proposed safe components

Generally speaking, the pseudo-code for the PLC can show
the reactions between the sensors and actuators in Table
1. It should be noted that the system design is reactive.
However, for the clarity of the commands’ order, it is
shown as a sequence of commands. Furthermore, in the

1 I n i t i a l i z e the sensors .
2 Disconnect the a c t u a t o r s from the embedded PC .
3 Stop the wheels .
4 Align the s t e e r i n g .
5 Read LRF output .
6 Adjust the drive speeds by v i s i b i l i t y of o b s t a c l e s .
7 S t e e r the robot .
8 When robot arr ived , f i n a l i z e the movement .
9 Return to 5 .

Table 1. The pseudo-code for the PLC

Figure 10. LRF zones, crab steering

Figure 11. LRF zones, robot spins around

solution, we consider the conditions in SFs. For instance, it
is common that the experiment infrastructures are located
at one side of a tunnel or a corridor - as they are at
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Figure 12. LRF zones, cross movements

CERN LHC or GSI/FAIR - and the transportation corridor
usually runs along beside them in parallel or circular
patterns. Therefore, within the path-selection routines, we
give higher priority to following the simpler wall of the
corridor. According to Table 1, let us divide the navigation
into two parts: the determination of the robot’s velocity
(driving), and steering. In the upcoming paragraphs, we
describe the overall idea and the benefits of a 4WS mobile
robot for this purpose.

The robot’s steering capabilities, as described in Section
3, include a vast area of selection and calculation so as to
determine it for each wheel of the robot [24, 35]. However,
a robust solution, a dependable implementation and a
reliable verification method for such calculations become
complicated, especially if a safe solution is required. Recall
that the robot’s immobility is a high-severity failure. For
the purpose of simplification, we assume that the robot has
only two types of steering: crab steering and spin around
to keep the detection [36], planning [37], kinematics, and
control [26] simpler than contemporary solutions.

5.2.1. Crab Steering

Crab steering means that the angular velocity ωB, shown
in Figure 2 and mentioned in (2b), becomes approximately
zero. In other words, the instantaneous center of rotation
(ICR) goes to infinity. As such, (2b) becomes:

vi
B v̂i = v B v̂ (13)

This means that the velocity vectors of the body and legs
become parallel (or equal) to each other. In such a case, it
is not necessary to solve the system of kinematic equations
of the robot and the direction of B v̂; body’s velocity vector
defines the wheels’ steering angles B v̂i. Any change in the
steering comes from the change in the body’s movement
direction (not the heading). In this case, the robot can
continue with high-speed linear motion up to a sensible
change in the velocity direction regarding the actuator
limitations.

Crab steering activates when the robot is approximately
parallel to the simpler wall of the corridor while the robot
has obstacle in front as shown in Figure 10. The crab
steering maintains the distance from the side obstacles or
walls without lowering speed. The magnitude of velocity
vector v is proportional to the proximity of the obstacles

in front of the vehicle. It should be noted that, instead of
a distance measurement, a corresponding number for the
zone is considered.

5.2.2. Spin Around

There exists another method which leads to a significant
simplification of the complicated path-follower
kinematics. The 4WS robot can turn around on the spot
without any linear movement, or negligible translational
movements. In this case, the ICR converges into the
centroid of the robot. In this case, another term of the
velocity analysis becomes zero. The kinematics relations
in (2b) become:

vi
B v̂i = ωB(ẑ ×B �i) (14)

which shows the constant angles of the wheels
perpendicular to B�i. Therefore, the change rate of
the heading defines the driving velocity of each wheel vi
while v v̂ - the linear velocity of the body - becomes zero.

6. Conclusion

In this paper, we study the architecture of a mobile
platform. The overall architecture, including a variety
of software modules, is studied in detail, and is suitable
for risk assessment and RAMS analysis. Moreover, a
top-down strategy is described to show how a high-level
mission can be broken down into several tasks as well
as which hardware/software are required to accomplish
the mission. In order to consider safety concerns in
Scientific Facilities (SFs), we propose “Safety Anchor”,
a redundant decision-making system that can ensure
that the robot leaves any hazardous environment
without the presented cognition architecture. Moreover,
Safety Anchor guarantees meeting the challenging
limitations of the actuators by solving the kinematics
of the robot in its simplified form. The specifications
and design requirements of a four wheel steerable
mobile manipulator, the IHA Mobile Robot (iMoro), are
considered as a case study in this paper.
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6816–6822, 2014.
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Figure 12. LRF zones, cross movements

CERN LHC or GSI/FAIR - and the transportation corridor
usually runs along beside them in parallel or circular
patterns. Therefore, within the path-selection routines, we
give higher priority to following the simpler wall of the
corridor. According to Table 1, let us divide the navigation
into two parts: the determination of the robot’s velocity
(driving), and steering. In the upcoming paragraphs, we
describe the overall idea and the benefits of a 4WS mobile
robot for this purpose.

The robot’s steering capabilities, as described in Section
3, include a vast area of selection and calculation so as to
determine it for each wheel of the robot [24, 35]. However,
a robust solution, a dependable implementation and a
reliable verification method for such calculations become
complicated, especially if a safe solution is required. Recall
that the robot’s immobility is a high-severity failure. For
the purpose of simplification, we assume that the robot has
only two types of steering: crab steering and spin around
to keep the detection [36], planning [37], kinematics, and
control [26] simpler than contemporary solutions.

5.2.1. Crab Steering

Crab steering means that the angular velocity ωB, shown
in Figure 2 and mentioned in (2b), becomes approximately
zero. In other words, the instantaneous center of rotation
(ICR) goes to infinity. As such, (2b) becomes:

vi
B v̂i = v B v̂ (13)

This means that the velocity vectors of the body and legs
become parallel (or equal) to each other. In such a case, it
is not necessary to solve the system of kinematic equations
of the robot and the direction of B v̂; body’s velocity vector
defines the wheels’ steering angles B v̂i. Any change in the
steering comes from the change in the body’s movement
direction (not the heading). In this case, the robot can
continue with high-speed linear motion up to a sensible
change in the velocity direction regarding the actuator
limitations.

Crab steering activates when the robot is approximately
parallel to the simpler wall of the corridor while the robot
has obstacle in front as shown in Figure 10. The crab
steering maintains the distance from the side obstacles or
walls without lowering speed. The magnitude of velocity
vector v is proportional to the proximity of the obstacles

in front of the vehicle. It should be noted that, instead of
a distance measurement, a corresponding number for the
zone is considered.

5.2.2. Spin Around

There exists another method which leads to a significant
simplification of the complicated path-follower
kinematics. The 4WS robot can turn around on the spot
without any linear movement, or negligible translational
movements. In this case, the ICR converges into the
centroid of the robot. In this case, another term of the
velocity analysis becomes zero. The kinematics relations
in (2b) become:

vi
B v̂i = ωB(ẑ ×B �i) (14)

which shows the constant angles of the wheels
perpendicular to B�i. Therefore, the change rate of
the heading defines the driving velocity of each wheel vi
while v v̂ - the linear velocity of the body - becomes zero.

6. Conclusion

In this paper, we study the architecture of a mobile
platform. The overall architecture, including a variety
of software modules, is studied in detail, and is suitable
for risk assessment and RAMS analysis. Moreover, a
top-down strategy is described to show how a high-level
mission can be broken down into several tasks as well
as which hardware/software are required to accomplish
the mission. In order to consider safety concerns in
Scientific Facilities (SFs), we propose “Safety Anchor”,
a redundant decision-making system that can ensure
that the robot leaves any hazardous environment
without the presented cognition architecture. Moreover,
Safety Anchor guarantees meeting the challenging
limitations of the actuators by solving the kinematics
of the robot in its simplified form. The specifications
and design requirements of a four wheel steerable
mobile manipulator, the IHA Mobile Robot (iMoro), are
considered as a case study in this paper.
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Abstract Understanding the radio signal transmission
characteristics in the environment where the telerobotic
application is sought is a key part of achieving a reliable
wireless communication link between a telerobot and a
control station. In this paper, wireless communication
requirements and a case study of a typical telerobotic
application in an underground facility at CERN are
presented. Then, the theoretical and experimental
characteristics of radio propagation are investigated with
respect to time, distance, location and surrounding objects.
Based on analysis of the experimental findings, we show
how a commercial wireless system, such as Wi-Fi, can be
made suitable for a case study application at CERN.
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1. Introduction

CERN (European Organization for Nuclear Research) and
other similar scientific facilities have a need for remotely
operated vehicles (mobile robots) to carry out remote
inspections and radiation surveys in different areas, e.g.,
the Large Hadron Collider (LHC), to avoid or minimize

the need for personnel to go inside the radiation areas and
perform these tasks. Another similar situation is the use of
help, search and rescue robots during disaster conditions
[1] where humans cannot enter dangerous or harmful
environments.

As the operations in hostile or radioactive environments
are difficult to fully automate, the robots are equipped
with teleoperation capabilities and some autonomy
(intelligence) features may be added to ease the operator
overload [2]. For these applications, the main wireless
communication challenges to be considered are that the
robot should be able to travel long distances in hostile
or tunnel-like environments, and should be able to
quickly transmit large amounts of data. Having a reliable
communication link with the robot is essential to avoid
the need for personnel access to recover the robot in the
event of communication failure [3].

Using umbilical cables rather than a wireless system
for the communication has some drawbacks. For instance,
the Quince robot [1], which used an umbilical for
communicating with the operator, became immobilized
because of a communication failure on the third floor on
its way back out after measuring radiation levels in the
Fukushima nuclear reactor building [4].
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Abstract Understanding the radio signal transmission
characteristics in the environment where the telerobotic
application is sought is a key part of achieving a reliable
wireless communication link between a telerobot and a
control station. In this paper, wireless communication
requirements and a case study of a typical telerobotic
application in an underground facility at CERN are
presented. Then, the theoretical and experimental
characteristics of radio propagation are investigated with
respect to time, distance, location and surrounding objects.
Based on analysis of the experimental findings, we show
how a commercial wireless system, such as Wi-Fi, can be
made suitable for a case study application at CERN.
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1. Introduction

CERN (European Organization for Nuclear Research) and
other similar scientific facilities have a need for remotely
operated vehicles (mobile robots) to carry out remote
inspections and radiation surveys in different areas, e.g.,
the Large Hadron Collider (LHC), to avoid or minimize

the need for personnel to go inside the radiation areas and
perform these tasks. Another similar situation is the use of
help, search and rescue robots during disaster conditions
[1] where humans cannot enter dangerous or harmful
environments.

As the operations in hostile or radioactive environments
are difficult to fully automate, the robots are equipped
with teleoperation capabilities and some autonomy
(intelligence) features may be added to ease the operator
overload [2]. For these applications, the main wireless
communication challenges to be considered are that the
robot should be able to travel long distances in hostile
or tunnel-like environments, and should be able to
quickly transmit large amounts of data. Having a reliable
communication link with the robot is essential to avoid
the need for personnel access to recover the robot in the
event of communication failure [3].

Using umbilical cables rather than a wireless system
for the communication has some drawbacks. For instance,
the Quince robot [1], which used an umbilical for
communicating with the operator, became immobilized
because of a communication failure on the third floor on
its way back out after measuring radiation levels in the
Fukushima nuclear reactor building [4].
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Application Max.
distance

Min.
data-rate

Max.
latency

Comments

1. Remote measurements 500 m 512 kb/s 1000 ms For measurements of radiation levels,
temperature, oxygen and other sensory
data transmission [11]

2. Remote Handling (RH) tasks
without haptic feedback

200 m 64 kb/s 100 ms Remote control of robots in scientific facilities
[2, 11]

3. Vision system for RH 200 m 3480 kb/s 200 ms For transmission of two good quality videos
with VGA resolution [9, 10]

4. RH with haptic feedback 200 m 128 kb/s 25 ms Teleoperation with force feedback [12]
5. ISOLDE case study 40 m 5120 kb/s 200 ms For transmission of two good quality video

with HD resolution (refer section 2.2 and [9])

Table 1. Requirements for some telerobotic applications at CERN

is desirable that a reliable wireless video transmission
system mounted on a small mobile robotic vehicle, such as
the KUKA Youbot [15], is used to transmit the live camera
feeds monitoring the industrial robots. In figure 1, the red
portions indicate the area where this application is needed.

The communication requirements for this application
(given in table 1) are based on the HD transmission of two
good quality videos so that the operator can observe the
environment in more detail, including any small sparks in
the Faraday cages inside the ISOLDE facility. In this paper,
the vision system application at ISOLDE is used as a case
study.

3. Comparison of various wireless technologies

Comparison of different wireless technologies is discussed
in [16–20]. Table 2 shows a brief summary of specifications
of some wireless technologies with the advantages and
disadvantages with respect to the ISOLDE case study
requirements.

Out of these available systems, a Wi-Fi-based system
had been selected for first trials as it was readily
available, widely studied and well used technology.
Coded Orthogonal Frequency Division Multiplexing
(COFDM)-based Wi-Fi technology can be well suited
for tunnel environments [21] because it is specifically
designed to combat the effects of multi-path interference
(see section 4.1). However, owing to availability and cost
limitations, a normal Wi-Fi system has been chosen for the
experiments.

It appears from table 2 that a Wi-Fi system meets the
requirements for the ISOLDE application, however, the
specifications in table 2 are given for a normal indoor
environment, whereas the CERN application will be in a
tunnel environment including large metallic objects. As
a result, experimental analysis is needed to verify the
suitability of a Wi-Fi-based vision system in the ISOLDE
area.

4. Radio signal propagation

4.1. Radio signal propagation theory

According to Shannon’s capacity theorem [23], in a
wireless system, the communication channel capacity C is

related to the signal’s received power PR as follows:

C = Blog2(1 +
PR
PN

) [Mb/s] (1)

where, B is the bandwidth of the channel and PN is the
power of the noise in the channel. This indicates that the
data-rate of the wireless network (which is a measure of
the channel capacity C) depends on the received signal
strength.

When a radio signal travels from a transmitter to a
receiver through multiple paths subjected to reflections,
diffractions and refractions in the surrounding
environment, a phenomenon called multi-path
propagation occurs. This leads to multi-path fading
and constructive or destructive interference [24]. The
multi-path fading can be either long-scale fading due
to the shadowing effects caused by the obstacles or
small-scale fading due to interferences of the multi-path
components [25].

The attenuation in the power of the radio signal is defined
as the path loss PL and is caused by many factors such
as distance (free space loss), penetration losses through
walls and floors, and multi-path propagation [26]. In
particular, all walls, ceilings and other objects that affect
the propagation of radio waves will directly impact the
signal strength and the directions from which radio signals
are received. The path loss can be modelled as a
log-normal distribution [24]:

PLd = PLd0 + 10n log (
d
d0

) +Xσ [dBm]1 (2)

where, PLd is the path loss at a distance d, PLd0 is the path
loss at a reference distance d0, n is the environment specific
propagation constant, and σx is the variance of a zero mean
Gaussian distribution Xσ. The n and σx together define the
environment and the Xσ represents the large-scale fading
because of shadowing effects [25].

The received signal power PR is equal to the difference in
the transmitted power PT and the path loss PLd over a
distance d,

PR = PT − PLd [dBm] (3)

The path loss is a major component in the analysis and
design of the telecommunication system [27].

1 dBm (dBmW) is the power ratio in decibels (dB) of the measured power
referenced to one milliwatt (mW).
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Wireless communication avoids the cable disconnection
problem typical of wired communication, which occurs
when a cable is broken as a result of physical damage
during operation. Therefore, wireless communication is
preferable for remotely operating mobile robots in such
environments.

However, underground tunnels are generally very
challenging environments for radio communications
[5, 6]. It is observed in [5] that the behaviour of radio
signals is very different in underground mines compared
to that in outdoor and Line of Sight (LOS) environments.
In addition, the first step in increasing a wireless network
performance is understanding the environment. Hence,
there is a need to investigate how radio signals behave
in scientific facilities such as at CERN, so as to properly
design the wireless communication system and ensure
reliability.

The contributions of this paper are two-fold:
1. Description of major wireless communication link

requirements for typical telerobotic applications at
CERN.

2. Experimental results giving temporal, spatial
and environmental characteristics of radio signal
propagation in an underground scientific facility.

The organization of the paper is as follows:
• First, the wireless network requirements for typical

telerobotic applications related to CERN is presented
and a case study application is considered.

• Then, current available wireless systems are compared
and a specific wireless technology is selected for the
case study application described in section 2.2.

• Following some theoretical background on radio signal
propagation, the scope of the experiments to be
conducted is defined.

• Then, during the experimental testbed, measurement
parameters are described and signal propagation
characteristics are analysed.

• Lastly, the results of the experimental tests are
discussed in relation to commercially available wireless
technology (Wi-Fi).

2. Wireless communication requirements

2.1. Wireless link requirements for telerobotic applications

According to the systems engineering approach [7], the
user needs are studied first before identifying a solution.
Therefore, the first goal is to obtain the requirements of
the wireless communication system for various possible
applications at CERN from the people who need these
applications. Each application has different requirements
for establishing a point-to-point wireless network between
the telerobot and the teleoperator. The three main
parameters which define these requirements are:
• Maximum admissible system latency (in milliseconds),
• Minimum data transfer rate (in Megabits/second),
• Maximum distance to be covered (in metres).

The system latency is a critical parameter in a real-time
application. It is the amount of time taken by a data
packet to travel from a source to a destination (host
processing latency + network latency). It depends on

Figure 1. ISOLDE experimental facility at CERN

the number of buffers between communication ends [8].
Network topology and coverage distance requirements
(which are relevant to latency) are decided by the type
of the application. Hence, these values were obtained by
interviewing people requiring such applications.

The data transfer rate is defined as the speed with which
the data can be transmitted and is decided by the amount
of data to be transmitted. For video transmission, one can
refer to [9] to find a relation between the quality of the
video and the data-rate required. It is recommended that
at least two live video transmissions are necessary for a
vision system used for remote handling [10].

Therefore, considering the need for having two good
VGA quality videos and using H.264 coding at 30 frame/s,
the data-rate required will be 1.7 Mb/s [9] per video.
Similarly, for other applications, the appropriate data-rate
is calculated assuming typical data requirements. Table 1
summarizes the wireless communication requirements for
various mobile robot applications at CERN.

2.2. ISOLDE vision system for remote handling

The ISOLDE (the Isotope Separator On-Line facility at
CERN) experimental area is one of the high radiation areas
at CERN with a radiation dose-rate of 100 mSv/h at 50
cm from the radioactive target after 1 hour of decay [13].
Figure 1 shows the floor plan of the ISOLDE area.

Two industrial STAUBLI RX 170 robots are used to transfer
the used targets [14] from the target irradiation supports
(C,D) to the target storage area (G) and pick up new targets
from (B), a target interchange point. These robots are
preprogrammed and the operator selects the sequence of
operations from a dedicated control room (A) outside the
ISOLDE facility.

However, in some situations such as robot teaching,
the operator has the need to visually monitor the
robot’s movements. For such real-time monitoring, it
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Application Max.
distance

Min.
data-rate

Max.
latency

Comments

1. Remote measurements 500 m 512 kb/s 1000 ms For measurements of radiation levels,
temperature, oxygen and other sensory
data transmission [11]

2. Remote Handling (RH) tasks
without haptic feedback

200 m 64 kb/s 100 ms Remote control of robots in scientific facilities
[2, 11]

3. Vision system for RH 200 m 3480 kb/s 200 ms For transmission of two good quality videos
with VGA resolution [9, 10]

4. RH with haptic feedback 200 m 128 kb/s 25 ms Teleoperation with force feedback [12]
5. ISOLDE case study 40 m 5120 kb/s 200 ms For transmission of two good quality video

with HD resolution (refer section 2.2 and [9])

Table 1. Requirements for some telerobotic applications at CERN

is desirable that a reliable wireless video transmission
system mounted on a small mobile robotic vehicle, such as
the KUKA Youbot [15], is used to transmit the live camera
feeds monitoring the industrial robots. In figure 1, the red
portions indicate the area where this application is needed.

The communication requirements for this application
(given in table 1) are based on the HD transmission of two
good quality videos so that the operator can observe the
environment in more detail, including any small sparks in
the Faraday cages inside the ISOLDE facility. In this paper,
the vision system application at ISOLDE is used as a case
study.

3. Comparison of various wireless technologies

Comparison of different wireless technologies is discussed
in [16–20]. Table 2 shows a brief summary of specifications
of some wireless technologies with the advantages and
disadvantages with respect to the ISOLDE case study
requirements.

Out of these available systems, a Wi-Fi-based system
had been selected for first trials as it was readily
available, widely studied and well used technology.
Coded Orthogonal Frequency Division Multiplexing
(COFDM)-based Wi-Fi technology can be well suited
for tunnel environments [21] because it is specifically
designed to combat the effects of multi-path interference
(see section 4.1). However, owing to availability and cost
limitations, a normal Wi-Fi system has been chosen for the
experiments.

It appears from table 2 that a Wi-Fi system meets the
requirements for the ISOLDE application, however, the
specifications in table 2 are given for a normal indoor
environment, whereas the CERN application will be in a
tunnel environment including large metallic objects. As
a result, experimental analysis is needed to verify the
suitability of a Wi-Fi-based vision system in the ISOLDE
area.

4. Radio signal propagation

4.1. Radio signal propagation theory

According to Shannon’s capacity theorem [23], in a
wireless system, the communication channel capacity C is

related to the signal’s received power PR as follows:

C = Blog2(1 +
PR
PN

) [Mb/s] (1)

where, B is the bandwidth of the channel and PN is the
power of the noise in the channel. This indicates that the
data-rate of the wireless network (which is a measure of
the channel capacity C) depends on the received signal
strength.

When a radio signal travels from a transmitter to a
receiver through multiple paths subjected to reflections,
diffractions and refractions in the surrounding
environment, a phenomenon called multi-path
propagation occurs. This leads to multi-path fading
and constructive or destructive interference [24]. The
multi-path fading can be either long-scale fading due
to the shadowing effects caused by the obstacles or
small-scale fading due to interferences of the multi-path
components [25].

The attenuation in the power of the radio signal is defined
as the path loss PL and is caused by many factors such
as distance (free space loss), penetration losses through
walls and floors, and multi-path propagation [26]. In
particular, all walls, ceilings and other objects that affect
the propagation of radio waves will directly impact the
signal strength and the directions from which radio signals
are received. The path loss can be modelled as a
log-normal distribution [24]:

PLd = PLd0 + 10n log (
d
d0

) +Xσ [dBm]1 (2)

where, PLd is the path loss at a distance d, PLd0 is the path
loss at a reference distance d0, n is the environment specific
propagation constant, and σx is the variance of a zero mean
Gaussian distribution Xσ. The n and σx together define the
environment and the Xσ represents the large-scale fading
because of shadowing effects [25].

The received signal power PR is equal to the difference in
the transmitted power PT and the path loss PLd over a
distance d,

PR = PT − PLd [dBm] (3)

The path loss is a major component in the analysis and
design of the telecommunication system [27].

1 dBm (dBmW) is the power ratio in decibels (dB) of the measured power
referenced to one milliwatt (mW).
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Wireless communication avoids the cable disconnection
problem typical of wired communication, which occurs
when a cable is broken as a result of physical damage
during operation. Therefore, wireless communication is
preferable for remotely operating mobile robots in such
environments.

However, underground tunnels are generally very
challenging environments for radio communications
[5, 6]. It is observed in [5] that the behaviour of radio
signals is very different in underground mines compared
to that in outdoor and Line of Sight (LOS) environments.
In addition, the first step in increasing a wireless network
performance is understanding the environment. Hence,
there is a need to investigate how radio signals behave
in scientific facilities such as at CERN, so as to properly
design the wireless communication system and ensure
reliability.

The contributions of this paper are two-fold:
1. Description of major wireless communication link

requirements for typical telerobotic applications at
CERN.

2. Experimental results giving temporal, spatial
and environmental characteristics of radio signal
propagation in an underground scientific facility.

The organization of the paper is as follows:
• First, the wireless network requirements for typical

telerobotic applications related to CERN is presented
and a case study application is considered.

• Then, current available wireless systems are compared
and a specific wireless technology is selected for the
case study application described in section 2.2.

• Following some theoretical background on radio signal
propagation, the scope of the experiments to be
conducted is defined.

• Then, during the experimental testbed, measurement
parameters are described and signal propagation
characteristics are analysed.

• Lastly, the results of the experimental tests are
discussed in relation to commercially available wireless
technology (Wi-Fi).

2. Wireless communication requirements

2.1. Wireless link requirements for telerobotic applications

According to the systems engineering approach [7], the
user needs are studied first before identifying a solution.
Therefore, the first goal is to obtain the requirements of
the wireless communication system for various possible
applications at CERN from the people who need these
applications. Each application has different requirements
for establishing a point-to-point wireless network between
the telerobot and the teleoperator. The three main
parameters which define these requirements are:
• Maximum admissible system latency (in milliseconds),
• Minimum data transfer rate (in Megabits/second),
• Maximum distance to be covered (in metres).

The system latency is a critical parameter in a real-time
application. It is the amount of time taken by a data
packet to travel from a source to a destination (host
processing latency + network latency). It depends on

Figure 1. ISOLDE experimental facility at CERN

the number of buffers between communication ends [8].
Network topology and coverage distance requirements
(which are relevant to latency) are decided by the type
of the application. Hence, these values were obtained by
interviewing people requiring such applications.

The data transfer rate is defined as the speed with which
the data can be transmitted and is decided by the amount
of data to be transmitted. For video transmission, one can
refer to [9] to find a relation between the quality of the
video and the data-rate required. It is recommended that
at least two live video transmissions are necessary for a
vision system used for remote handling [10].

Therefore, considering the need for having two good
VGA quality videos and using H.264 coding at 30 frame/s,
the data-rate required will be 1.7 Mb/s [9] per video.
Similarly, for other applications, the appropriate data-rate
is calculated assuming typical data requirements. Table 1
summarizes the wireless communication requirements for
various mobile robot applications at CERN.

2.2. ISOLDE vision system for remote handling

The ISOLDE (the Isotope Separator On-Line facility at
CERN) experimental area is one of the high radiation areas
at CERN with a radiation dose-rate of 100 mSv/h at 50
cm from the radioactive target after 1 hour of decay [13].
Figure 1 shows the floor plan of the ISOLDE area.

Two industrial STAUBLI RX 170 robots are used to transfer
the used targets [14] from the target irradiation supports
(C,D) to the target storage area (G) and pick up new targets
from (B), a target interchange point. These robots are
preprogrammed and the operator selects the sequence of
operations from a dedicated control room (A) outside the
ISOLDE facility.

However, in some situations such as robot teaching,
the operator has the need to visually monitor the
robot’s movements. For such real-time monitoring, it
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radio signal strength and latency in a scientific facility at
CERN.

4.3. Communication quality measurement parameters

The quality of communication links is a function of
many variables including location, distance, direction and
time [34]. To estimate the distance coverage of radio
signal propagation, we must analyse the Received Signal
Strength Indicator (RSSI) and Link Quality Indicator (LQI)
at the receiver end. The latency of the communication
network can be measured by using the Round Trip Time
(RTT) metric. The definitions of the three metrics to be
measured are given below.

RSSI: Corresponds to the received strength of the signal.
The signal strength mainly depends on the antenna
output power and the distance between the transmitter
and the receiver.

LQI: Shows the quality of wireless connection. There are
several definitions for LQI and it usually refers to the
percentage of packets transmitted successfully.

RTT: Round trip time for a packet to travel from the
transmitter to the receiver.

Both the RSSI and LQI are nonlinear with respect to
distance as there are many other factors affecting link
quality such as reflections and interference. If there are too
many wireless stations in a wireless network, interferences
may occur resulting in loss of messages. Reference [35]
explains why RSSI alone is not enough as a measurement
parameter as the interference experienced on a link cannot
be inferred via RSSI measurements, but can be measured
by the LQI. Therefore, both RSSI and LQI are needed for
link quality assessment, and RTT is needed for latency
measurement.

5. Experimental setup

Since there is relatively little propagation measurement
data available for underground environments, it is
important to take into account the impact of various
environmental characteristics so that several simulations

Figure 2. ECN3 tunnel area at CERN - location of the transmitter
(Point A in figure 6)

Figure 3. ECN3 tunnel area at CERN - view from the tunnel
entrance

of link qualities using empirical values can be performed
[29]. Conducting experiments at ISOLDE was not allowed
during its operation as it is a highly radioactive area [13].
Therefore, experiments are conducted in a tunnel area
called ECN3 (shown in the figs. 2 and 3) which was not
in operation and hence was available for tests.

Even though the ISOLDE and ECN3 facility areas
are different, using ECN3 as the test facility allowed
experimented and analytical techniques to be developed,
and will provide information on how well results obtained
in one facility (ECN3) can be applied to another one (the
ISOLDE area).

5.1. Methods and materials

In these experiments one static wireless transmitter
(ProSafe Dual Band Wireless-N Access Point WNDAP350
[36]) and five compact Wi-Fi receiver stations are used
(Zyxel NWD2105 [37]). The transmitter [36] uses IEEE
802.11n 2.4GHz standards with maximum transmit power
PT = 20 dBm and a maximum data-rate of 144.44 Mb/s.
The receiver [37] had a receive sensitivity threshold RS of
−64 dBm at Mb/s and −82 dBm at 11 Mb/s.

The transmitter was fixed at point A in figure 6 and
the receiver stations were mounted at different positions
on a KUKA Youbot mobile robot as shown in figure 4.
The omni-directional capability in Youbot [15] made it
the best choice for the experiments because of space and
size restrictions in the environment. As for the CPU, a
computer running on Ubuntu in the Youbot is used.

The values of RSSI and LQI were obtained by using the
iwcon f ig command in Linux. Each RSSI and LQI sample
is measured at 100 Hz sampling rate for 1s, and then
averaged to diminish statistical temporal fluctuations.
RSSI = 1

100 · ∑100
i=1 RSSIi , LQI = 1

100 · ∑100
i=1 LQIi. The

values of the measured RSSI and LQI, and the method of
measurement depend on the manufacturer of the wireless
device. For Zyxel NWD2105, the RSSI is equal to the
received power in dBm, RSSI = PR, and the LQI is the
percentage of successfully transmitted packets.
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Wireless
Technology

Max.
data-rate

Max.
distance

Average
Latency

Merits Demerits Cost (e) Typical
applications

Wireless Local Area Networks (WLAN)
1. Wi-Fi 802.11n 108-600 Mb/s100 m 1-100 ms Readily available,

High data-rate
Latency can be high 10s Internet

2. Wi-Fi with
COFDM [21]

18 Mb/s 5 km 50 ms Long range, Low
latency

Expensive 1000s Communication
in Tunnels

3. WirelessHD
[22]

1 Gb/s 20 m 1 ms Very low latency,
Very high data-rate

Short range 100s HD video
transmission

4. Bluetooth v2.0 1 Mb/s 10 m 10 ms Low latency Low data-rate, Short
distance

10s Fast data sharing

5. Zigbee 256 kb/s 70-100 m 5 ms Very Low latency Low data-rate 10s Wireless sensor
networks

6. WiMAX 75 Mb/s 50 km 10-50 ms Very Long distance,
High data-rate

Infrastructure
limitations

10000s Wireless
broadband

Cellular Networks
Cellular
Technology

Max. downlink
data-rate

Max.
distance

Average
Latency

Merits Demerits Availability

1. 2.5G (EDGE) 236.8 kb/s > 1 km 1000 ms Long range Low data-rate,
High Latency

Presently available in CERN
underground facilities

2. 3G (UMTS) 2 Mb/s > 1 km 200 ms Long range Low data-rate,
High Latency

Presently available in CERN
underground facilities

3. 4G (LTE) 100 Mb/s > 1 km 20 ms Long range, Low
latency

Infrastructure
limitations

Not available in CERN
facilities

Table 2. Performance characteristics of commercially available communication systems with reference to CERN requirements

4.2. Radio signal propagation in tunnel environments

Much literature exists for radio signal propagation
in tunnel environments [5, 6, 28–30]. Experimental
studies on radio propagation characteristics in tunnel-like
environments date back to 1975; Emslie et al. [31], focus
on the path loss of radio signal at frequencies in the range
of 0.2 to 4GHz along a tunnel, and from one tunnel to
another around a corner. Reference [5] provides a detailed
analysis of wired and radio communication systems in
underground mines or tunnel facilities where the tunnels
are not straight leading to different forms of turns (e.g.,
U turn, angle turn). In [6], the authors investigate the
communication considerations from the perspective of
in-mine and mine to surface communications separately,
and provide a detailed overview of all types of possible
communication systems.

In [30], the authors recommend a wireless system
operating at a frequency greater that 2GHz in
underground tunnel facilities because the transmission
loss becomes very small over a frequency of 2GHz in a
coal mine tunnel of width 4m and height 3m. Therefore, a
Wi-Fi system operating at 2.4GHz should be a reasonable
choice for underground scientific facilities.

Scientific facilities such as those at CERN, exhibit the
characteristics of underground tunnel structures and
complete non-Line of Sight (NLOS) conditions with
special properties such as heavy metal objects in the
surroundings. The presence of thick concrete blocks (for
shielding gamma rays, which also makes it difficult for the
radio waves to penetrate) and large objects with metallic
surfaces such as the dipole or quadrupole magnets,
contributes to the characteristics of these environments.

All these characteristics have different effects on radio
signals [5]. For the facilities having obstructed indoor
environments, multi-path effects have to be taken into
account in the propagation of radio waves [25].

Boutin et al. [29] analyse the NLOS propagation in tunnels
and compare the characteristics of path amplitude and
delay spread in a received signal from multiple paths.
They suggest that further narrow-band and wide-band
measurement campaigns should also be undertaken in
galleries with different configurations as the wireless
propagation in underground mine tunnels can be a
challenge to model accurately in view of the complexity
of the environment. Signal propagation simulation tools
such as WISE [32], predict the received signal in an indoor
RF channel. However, such tools rely on many parameters
and are limited to outdoor and LOS situations.

One of the observations by Chou et al. [33] suggests
that for a wireless link there is a trade-off between the
maximum achievable data-rate and the packet delivery
latency. The latency of radio propagation in scientific
facilities was not studied in the literature.

The two main motivations for conducting the
experimental analysis are:
1. According to [29], using the theories and analysis

available in the literature, it is not very simple to
quickly predict the signal propagation behaviour in
underground environments because the characteristics
for each environment are very different.

2. No study was found that analyses the effects on radio
signal latency in scientific and tunnel facilities.

Therefore, experiments have been conducted to investigate
the spatial, temporal and environmental characteristics of
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radio signal strength and latency in a scientific facility at
CERN.

4.3. Communication quality measurement parameters

The quality of communication links is a function of
many variables including location, distance, direction and
time [34]. To estimate the distance coverage of radio
signal propagation, we must analyse the Received Signal
Strength Indicator (RSSI) and Link Quality Indicator (LQI)
at the receiver end. The latency of the communication
network can be measured by using the Round Trip Time
(RTT) metric. The definitions of the three metrics to be
measured are given below.

RSSI: Corresponds to the received strength of the signal.
The signal strength mainly depends on the antenna
output power and the distance between the transmitter
and the receiver.

LQI: Shows the quality of wireless connection. There are
several definitions for LQI and it usually refers to the
percentage of packets transmitted successfully.

RTT: Round trip time for a packet to travel from the
transmitter to the receiver.

Both the RSSI and LQI are nonlinear with respect to
distance as there are many other factors affecting link
quality such as reflections and interference. If there are too
many wireless stations in a wireless network, interferences
may occur resulting in loss of messages. Reference [35]
explains why RSSI alone is not enough as a measurement
parameter as the interference experienced on a link cannot
be inferred via RSSI measurements, but can be measured
by the LQI. Therefore, both RSSI and LQI are needed for
link quality assessment, and RTT is needed for latency
measurement.

5. Experimental setup

Since there is relatively little propagation measurement
data available for underground environments, it is
important to take into account the impact of various
environmental characteristics so that several simulations
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entrance

of link qualities using empirical values can be performed
[29]. Conducting experiments at ISOLDE was not allowed
during its operation as it is a highly radioactive area [13].
Therefore, experiments are conducted in a tunnel area
called ECN3 (shown in the figs. 2 and 3) which was not
in operation and hence was available for tests.

Even though the ISOLDE and ECN3 facility areas
are different, using ECN3 as the test facility allowed
experimented and analytical techniques to be developed,
and will provide information on how well results obtained
in one facility (ECN3) can be applied to another one (the
ISOLDE area).

5.1. Methods and materials

In these experiments one static wireless transmitter
(ProSafe Dual Band Wireless-N Access Point WNDAP350
[36]) and five compact Wi-Fi receiver stations are used
(Zyxel NWD2105 [37]). The transmitter [36] uses IEEE
802.11n 2.4GHz standards with maximum transmit power
PT = 20 dBm and a maximum data-rate of 144.44 Mb/s.
The receiver [37] had a receive sensitivity threshold RS of
−64 dBm at Mb/s and −82 dBm at 11 Mb/s.

The transmitter was fixed at point A in figure 6 and
the receiver stations were mounted at different positions
on a KUKA Youbot mobile robot as shown in figure 4.
The omni-directional capability in Youbot [15] made it
the best choice for the experiments because of space and
size restrictions in the environment. As for the CPU, a
computer running on Ubuntu in the Youbot is used.

The values of RSSI and LQI were obtained by using the
iwcon f ig command in Linux. Each RSSI and LQI sample
is measured at 100 Hz sampling rate for 1s, and then
averaged to diminish statistical temporal fluctuations.
RSSI = 1

100 · ∑100
i=1 RSSIi , LQI = 1

100 · ∑100
i=1 LQIi. The

values of the measured RSSI and LQI, and the method of
measurement depend on the manufacturer of the wireless
device. For Zyxel NWD2105, the RSSI is equal to the
received power in dBm, RSSI = PR, and the LQI is the
percentage of successfully transmitted packets.
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High Latency

Presently available in CERN
underground facilities

2. 3G (UMTS) 2 Mb/s > 1 km 200 ms Long range Low data-rate,
High Latency

Presently available in CERN
underground facilities

3. 4G (LTE) 100 Mb/s > 1 km 20 ms Long range, Low
latency

Infrastructure
limitations

Not available in CERN
facilities

Table 2. Performance characteristics of commercially available communication systems with reference to CERN requirements

4.2. Radio signal propagation in tunnel environments

Much literature exists for radio signal propagation
in tunnel environments [5, 6, 28–30]. Experimental
studies on radio propagation characteristics in tunnel-like
environments date back to 1975; Emslie et al. [31], focus
on the path loss of radio signal at frequencies in the range
of 0.2 to 4GHz along a tunnel, and from one tunnel to
another around a corner. Reference [5] provides a detailed
analysis of wired and radio communication systems in
underground mines or tunnel facilities where the tunnels
are not straight leading to different forms of turns (e.g.,
U turn, angle turn). In [6], the authors investigate the
communication considerations from the perspective of
in-mine and mine to surface communications separately,
and provide a detailed overview of all types of possible
communication systems.

In [30], the authors recommend a wireless system
operating at a frequency greater that 2GHz in
underground tunnel facilities because the transmission
loss becomes very small over a frequency of 2GHz in a
coal mine tunnel of width 4m and height 3m. Therefore, a
Wi-Fi system operating at 2.4GHz should be a reasonable
choice for underground scientific facilities.

Scientific facilities such as those at CERN, exhibit the
characteristics of underground tunnel structures and
complete non-Line of Sight (NLOS) conditions with
special properties such as heavy metal objects in the
surroundings. The presence of thick concrete blocks (for
shielding gamma rays, which also makes it difficult for the
radio waves to penetrate) and large objects with metallic
surfaces such as the dipole or quadrupole magnets,
contributes to the characteristics of these environments.

All these characteristics have different effects on radio
signals [5]. For the facilities having obstructed indoor
environments, multi-path effects have to be taken into
account in the propagation of radio waves [25].

Boutin et al. [29] analyse the NLOS propagation in tunnels
and compare the characteristics of path amplitude and
delay spread in a received signal from multiple paths.
They suggest that further narrow-band and wide-band
measurement campaigns should also be undertaken in
galleries with different configurations as the wireless
propagation in underground mine tunnels can be a
challenge to model accurately in view of the complexity
of the environment. Signal propagation simulation tools
such as WISE [32], predict the received signal in an indoor
RF channel. However, such tools rely on many parameters
and are limited to outdoor and LOS situations.

One of the observations by Chou et al. [33] suggests
that for a wireless link there is a trade-off between the
maximum achievable data-rate and the packet delivery
latency. The latency of radio propagation in scientific
facilities was not studied in the literature.

The two main motivations for conducting the
experimental analysis are:
1. According to [29], using the theories and analysis

available in the literature, it is not very simple to
quickly predict the signal propagation behaviour in
underground environments because the characteristics
for each environment are very different.

2. No study was found that analyses the effects on radio
signal latency in scientific and tunnel facilities.

Therefore, experiments have been conducted to investigate
the spatial, temporal and environmental characteristics of

Int. j. adv. robot. syst., 2013, Vol. 10, 364:20134 www.intechopen.com



Figure 6. Floor plan of ECN3 tunnel

obtained by equating the derivative of mean square error
estimate Jn of the path loss constant to zero, dJ(n)

dn = 0. The
formula for Jn is:

J(n) =
k

∑
i=1

(Pdi
− Pd0 − 10n log

di
d0

)2 (6)

The σx value was calculated by substituting the estimated
n value in the following equation:

σ2 =
J(n)

4
(7)

The reference distance used in calculations was d0 = 5 m
and the received power at the reference distance was Pd0 =
−32 dBm. The path loss constant n and the variance of the
Gaussian distribution σx calculated using the experimental
data from figure 9, are shown in table 3. The obtained path
loss constants for the LOS, NLOS and deep-NLOS regions
in ECN3 correspond to the outdoor region, obstructed
factories region and obstructed in building regions in [24].

These empirical values which correspond the
environmental characteristics of ECN3 tunnel can be
useful in predicting the distance range of the wireless
network in tunnel areas similar to ECN3. It is assumed that
the propagation characteristics of ISOLDE experimental
area are similar to ECN3 area, therefore the derived
log-normal fit can be used in the analysis of the case study
application.

Location Path loss
exponent, n

Variance σx

LOS (Point A to D) 2.54 1.77
NLOS (Point D to E) 3.02 1.52
Deep NLOS (Point F to G) 4.36 2.72

Table 3. Experimental values of path loss constants

Figure 7. RTT variation with quantity of data at various distances

Figure 10 shows the behaviour of LQI versus distance.
When the robot entered the deep NLOS region (point F),
the link became unstable with very poor connectivity and
the LQI decreased linearly with distance d. The linear-fit
equation for LQI variation with distance greater than 38 m
was:

LQI = −1.57d + 160 [%] (8)

According to [38], the Packet Reception Ratio PRR which
is equivalent to LQI, should be at least 85% to consider
the link as being of a good quality. Applying the threshold
of 85% LQI for a good connection, the distance range for
a good quality wireless link in the ECN3 tunnel was 48m
from the point A.

6.3. Environmental characteristics

Radio signals suffer significant attenuation near some
metallic surfaces due to reflections [5]. According to [24],
the expected path loss for radio waves obstructed by a 4m
metal object is 10 − 12 dBm. To analyse the characteristics
of metallic reflections and obstructions, the robot was
made to pass a metre wide metallic obstruction as shown
in figure 11. Figure 12 shows the observed changes in RSSI
caused by the reflections and obstructions due to metal
objects. The end-to-end variance in RSSI was 8.2 dBm,
which is consistent with the values in the literature [24].

Obstructions by reinforced concrete walls can also
deteriorate the radio signal strength as the radio waves
find it difficult to penetrate through walls and reinforced
concrete materials. The expected path loss because of
obstruction by a 0.6 m square reinforced concrete pillar is
12-14 dBm [24]. Figure 13 shows a half metre thick concrete
block used for the experiments. The mobile robot was
driven between two concrete blocks and the changes in
RSSI due to the obstruction by these blocks were noted
as shown in figure 14. The RSSI variance observed was
17.2 dBm which compares to the 13− 20 dBm path loss due
to a concrete block wall in [24].

7. Implications for the case study application

In this section, the question of whether a Wi-Fi system
can be suitable for the case study application at ISOLDE
is discussed. As defined in [27]: "If the estimated
received power is sufficiently large (relative to the receiver
sensitivity), the link budget is said to be sufficient for
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Figure 4. The Youbot mobile robot used in the tests

LQI =
No. o f success f ully transmitted packets

No. o f total transmitted packets
[%] (4)

The ping command provides the RTT values for the
respective receivers. The maximum number of bytes
able to transfer at a time using ping is 65527 bytes (512
kilobits). The RTT reading for each receiver is the average
of 10 samples. The average of the results from all
receivers has been obtained, so that the results were not
device-dependent.

5.2. Experiments carried out

The variations of signal strength, link quality and the
latency in the wireless channel were investigated for
temporal, spatial and environment-based characteristics.
The three types of experiments conducted were:

1. Temporal characteristics: Time variation of RSSI and
LQI was measured for around 90 minutes at various
distances in the ECN3 tunnel. The RTT variation with
the amount of data transmitted was also observed.

2. Spatial characteristics: The mobile robot was moved
from one point to another point over a distance of
around 50m through variations in space, such as LOS
and NLOS situations, passing nearby metallic objects.
The robot was moving at a speed of 0.2 m/s.

3. Environmental characteristics: The mobile robot was
moved under a reinforced concrete block and near to
large metal objects and the RSSI variations were noted.

Figure 6 shows the floor plan of the ECN3 tunnel area and
the location of the transmitter and the receiver (Youbot)
indicating the path the mobile robot used to travel a
distance of 37m in X direction (LOS) and 28m in Y direction
(NLOS). Each experiment was conducted twice and the
readings were averaged.

6. Results and discussions

Changes in RSSI and LQI with respect to time, distance
and environment variations are detected. The RTT
variations were measured with respect to the distance and
the quantity of the data transferred. The results of these
experiments are described in the following sections.

Figure 5. RSSI variations with time at various distances

6.1. Temporal characteristics

In [34], the authors say that it is highly possible to
conserve the quality of a wireless link within an hour and
they observed RSSI variation within 5 − 6 dBm in a day,
however this was in an indoor environment. With the
measurements shown in figure 8, the RSSI variation over
a period of 90 minutes at point B in the ECN3 tunnel had
a mean of 23.22 dBm and a variance 8.75 dBm.

Figure 5 shows the temporal variation of RSSI at different
distances from the transmitter. It can be observed that
as the receiver was farther from the transmitter, the
frequency of RSSI variations with time got smaller but the
magnitude of variation became larger.

The variation of RTT with distance and quantity of data
transmitted (at a distance of 40m) can be observed in figure
7 and a linear fit for this variation is given by the equation:

RTT = 0.0001bits + 2.3 [ms] (5)

This result correlates well with the observations in [10]
where the RTT was observed as 1s for transmission of five
good quality video images at 2 Mb/s each over a distance of
50m.

6.2. Spatial characteristics

The received signal power RSSI and the link quality LQI
with respect to the distance have been analysed in order to
understand the spatial characteristics of the radio signals
in underground CERN facilities. It can be observed in
figure 9 that the decay of RSSI with distance followed the
log-normal distribution as expected [24].

The points in the figure 9 correspond to the physical
location points in figure 6. As soon as the robot entered
the NLOS region (point D), the decay became more rapid
with distance compared to the LOS region. As the receiver
moved further into the deep NLOS region (point F to point
G), the wireless network became unreliable because the
RSSI values reached very near to the sensitivity threshold
of the receiver (−82 dBm).

The linear regression method described in [24] was used to
derive the empirical path loss constants. The n value was
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When the robot entered the deep NLOS region (point F),
the link became unstable with very poor connectivity and
the LQI decreased linearly with distance d. The linear-fit
equation for LQI variation with distance greater than 38 m
was:
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According to [38], the Packet Reception Ratio PRR which
is equivalent to LQI, should be at least 85% to consider
the link as being of a good quality. Applying the threshold
of 85% LQI for a good connection, the distance range for
a good quality wireless link in the ECN3 tunnel was 48m
from the point A.

6.3. Environmental characteristics

Radio signals suffer significant attenuation near some
metallic surfaces due to reflections [5]. According to [24],
the expected path loss for radio waves obstructed by a 4m
metal object is 10 − 12 dBm. To analyse the characteristics
of metallic reflections and obstructions, the robot was
made to pass a metre wide metallic obstruction as shown
in figure 11. Figure 12 shows the observed changes in RSSI
caused by the reflections and obstructions due to metal
objects. The end-to-end variance in RSSI was 8.2 dBm,
which is consistent with the values in the literature [24].

Obstructions by reinforced concrete walls can also
deteriorate the radio signal strength as the radio waves
find it difficult to penetrate through walls and reinforced
concrete materials. The expected path loss because of
obstruction by a 0.6 m square reinforced concrete pillar is
12-14 dBm [24]. Figure 13 shows a half metre thick concrete
block used for the experiments. The mobile robot was
driven between two concrete blocks and the changes in
RSSI due to the obstruction by these blocks were noted
as shown in figure 14. The RSSI variance observed was
17.2 dBm which compares to the 13− 20 dBm path loss due
to a concrete block wall in [24].

7. Implications for the case study application

In this section, the question of whether a Wi-Fi system
can be suitable for the case study application at ISOLDE
is discussed. As defined in [27]: "If the estimated
received power is sufficiently large (relative to the receiver
sensitivity), the link budget is said to be sufficient for
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Figure 4. The Youbot mobile robot used in the tests

LQI =
No. o f success f ully transmitted packets

No. o f total transmitted packets
[%] (4)

The ping command provides the RTT values for the
respective receivers. The maximum number of bytes
able to transfer at a time using ping is 65527 bytes (512
kilobits). The RTT reading for each receiver is the average
of 10 samples. The average of the results from all
receivers has been obtained, so that the results were not
device-dependent.

5.2. Experiments carried out

The variations of signal strength, link quality and the
latency in the wireless channel were investigated for
temporal, spatial and environment-based characteristics.
The three types of experiments conducted were:

1. Temporal characteristics: Time variation of RSSI and
LQI was measured for around 90 minutes at various
distances in the ECN3 tunnel. The RTT variation with
the amount of data transmitted was also observed.

2. Spatial characteristics: The mobile robot was moved
from one point to another point over a distance of
around 50m through variations in space, such as LOS
and NLOS situations, passing nearby metallic objects.
The robot was moving at a speed of 0.2 m/s.

3. Environmental characteristics: The mobile robot was
moved under a reinforced concrete block and near to
large metal objects and the RSSI variations were noted.

Figure 6 shows the floor plan of the ECN3 tunnel area and
the location of the transmitter and the receiver (Youbot)
indicating the path the mobile robot used to travel a
distance of 37m in X direction (LOS) and 28m in Y direction
(NLOS). Each experiment was conducted twice and the
readings were averaged.

6. Results and discussions

Changes in RSSI and LQI with respect to time, distance
and environment variations are detected. The RTT
variations were measured with respect to the distance and
the quantity of the data transferred. The results of these
experiments are described in the following sections.

Figure 5. RSSI variations with time at various distances

6.1. Temporal characteristics

In [34], the authors say that it is highly possible to
conserve the quality of a wireless link within an hour and
they observed RSSI variation within 5 − 6 dBm in a day,
however this was in an indoor environment. With the
measurements shown in figure 8, the RSSI variation over
a period of 90 minutes at point B in the ECN3 tunnel had
a mean of 23.22 dBm and a variance 8.75 dBm.

Figure 5 shows the temporal variation of RSSI at different
distances from the transmitter. It can be observed that
as the receiver was farther from the transmitter, the
frequency of RSSI variations with time got smaller but the
magnitude of variation became larger.

The variation of RTT with distance and quantity of data
transmitted (at a distance of 40m) can be observed in figure
7 and a linear fit for this variation is given by the equation:

RTT = 0.0001bits + 2.3 [ms] (5)

This result correlates well with the observations in [10]
where the RTT was observed as 1s for transmission of five
good quality video images at 2 Mb/s each over a distance of
50m.

6.2. Spatial characteristics

The received signal power RSSI and the link quality LQI
with respect to the distance have been analysed in order to
understand the spatial characteristics of the radio signals
in underground CERN facilities. It can be observed in
figure 9 that the decay of RSSI with distance followed the
log-normal distribution as expected [24].

The points in the figure 9 correspond to the physical
location points in figure 6. As soon as the robot entered
the NLOS region (point D), the decay became more rapid
with distance compared to the LOS region. As the receiver
moved further into the deep NLOS region (point F to point
G), the wireless network became unreliable because the
RSSI values reached very near to the sensitivity threshold
of the receiver (−82 dBm).

The linear regression method described in [24] was used to
derive the empirical path loss constants. The n value was
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Figure 14. RSSI variation because of concrete block

7.1. Distance range prediction

Let us assume that for the case study application the
transmitter antenna is located at a point which ensures
LOS connectivity to all the points where the receiver robot
can be placed. A link margin of 18 dBm is required to
ensure 99% link availability (as a percentage of time) in
LOS conditions [27].

For the ISOLDE area, a link margin that corresponds to
the inevitable RSSI fluctuations due to temporal variations
and objects within the LOS has to be considered. This
means that for the receiver used in tests with sensitivity
threshold RS = −82 dBm, a strong wireless connection
99% of time with an RSSI stronger than -64 dBm is
maintained in LOS situations.

The variation of LQI with respect to the RSSI in the ECN3
tunnel is shown in figure 15. A linear fit for LQI with
respect to the RSSI was applied for RSSI values less than
−40 dBm.

LQI = 0.8RSSI + 140 [%] (10)

It is evident from figure 15 that to achieve a completely
stable and reliable connection where LQI = 100%, the
RSSI should be greater than −57 dBm in a 95% confidence
interval. This RSSI value corresponds to a distance of 35 m
in figure 9.

To satisfy the distance requirement of the case study
application, an RSSI value of −57 dBm is required at
40 m distance. In figure 9, at 40 m, the RSSI value is
−60 dBm. Therefore, the need for having an additional
3 dBm in the link budget can be solved by increasing the
transmitter power from 20 dBm to 23 dBm, the legal limit
of maximum transmitter power (equivalent to 200 mW)
in Europe for the 2.4GHz ISM band. Therefore, a more
powerful transmitter or a receiver with better sensitivity
threshold, according to theory, can be used to solve the
problem of meeting the distance range requirements of the
ISOLDE vision system application.

7.2. Data-rate and latency prediction

For the ISOLDE application, a data-rate of 5 Mb/s is
required to transmit two HD quality video images. This
means that within one second 5120 kbits should have

Figure 15. LQI with RSSI

been transmitted. Applying the data requirement at 40 m
distance in equation 5, the RTT value is obtained as 514ms,
which can lead to two inferences.
1. 5120 kbits of data can be transmitted within one

second, therefore, this system will satisfy the data-rate
requirement.

2. Since the RTT = 2 ∗ Latency, the system latency is
257 ms at 5120 kb/s, therefore, a latency requirement of
200 ms is not achieved.

However, when transmitting multiple packets with less
data in each packet, the latency requirement can be met.
Assuming that data are sent at 4 Mb/s, the system latency
will be 200ms which meets the latency requirements for the
case study application but not the data-rate requirement.
Therefore, there is a trade-off between the latency and
data-rate requirement in a wireless application.

Table 4 summarizes the requirement and the observed
possibilities for the case study application at ISOLDE.

Distance Data-rate Latency
Needed 40 m 5 Mb/s 200 ms
Achievable with
present system

35 m 5 Mb/s 257 ms

Present system + more
transmit power

40 m 5 Mb/s 257 ms

Present system + less
data-rate

40 m 4 Mb/s 200 ms

Table 4. ISOLDE case study application: Needs and calculated
requirements

8. Conclusions and further work

This study attempted to characterize radio signal
propagation in a typical underground scientific facility
for a telerobotic application. Initially, the wireless
communication requirements for typical telerobotic
applications at CERN and similar scientific facilities
are discussed. Considering the requirements for
the application of wireless video transmission, we
attempted to answer the question of whether readily
available wireless technologies such as Wi-Fi, offer
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Accordingly, this step can only be carried out if the
matching procedure was already performed for the first
error image. Therefore, only areas that were not removed
during the first matching procedure are extended by
corresponding areas of the subsequent error images.
Otherwise, the noise (falsely detected areas) would cause
an enlargement of incorrectly detected areas. The red short
dashed rectangles in Figure 8 mark 2 examples of such
corresponding areas. Resulting areas that are too large
are removed from the error images In and In+1. This is
indicated by the areas in the right lower corner of error
image In in Figure 8. As can be seen, the resulting error
image In from Figure 8 is used as input (error image In) in
Figure 7. Without the extension of the areas, the midmost
candidate in Figure 7 would have been rejected.

As some real moving objects are sometimes not detected
in an error image as a result of an inaccurate optical flow
calculation or (radial) distortion, the temporal matching
would fail. This could already be the case if only one
area in one error image is missing. Thus, candidates that
were detected once in 3 temporal succeeding error images
and 4 greyscale images (original images), respectively, are
stored for a sequence of 3 error images subsequent to the
image where the matching was successful, cf. Figure 9(a).
Their coordinates are updated for the succeeding error
images by using the optical flow data. As a consequence,
they can be seen as candidates for moving objects in
the succeeding images, but they are not used within the
matching procedure as input. If within this sequence
of images a corresponding area is found again, it is

stored for a larger sequence of images (more than 3) and
its coordinates are updated for every succeeding error
image. The number of sequences depends on the following
condition:

ξ =

{
c+c̄
c−c̄ | c �= c̄
2c̄ | c = c̄,

(13)

where c is the number of found corresponding areas and
c̄ is the number of missing corresponding areas for one
candidate starting with the image where the candidate
was found again. If ξ < 0 ∨ ξ > 10, the candidate is
rejected. Moreover, the candidate is no longer stored if it
was detected again in 3 temporal succeeding images. In
this case, it is detected during the matching procedure.
An example concerning to this procedure is shown in
Figure 9(b). As one can imagine, error image In in
Figure 9(a) is equivalent (except area-extension) to In+1
in Figure 7, whereas error image In in Figure 9(b) is
equivalent to In+2 in Figure 9(a).

For a further processing of the data, only the position
(shown as small black crosses in the left lower corners of
the rectangles in Figures 7 and 9) and size of the rectangles
marking the candidates are of relevance. Thus, for every
error image the afore mentioned information is stored
for candidates that were detected during the matching
procedure, for candidates that were detected up to 3 error
images before and for candidates that were found again
(see above). On the basis of this data, candidates that are
very close to each other are combined and candidates that
are too large are rejected.
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(b)

Figure 9. Preventing rejection of candidates for moving objects that were detected only in a few sequences. (a) Storage of candidates
for which a further matching fails. These candidates are marked by a blue dotdashed rectangle. The green dashed rectangle marks a
candidate for which a corresponding area was found again and the red short-dashed rectangle marks a candidate with successful matching.
(b) Storage of candidates for which a corresponding area was found again. The 2 areas drawn with transparency in error image In indicate
the position of the candidates, but they are not part of the error image.

Figure 8. RSSI and LQI variations with time

Figure 9. RSSI versus distance in ECN3

Figure 10. LQI versus distance in ECN3

sending data under ideal conditions". The amount by
which the received power exceeds receiver sensitivity is
called the link margin.

Linkmargin = PR − RS (9)

Figure 11. Metallic objects used for tests

Figure 12. RSSI variation because of metallic objects

Figure 13. Thick reinforced concrete block used for tests

The wireless communication range and link quality can be
improved by one or more of the following approaches [27]:
• Increase the "transmit power PT" of the transmitter.
• Have enough link margin considering the path loss of

the environment.
• Relocating or repositioning the antennas.

Among these possibilities, reference [27] recommends that
an adequate link margin is factored into the link budget to
overcome the multi-path fading when designing a wireless
system.
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Figure 14. RSSI variation because of concrete block

7.1. Distance range prediction

Let us assume that for the case study application the
transmitter antenna is located at a point which ensures
LOS connectivity to all the points where the receiver robot
can be placed. A link margin of 18 dBm is required to
ensure 99% link availability (as a percentage of time) in
LOS conditions [27].

For the ISOLDE area, a link margin that corresponds to
the inevitable RSSI fluctuations due to temporal variations
and objects within the LOS has to be considered. This
means that for the receiver used in tests with sensitivity
threshold RS = −82 dBm, a strong wireless connection
99% of time with an RSSI stronger than -64 dBm is
maintained in LOS situations.

The variation of LQI with respect to the RSSI in the ECN3
tunnel is shown in figure 15. A linear fit for LQI with
respect to the RSSI was applied for RSSI values less than
−40 dBm.

LQI = 0.8RSSI + 140 [%] (10)

It is evident from figure 15 that to achieve a completely
stable and reliable connection where LQI = 100%, the
RSSI should be greater than −57 dBm in a 95% confidence
interval. This RSSI value corresponds to a distance of 35 m
in figure 9.

To satisfy the distance requirement of the case study
application, an RSSI value of −57 dBm is required at
40 m distance. In figure 9, at 40 m, the RSSI value is
−60 dBm. Therefore, the need for having an additional
3 dBm in the link budget can be solved by increasing the
transmitter power from 20 dBm to 23 dBm, the legal limit
of maximum transmitter power (equivalent to 200 mW)
in Europe for the 2.4GHz ISM band. Therefore, a more
powerful transmitter or a receiver with better sensitivity
threshold, according to theory, can be used to solve the
problem of meeting the distance range requirements of the
ISOLDE vision system application.

7.2. Data-rate and latency prediction

For the ISOLDE application, a data-rate of 5 Mb/s is
required to transmit two HD quality video images. This
means that within one second 5120 kbits should have

Figure 15. LQI with RSSI

been transmitted. Applying the data requirement at 40 m
distance in equation 5, the RTT value is obtained as 514ms,
which can lead to two inferences.
1. 5120 kbits of data can be transmitted within one

second, therefore, this system will satisfy the data-rate
requirement.

2. Since the RTT = 2 ∗ Latency, the system latency is
257 ms at 5120 kb/s, therefore, a latency requirement of
200 ms is not achieved.

However, when transmitting multiple packets with less
data in each packet, the latency requirement can be met.
Assuming that data are sent at 4 Mb/s, the system latency
will be 200ms which meets the latency requirements for the
case study application but not the data-rate requirement.
Therefore, there is a trade-off between the latency and
data-rate requirement in a wireless application.

Table 4 summarizes the requirement and the observed
possibilities for the case study application at ISOLDE.

Distance Data-rate Latency
Needed 40 m 5 Mb/s 200 ms
Achievable with
present system

35 m 5 Mb/s 257 ms

Present system + more
transmit power

40 m 5 Mb/s 257 ms

Present system + less
data-rate

40 m 4 Mb/s 200 ms

Table 4. ISOLDE case study application: Needs and calculated
requirements

8. Conclusions and further work

This study attempted to characterize radio signal
propagation in a typical underground scientific facility
for a telerobotic application. Initially, the wireless
communication requirements for typical telerobotic
applications at CERN and similar scientific facilities
are discussed. Considering the requirements for
the application of wireless video transmission, we
attempted to answer the question of whether readily
available wireless technologies such as Wi-Fi, offer
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Accordingly, this step can only be carried out if the
matching procedure was already performed for the first
error image. Therefore, only areas that were not removed
during the first matching procedure are extended by
corresponding areas of the subsequent error images.
Otherwise, the noise (falsely detected areas) would cause
an enlargement of incorrectly detected areas. The red short
dashed rectangles in Figure 8 mark 2 examples of such
corresponding areas. Resulting areas that are too large
are removed from the error images In and In+1. This is
indicated by the areas in the right lower corner of error
image In in Figure 8. As can be seen, the resulting error
image In from Figure 8 is used as input (error image In) in
Figure 7. Without the extension of the areas, the midmost
candidate in Figure 7 would have been rejected.

As some real moving objects are sometimes not detected
in an error image as a result of an inaccurate optical flow
calculation or (radial) distortion, the temporal matching
would fail. This could already be the case if only one
area in one error image is missing. Thus, candidates that
were detected once in 3 temporal succeeding error images
and 4 greyscale images (original images), respectively, are
stored for a sequence of 3 error images subsequent to the
image where the matching was successful, cf. Figure 9(a).
Their coordinates are updated for the succeeding error
images by using the optical flow data. As a consequence,
they can be seen as candidates for moving objects in
the succeeding images, but they are not used within the
matching procedure as input. If within this sequence
of images a corresponding area is found again, it is

stored for a larger sequence of images (more than 3) and
its coordinates are updated for every succeeding error
image. The number of sequences depends on the following
condition:

ξ =

{
c+c̄
c−c̄ | c �= c̄
2c̄ | c = c̄,

(13)

where c is the number of found corresponding areas and
c̄ is the number of missing corresponding areas for one
candidate starting with the image where the candidate
was found again. If ξ < 0 ∨ ξ > 10, the candidate is
rejected. Moreover, the candidate is no longer stored if it
was detected again in 3 temporal succeeding images. In
this case, it is detected during the matching procedure.
An example concerning to this procedure is shown in
Figure 9(b). As one can imagine, error image In in
Figure 9(a) is equivalent (except area-extension) to In+1
in Figure 7, whereas error image In in Figure 9(b) is
equivalent to In+2 in Figure 9(a).

For a further processing of the data, only the position
(shown as small black crosses in the left lower corners of
the rectangles in Figures 7 and 9) and size of the rectangles
marking the candidates are of relevance. Thus, for every
error image the afore mentioned information is stored
for candidates that were detected during the matching
procedure, for candidates that were detected up to 3 error
images before and for candidates that were found again
(see above). On the basis of this data, candidates that are
very close to each other are combined and candidates that
are too large are rejected.
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Figure 9. Preventing rejection of candidates for moving objects that were detected only in a few sequences. (a) Storage of candidates
for which a further matching fails. These candidates are marked by a blue dotdashed rectangle. The green dashed rectangle marks a
candidate for which a corresponding area was found again and the red short-dashed rectangle marks a candidate with successful matching.
(b) Storage of candidates for which a corresponding area was found again. The 2 areas drawn with transparency in error image In indicate
the position of the candidates, but they are not part of the error image.

Figure 8. RSSI and LQI variations with time

Figure 9. RSSI versus distance in ECN3

Figure 10. LQI versus distance in ECN3

sending data under ideal conditions". The amount by
which the received power exceeds receiver sensitivity is
called the link margin.

Linkmargin = PR − RS (9)

Figure 11. Metallic objects used for tests

Figure 12. RSSI variation because of metallic objects

Figure 13. Thick reinforced concrete block used for tests

The wireless communication range and link quality can be
improved by one or more of the following approaches [27]:
• Increase the "transmit power PT" of the transmitter.
• Have enough link margin considering the path loss of

the environment.
• Relocating or repositioning the antennas.

Among these possibilities, reference [27] recommends that
an adequate link margin is factored into the link budget to
overcome the multi-path fading when designing a wireless
system.
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adequate performance and can be used for the case study
application. Experiments have been performed to analyse
the temporal, spatial and environmental characteristics of
the radio signal propagation in the ECN3 tunnel area at
CERN using link quality measurement parameters such
as RSSI, LQI and RTT.

The data-rate requirement for the ISOLDE case study
application can be met with the present Wi-Fi-based
system used for the experiments. The distance
requirement can be met only under LOS conditions,
whereas the latency requirement can be met only if the
quality of the transmitted videos is reduced. With all the
observations, the conclusion is that the Wi-Fi devices used
in the experiments can be used for the ISOLDE vision
system application only if there is a trade-off between
the latency and data-rate requirements, or if a powerful
wireless transmitter and receiver (with better transmit
power and receive sensitivity) should be required.

The HD video is needed because the video quality is
sufficient enough to inspect small cracks in the target or
the beam dump in the ISOLDE area. As inspecting a
crack with a delay is acceptable, for such inspection, the
latency requirement does not need to be met strictly, but
the data-rate has to be strictly met. On the other hand, for
teleoperation of the robot, the HD video may not be strictly
required and so the video quality can be reduced to meet
the strict latency requirements but with a trade-off to the
data-rate.

Even though the experiments were conducted in the ECN3
tunnel area, the results have given intuitive meaning with
regard to how to design a better wireless system in the
ISOLDE facility. The ISOLDE area will be available for
tests during the long shut down period (May 2013 - March
2014). For further studies, the use of directional antennas
(on both the transmitter and the receiver robot) will be
examined so that the radio signals from the transmitter are
concentrated only to the receiver, thereby increasing the
received signal strength.
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adequate performance and can be used for the case study
application. Experiments have been performed to analyse
the temporal, spatial and environmental characteristics of
the radio signal propagation in the ECN3 tunnel area at
CERN using link quality measurement parameters such
as RSSI, LQI and RTT.

The data-rate requirement for the ISOLDE case study
application can be met with the present Wi-Fi-based
system used for the experiments. The distance
requirement can be met only under LOS conditions,
whereas the latency requirement can be met only if the
quality of the transmitted videos is reduced. With all the
observations, the conclusion is that the Wi-Fi devices used
in the experiments can be used for the ISOLDE vision
system application only if there is a trade-off between
the latency and data-rate requirements, or if a powerful
wireless transmitter and receiver (with better transmit
power and receive sensitivity) should be required.

The HD video is needed because the video quality is
sufficient enough to inspect small cracks in the target or
the beam dump in the ISOLDE area. As inspecting a
crack with a delay is acceptable, for such inspection, the
latency requirement does not need to be met strictly, but
the data-rate has to be strictly met. On the other hand, for
teleoperation of the robot, the HD video may not be strictly
required and so the video quality can be reduced to meet
the strict latency requirements but with a trade-off to the
data-rate.

Even though the experiments were conducted in the ECN3
tunnel area, the results have given intuitive meaning with
regard to how to design a better wireless system in the
ISOLDE facility. The ISOLDE area will be available for
tests during the long shut down period (May 2013 - March
2014). For further studies, the use of directional antennas
(on both the transmitter and the receiver robot) will be
examined so that the radio signals from the transmitter are
concentrated only to the receiver, thereby increasing the
received signal strength.
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Abstract Large scientific facilities such as particle
accelerators are scenarios that require continuous
maintenance and specific type of interventions. The
intervening personnel are sometimes required to work
exposed to residual radiation. The inclusion of robotic
systems into these environmental conditions are being
encouraged to increase the availability of the facility and
reduce personal radiation doses. However, this scenario
presents challenging conditions for robotic systems
in terms of structural, equipment and environmental
conditions. This paper addresses the design of a modular
robotic system as an alternative to conventional robots
to overcome the challenges. This work also explores the
various capabilities of the design along with its future
possibilities. The SMART heterogeneous modular robot
systems, prototype and simulation results are presented.
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Ionizing, Radiation, Fault Tolerance, Safety

1. Introduction

In the robotics field, conventional robots have established
their use in various platforms and environments.
Focussing on the industrial and scientific facilities
industrial arms [1] and mobile teleoperated platforms [2]
among other conventional robots have been significantly

useful in performing predetermined tasks successfully.
Despite the advantages shown by the conventional robots,
they are limited by their fixed morphology, capabilities,
development time and initial costs [3]. Adaptability has
been a key trait observed in nature for the survival of
different living organisms. When a robot displays this
trait its functionality would not be limited to actions
initially conceived but will evolve depending on the
need. When the robot is not able to evolve to the needs,
new platforms need to be developed. Modularity by
definition is the ability of the system components to
separate and recombine [4] [5] to extend the adaptability
of the system. Modular robots explore in the direction of
adaptability in robot design [6] [7], as they are composed
of individual modules that can connect in different ways
with each other to manifest different morphologies or
robot configurations. They can adapt to new tasks and
environments by changing into different structures or
configurations. Hence, they are being used in various
domains due to their form and adaptability in comparison
to conventional robots. Increased adaptability would see
longer and diverse use of them.

Modular robots have low fabrication cost with respect
to developing different conventional robots that perform
different tasks due to reuse of the fundamental blocks
to achieve different morphologies and functionality.
Modular robots are broadly classified into Homogeneous
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The secondary requirements of the system are to reach
difficult sections e.g. TCC2 hall [15] at CERN where many
beams lines are present and access to various beam lines
by the robot is possible by either going under the beam
lines or using overhead bridges. That would require the
robot to be able to navigate in narrow restrictive spaces
and negotiate steps. Also the robot needs to be able to
extended functioning to new tasks and complex remote
manipulation.

2.2.1. Tasks

The tasks are directed towards reducing the interaction
of human beings with this hazardous environment and
hence performing as many tasks as possible using the
robot system would be ideal. Therefore, reducing the
number of human interventions and downtime of the
experiment along with avoiding the need to develop new
robot platforms for new tasks.

The primary task requirements are remote inspection in the
facilities for conducting maintenance survey. Radiation
measurement to generate fast radiation maps of sections.
Therefore ensuring better planning and eliminating the
need for the radiation protection personal doing this task
manually and also reducing the downtime of the facility.
Remote manipulations on the maintenance consoles for
planned and evolving tasks.

The different tasks that are performed are classified
as planned tasks (which are rehearsed in a mock-up
before intervention in the accelerator tunnel) and evolving
tasks (which need to be handled by the robotic system
and are not rehearsed explicitly before execution of the
task). The tasks need to be performed under different
load conditions, using different tools depending on the
section or equipment on which maintenance is being
performed. Due to these challenges the system requires
long endurance to negotiate the structural challenge
as well as have sufficient energy left to perform the
necessary task. The deployed robot needs to be robust
and fault tolerant so that no damage to the facility
or the equipment occurs. Failure to comply would
require manual intervention and recovery which needs
to be avoided at all costs and defeats the purpose of
robot deployment. A few scenarios that are frequently
encountered require the ability to optimise the use of
actuation, speed of completion of the task, maximum
active time, and their combination.

Hence, this work is towards the use of robots in
hazardous environment and performing wide rage of
tasks. Therefore, reducing the downtime of the facility
and preventing the need for human interaction in ionising
radiation environments.

3. Modular Robot System

To overcome the constraints and needs of a wide
range of tasks the second iteration of SMART [10, 16]
heterogeneous modular robot system is presented. It also
takes into consideration the need for different capabilities,
along with robustness and safety. It is a heterogeneous
modular robot system composed of three different basic

Figure 1. PC Module of SMART Robot

modules than provide processing and control, movement
and necessary specialised functionality.

3.1. Modules

Modules are base components of the system and are
classified into three types: power-control module, joint
module and specialized module. The modules take into
consideration the need for flexibility in using the basic
components and partial upgrades of modules as need
arises. The separation of modules is based on their
functionality and benefits for the ionising radiation
facilities. As the modular robot will have to perform
some complex operations like reaching a hard to plan
location or searching for the best reconfiguration for a new
task during operation. The heterogeneous robot design
also helps compensate the inability to expand of functions
a robot can perform in comparison with homogeneous
robots.

Power-Control Module (P-C) in SMART is a 150 mm x 55 mm
x 90 mm cuboid Figure 1. It has been designed to decouple
the electronics, communications and power source from
the rest of the modules. The advantages, control being in a
separate module, the module can be better shielded and
reduce the risk of failure due to SEUs and accumulated
dose. It also allows the use of additional computational
units with the module and easy upgrade in the future as
the technology improves. It is currently connected with
permanent connector achieved by manual screws but a
connector mechanism is being designed to ensure easy
docking and undocking using the least amount of energy.

Joint module (J) represents any type of active or passive
actuator such as linear, rotary, pneumatic hydraulic,
spherical, etc. In this case, an actuator with 3 rotational
degrees of freedom whose axes intersect at one point
is used. This module [17] has been reused from the
first prototype of SMART modular robot system after
a study was conducted for its use with the constraints
and requirements. Figure 2 shows the actuator module
and the axis of rotation and their intersect at the same
point. The design of the J module allows S or P-C
modules to be attached and detached depending on the
task performed, through the permanent connector at its

(a) J Module (b) J Module 2

Figure 2. Joint Module of SMART Robot
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and Heterogeneous systems. Single type of basic modules
(Homogeneous - e.g., M-TRAN [8] and ATRON [9]) and
different basic modules (Heterogeneous systems - e.g.,
SMART [10]). Using few basic modules could lead to
more intensive testing of the basic modules. It also
provide an opportunity for increased robustness and
failure recovery through reconfiguration and easy module
replacement on failure. The different modules of the
robot allow it to dynamically adapt its configuration to
continue performing operations such as manoeuvring,
navigating and executing the tasks in the environment,
even after being impeded by obstacles. Fault tolerance
through the use of redundant modules can also be
performed, similar to the practice in space missions [11].
The robot configuration needs to ensure robust control
and manipulation of the modular robot system despite
increased diversity and complexity introduced through
addition of different modules.

Large facilities which have hazard of ionizing radiation
produced during operation are generally nuclear fission,
nuclear fusion reactors and large scientific facilities which
conduct experiments in particle physics using accelerators.
For the rest of the paper we will focus on large scientific
facilities like CERN (European Organization for Nuclear
Research, Geneva) or GSI-FAIR (GSI Helmholtz Centre for
Heavy Ion Research, Darmstadt) as primary environment
for robot deployment. At these facilities particle beams
are generated and accelerated to perform experiments.
These beams interact with matter and activation of the
matter occurs. The strength of activation depends on
the length of exposure, strength of the beam, material
properties and others. When the experiment is shutdown
for maintenance or other interventions within the ionizing
radiation sections of the facility, the maintenance crew and
others who enter are exposed to the residual radiation.
Prolonged human tissue exposure to even low ionising
radiation dose could lead to health defects. Measures
to ensure the crew safety like, As Low As Reasonable
Achievable (ALARA) are followed at CERN [12]. At
CERN multiple accelerators work together to increase
the beam energy through a large tunnel network. As
new experiment and processes are set with higher beam
energy the residual radiation is expected to increases.
Hence deploying robots to perform the tasks in accelerator
tunnels is preferred, provided that the platform achieves
the safety and robustness required for deployment in such
facilities.

In this paper we present the challenges encountered in this
environment and tasks required to be performed in section
2. In Section 3 the design of a modular robot (SMART)
which attempts to overcome these challenges is presented.
Simulations satisfying the requirements are presented in
section 4 and the applications of the modular robot and
its simulator are presented in section 5. Future work and
conclusions are presented in section 6.

2. Constraints and Task Requirement

The Large scientific facilities present a challenging
environment to the deployment of robots, primarily
because during the design of the facilities the use of robots
was not conceived. An example, The LHC (Large Hadron

Collider) was suggested in 1983 and construction started
in 1998 at which times robots use for maintenance and
other tasks was not considered for all the equipment. A
working problem and need is seen at CERN as particle
physics experiments push the accelerator beam energy
higher and the collisions will occur at higher energy. This
makes the equipment like collimator, beam splitters, etc
and also sections like the beam dump area (ISOLDE at
CERN) reach higher levels of activation. When these
equipment emitting ionizing radiation need to be changed
or operated upon, the intervention is planned to make
sure that the maintenance personal receive minimum
radiation doses and stay under safety limits. Before
the maintenance and other crew members access the
accelerator tunnels, the Radiation Protection personnel do
an ionising radiation survey. Various strategies are being
explored to avoid prolonged human tissue exposure to
the ionising radiation. Like, mobile platform with robotic
arms controlled using bilateral control strategies, modular
robotic systems to perform the various required tasks of
maintenance, overhead robotic system like TIM [13] and
others.

2.1. Constraints

The constraints faced in these facilities can be classified as
the following:

Structural challenges- The facilities lack of robot friendly
structures. It is complex to navigate to the work site due
to the compact spaces and unstructured sections. Other
structural challenges include the access barriers that are
present to restrict access for humans and special provisions
need to provided for robot access e.g. special access doors
were added for the TIM robot when deployed in LHC
experiment at CERN.

Equipment challenge- Different equipment is present inside
the accelerator tunnel for the functioning of the facility and
safety of this equipment is critical. Hence, any foreign
element (e.g. humans, robots) deployed needs to ensure
safety and avoid accidental damage to the equipment.

Hazards- Ionizing radiation causes faults in equipment
[14] due to single event upsets (SEUs) in electronics and
the accumulated dose effect damages any equipment or
organic matter. Other hazards such as gas leaks, may also
be present.

The robot system needs to take into account all the above
physical constraints along with the task requirements.

2.2. Requirements

The primary requirement of the modular robot system is
to safely navigate to the target location in the facility to
perform the required task. This would need to overcome
unstructured spaces, varying lighting conditions, over
cable ramps and through special access gates. Special
access doors dimensions from TIM design [13] which
is 480 mm wide x 530 mm height are used as basic
access door restriction. Tasks like remote inspection and
manipulation need to be performed at the beam height
which varies between 1000 mm to 2000 mm depending on
the accelerator. The active working time of four hours is
necessary for remote manipulation.
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the technology improves. It is currently connected with
permanent connector achieved by manual screws but a
connector mechanism is being designed to ensure easy
docking and undocking using the least amount of energy.

Joint module (J) represents any type of active or passive
actuator such as linear, rotary, pneumatic hydraulic,
spherical, etc. In this case, an actuator with 3 rotational
degrees of freedom whose axes intersect at one point
is used. This module [17] has been reused from the
first prototype of SMART modular robot system after
a study was conducted for its use with the constraints
and requirements. Figure 2 shows the actuator module
and the axis of rotation and their intersect at the same
point. The design of the J module allows S or P-C
modules to be attached and detached depending on the
task performed, through the permanent connector at its

(a) J Module (b) J Module 2

Figure 2. Joint Module of SMART Robot
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and Heterogeneous systems. Single type of basic modules
(Homogeneous - e.g., M-TRAN [8] and ATRON [9]) and
different basic modules (Heterogeneous systems - e.g.,
SMART [10]). Using few basic modules could lead to
more intensive testing of the basic modules. It also
provide an opportunity for increased robustness and
failure recovery through reconfiguration and easy module
replacement on failure. The different modules of the
robot allow it to dynamically adapt its configuration to
continue performing operations such as manoeuvring,
navigating and executing the tasks in the environment,
even after being impeded by obstacles. Fault tolerance
through the use of redundant modules can also be
performed, similar to the practice in space missions [11].
The robot configuration needs to ensure robust control
and manipulation of the modular robot system despite
increased diversity and complexity introduced through
addition of different modules.

Large facilities which have hazard of ionizing radiation
produced during operation are generally nuclear fission,
nuclear fusion reactors and large scientific facilities which
conduct experiments in particle physics using accelerators.
For the rest of the paper we will focus on large scientific
facilities like CERN (European Organization for Nuclear
Research, Geneva) or GSI-FAIR (GSI Helmholtz Centre for
Heavy Ion Research, Darmstadt) as primary environment
for robot deployment. At these facilities particle beams
are generated and accelerated to perform experiments.
These beams interact with matter and activation of the
matter occurs. The strength of activation depends on
the length of exposure, strength of the beam, material
properties and others. When the experiment is shutdown
for maintenance or other interventions within the ionizing
radiation sections of the facility, the maintenance crew and
others who enter are exposed to the residual radiation.
Prolonged human tissue exposure to even low ionising
radiation dose could lead to health defects. Measures
to ensure the crew safety like, As Low As Reasonable
Achievable (ALARA) are followed at CERN [12]. At
CERN multiple accelerators work together to increase
the beam energy through a large tunnel network. As
new experiment and processes are set with higher beam
energy the residual radiation is expected to increases.
Hence deploying robots to perform the tasks in accelerator
tunnels is preferred, provided that the platform achieves
the safety and robustness required for deployment in such
facilities.

In this paper we present the challenges encountered in this
environment and tasks required to be performed in section
2. In Section 3 the design of a modular robot (SMART)
which attempts to overcome these challenges is presented.
Simulations satisfying the requirements are presented in
section 4 and the applications of the modular robot and
its simulator are presented in section 5. Future work and
conclusions are presented in section 6.

2. Constraints and Task Requirement

The Large scientific facilities present a challenging
environment to the deployment of robots, primarily
because during the design of the facilities the use of robots
was not conceived. An example, The LHC (Large Hadron

Collider) was suggested in 1983 and construction started
in 1998 at which times robots use for maintenance and
other tasks was not considered for all the equipment. A
working problem and need is seen at CERN as particle
physics experiments push the accelerator beam energy
higher and the collisions will occur at higher energy. This
makes the equipment like collimator, beam splitters, etc
and also sections like the beam dump area (ISOLDE at
CERN) reach higher levels of activation. When these
equipment emitting ionizing radiation need to be changed
or operated upon, the intervention is planned to make
sure that the maintenance personal receive minimum
radiation doses and stay under safety limits. Before
the maintenance and other crew members access the
accelerator tunnels, the Radiation Protection personnel do
an ionising radiation survey. Various strategies are being
explored to avoid prolonged human tissue exposure to
the ionising radiation. Like, mobile platform with robotic
arms controlled using bilateral control strategies, modular
robotic systems to perform the various required tasks of
maintenance, overhead robotic system like TIM [13] and
others.

2.1. Constraints

The constraints faced in these facilities can be classified as
the following:

Structural challenges- The facilities lack of robot friendly
structures. It is complex to navigate to the work site due
to the compact spaces and unstructured sections. Other
structural challenges include the access barriers that are
present to restrict access for humans and special provisions
need to provided for robot access e.g. special access doors
were added for the TIM robot when deployed in LHC
experiment at CERN.

Equipment challenge- Different equipment is present inside
the accelerator tunnel for the functioning of the facility and
safety of this equipment is critical. Hence, any foreign
element (e.g. humans, robots) deployed needs to ensure
safety and avoid accidental damage to the equipment.

Hazards- Ionizing radiation causes faults in equipment
[14] due to single event upsets (SEUs) in electronics and
the accumulated dose effect damages any equipment or
organic matter. Other hazards such as gas leaks, may also
be present.

The robot system needs to take into account all the above
physical constraints along with the task requirements.

2.2. Requirements

The primary requirement of the modular robot system is
to safely navigate to the target location in the facility to
perform the required task. This would need to overcome
unstructured spaces, varying lighting conditions, over
cable ramps and through special access gates. Special
access doors dimensions from TIM design [13] which
is 480 mm wide x 530 mm height are used as basic
access door restriction. Tasks like remote inspection and
manipulation need to be performed at the beam height
which varies between 1000 mm to 2000 mm depending on
the accelerator. The active working time of four hours is
necessary for remote manipulation.
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Figure 6. W2M simulation model of SMART system

robot configuration are shown. Figure 6(a) shows the
wheel rotation. It can perform bi-directional rotation or
differential drive rotation to rotate around the center of the
robot. Figure 6(b) shows that the along the vertical axis to
enable the robot to be able to stand on its wheel. Figure
6(c) shows the joint rotation for tangential movement. The
different robot configurations mentioned can be used as
subcomponents to create robot configurations for a specific
task.

Figure 7 shows the SMART robot configuration using six
wheeled robot configurations (W1M is a single wheeled
robot configuration with two J modules, corresponding
P&C module and only one wheel S module) as
subcomponents of the robot configuration to perform
manipulation and locomotion tasks. Similarly another
alternative configuration using 3 W1M’s in the robot
configuration is shown in figure 8. In both cases (using
six W1M and three W1M robot configurations) they are
connected with additional modules like the base S module,
tool case S module and powerbase S module depending
on the need and will be called as MRC6 and MRC3
respectively(Modular Robot Configuration with 6 W1M
and 3 W1M).

Colour code: Grey- J module, Blue- P&C module, Black-
Wheel S module, Dark Red- Connector Interface , Dark
grey- Base plate S module, Grey pole and Black or
Red cylinder - Camera or radiation probe S-module
respectively.

The MRC6 robot configurations in reduced footprint
size (165 mm x 160 mm) complies with the width
and height size restriction imposed by the access door
requirement as seen in fig 7(d) and the baseplate can
be extended in length to add more modules depending
on the needs of locomotion and task. To reach target
location MRC6 is able to exhibit both wheeled and legged
locomotion as seem in Figures 7(a) and 7(b). Wheeled
locomotion is advantageous on flat surfaces, while the

(a) Wheeled locomotion (b) Legged locomotion

(c) Reduced footprint - Top View (d) Orthogonal View

Figure 7. SMART MRC6 Robot configuration

(a) Locomotion (b) Radiationinspection

Figure 8. SMART MRC3 Robot configuration with power base

legged locomotion for negotiating steps. The robot
configuration is also able to reduce its footprint fig 7(c) and
traverse through different sections using the special access
doors. This shows the robot configurations capability
to negotiate complex structural challenges, reach various
positions along the tunnel and varying beam heights to
reach the target location and perform the necessary tasks.

The requirement of custom tools necessary to perform
specific task has been addressed with the use of tool case
S module on top and bottom of the base plate S module
which hold the necessary tools for each section and the
task. The tools are either individual S modules or a
combination of many S modules e.g. camera, lighting,
gripper or gripper with camera and lighting being used
as a single tool. The requirement of long endurance for
situations where manipulation and inspection needs to
be performed for long hours is made possible with the
help of power base S module that provides 4 hours of
working time and also functions as a support for the robot
configuration. The power base is equipped with spring
loaded ball transfer unit on the floor surface to provide
least friction during locomotion and a support structure
during manipulation or inspection tasks as seen in figure
8. The power base S module are stored along with other
section specific tool modules in safe zones away from the
radiation behind concrete shield in each section near the
access gates. Hence the robot can leave behind the used
power base in the charging station after use and travel to
the next section in its reduced footprint profile, attach with
a new power base and pick the necessary section tools to
continue work. Figure 8(a) shows the 3 legged SMART
performing wheeled locomotion and the figure 8(b) shows
the robot performing radiation survey (Radiation probe S
module in light red).

Two experimental robot configurations to perform
manipulation on the maintenance consoles are the MRC6
configuration Figure 9(b) and MRC3 configuration Figure
9(a) with the power base which can be chosen depending
on the requirement of the task and length of task execution.
The arms need to pick the S modules attachments needed
for the task from the tool case on the top and bottom of the
baseplate. In Figure 9 two arms have picked the gripper
tool which is made of camera, light and gripper S modules
and the third arm holds a stereoscopic camera to provide
a overview of the operation with depth perspective. This
configuration helps the operator in the control station by
providing an additional arm that can be moved to the best
overview location to perform the task with the other two
arms.

Prithvi Sekhar Pagala, José Baca, Manuel Ferre and Rafael Aracil: 
Modular Robot System for Maintenance Tasks in Large Scientific Facilities

5www.intechopen.com

Figure 3. S Module of SMART Robot

ends. It is mandatory to have J module attached to a P-C
module to ensure the working of the J module.

Specialized module (S) may be described as the end-effector
of the robot and connection attachments between modules.
It may be a an attachment to help locomotion like
wheel (W) and leg (L), a sensor device like radiation
measurement, a tool (e.g. gripper), an accessory (e.g.
additional energy platform).This type of module can be
attached to a P-C module, J module or other S module. The
S module provides flexibility and diversity to locomotion
and manipulation tasks. Examples of S modules used as
wheel S modules is shown in Fig.4 and as an probe or
hand S module in Fig.5(b). The example of using two S
module is show in forming the legged locomotion robot
configuration in Fig.5(a).

The use of reconfigurable modular design approach
increases the reusability and cost effectiveness of various
robot configurations due to reuse of the modules. The
ability to reconfigure the functions of the J modules and
S modules helps the robot in planning and adjusting
to different beam heights, positions and tasks. An
examples, remote inspection of a control console or
radiation sampling at different locations and beam heights
with varying restrictions like angle, position of reach. One
of the ways fault tolerance can be achieved is through
redundancy, similar to what is done in spacecraft to ensure
high degree of safety by having multiple units performs
same task and cross validating each other to detect faults.
Also, when there is a total or partial failure in a joint
module at runtime, then reconfiguration of the robot
configuration can be done to recover the lost functionality.
Having a modular approach also make it easier to replace
modules due to maintenance and failure.

3.2. Robot Configurations

Three robot configurations achieved by the SMART
modular robot are explained (wheeled configuration,
legged locomotion configuration and basic arm
configuration) and in the next section the simulation
models are generated along with verified functionality.
Figure 4 shows the two wheeled locomotion robot
configuration (W2M - Two wheeled S modules attached

Figure 4. W2M Robot Configuration

to respective J modules and P-C module), it functions
as a two wheeled robot capable of differential drive and
rotation around its pivot as seen in figure 6.

Figure 5(a) shows the two legged locomotion robot
configuration (L2M - Two leg S modules attached to
respective J modules and P-C module), it functions as a
two legged robot with limitd leg motion but can be easily
upgraded to four or six legs for better legged locomotion.
Figure 5(b) shows the Arm robot configuration (H2M -

(a) L2M Configuration (b) H2M Configuration

Figure 5. SMART Robot Configurations

Two hand S modules attached to respective J modules and
P-C module), it functions as two basic arm configuration
with 3 DoF (degrees of freedom) in each arm or as a single
unit of 6 Dof to perform basic manipulation tasks.

4. Simulation Results and Discussions

Modelling of a modular robot system is complex due
to its capability of changing and forming different robot
configurations with a set of modules. The greater the
number of modules added to the structure, the more
complex its model. Therefore, simulation is used to
exploit and access the different robot configurations of
modular robot. The simulation model for SMART is
obtained through the characterization of the geometric and
kinematic model of each module of the modular robot
system. The resulting simulated configurations exhibit the
same kinematic parameters as the prototype model of the
SMART robot. SMART has three types of the fundamental
modules P&C Modules, J Modules and S Modules the
methodology to represent modular robot configurations is
achieved as a fixed shape robot for the prototype. The fixed
shape robot configurations help to simplify the complexity
of the robot model. To achieve simulation environment
and models a three dimensional simulator Gazebo [18] is
used to simulate the robot configurations and the different
models. Gazebo is a physics based 3D environment for
robots and is capable of simulating a population of robot
models, sensors and objects. It generates realistic sensor
feedback and rigid-body physics.

Model of W2M robot configuration (Figure 6) featuring
different functionalities that can be achieved by this
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Figure 6. W2M simulation model of SMART system

robot configuration are shown. Figure 6(a) shows the
wheel rotation. It can perform bi-directional rotation or
differential drive rotation to rotate around the center of the
robot. Figure 6(b) shows that the along the vertical axis to
enable the robot to be able to stand on its wheel. Figure
6(c) shows the joint rotation for tangential movement. The
different robot configurations mentioned can be used as
subcomponents to create robot configurations for a specific
task.

Figure 7 shows the SMART robot configuration using six
wheeled robot configurations (W1M is a single wheeled
robot configuration with two J modules, corresponding
P&C module and only one wheel S module) as
subcomponents of the robot configuration to perform
manipulation and locomotion tasks. Similarly another
alternative configuration using 3 W1M’s in the robot
configuration is shown in figure 8. In both cases (using
six W1M and three W1M robot configurations) they are
connected with additional modules like the base S module,
tool case S module and powerbase S module depending
on the need and will be called as MRC6 and MRC3
respectively(Modular Robot Configuration with 6 W1M
and 3 W1M).

Colour code: Grey- J module, Blue- P&C module, Black-
Wheel S module, Dark Red- Connector Interface , Dark
grey- Base plate S module, Grey pole and Black or
Red cylinder - Camera or radiation probe S-module
respectively.

The MRC6 robot configurations in reduced footprint
size (165 mm x 160 mm) complies with the width
and height size restriction imposed by the access door
requirement as seen in fig 7(d) and the baseplate can
be extended in length to add more modules depending
on the needs of locomotion and task. To reach target
location MRC6 is able to exhibit both wheeled and legged
locomotion as seem in Figures 7(a) and 7(b). Wheeled
locomotion is advantageous on flat surfaces, while the

(a) Wheeled locomotion (b) Legged locomotion

(c) Reduced footprint - Top View (d) Orthogonal View

Figure 7. SMART MRC6 Robot configuration

(a) Locomotion (b) Radiationinspection

Figure 8. SMART MRC3 Robot configuration with power base

legged locomotion for negotiating steps. The robot
configuration is also able to reduce its footprint fig 7(c) and
traverse through different sections using the special access
doors. This shows the robot configurations capability
to negotiate complex structural challenges, reach various
positions along the tunnel and varying beam heights to
reach the target location and perform the necessary tasks.

The requirement of custom tools necessary to perform
specific task has been addressed with the use of tool case
S module on top and bottom of the base plate S module
which hold the necessary tools for each section and the
task. The tools are either individual S modules or a
combination of many S modules e.g. camera, lighting,
gripper or gripper with camera and lighting being used
as a single tool. The requirement of long endurance for
situations where manipulation and inspection needs to
be performed for long hours is made possible with the
help of power base S module that provides 4 hours of
working time and also functions as a support for the robot
configuration. The power base is equipped with spring
loaded ball transfer unit on the floor surface to provide
least friction during locomotion and a support structure
during manipulation or inspection tasks as seen in figure
8. The power base S module are stored along with other
section specific tool modules in safe zones away from the
radiation behind concrete shield in each section near the
access gates. Hence the robot can leave behind the used
power base in the charging station after use and travel to
the next section in its reduced footprint profile, attach with
a new power base and pick the necessary section tools to
continue work. Figure 8(a) shows the 3 legged SMART
performing wheeled locomotion and the figure 8(b) shows
the robot performing radiation survey (Radiation probe S
module in light red).

Two experimental robot configurations to perform
manipulation on the maintenance consoles are the MRC6
configuration Figure 9(b) and MRC3 configuration Figure
9(a) with the power base which can be chosen depending
on the requirement of the task and length of task execution.
The arms need to pick the S modules attachments needed
for the task from the tool case on the top and bottom of the
baseplate. In Figure 9 two arms have picked the gripper
tool which is made of camera, light and gripper S modules
and the third arm holds a stereoscopic camera to provide
a overview of the operation with depth perspective. This
configuration helps the operator in the control station by
providing an additional arm that can be moved to the best
overview location to perform the task with the other two
arms.
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ends. It is mandatory to have J module attached to a P-C
module to ensure the working of the J module.

Specialized module (S) may be described as the end-effector
of the robot and connection attachments between modules.
It may be a an attachment to help locomotion like
wheel (W) and leg (L), a sensor device like radiation
measurement, a tool (e.g. gripper), an accessory (e.g.
additional energy platform).This type of module can be
attached to a P-C module, J module or other S module. The
S module provides flexibility and diversity to locomotion
and manipulation tasks. Examples of S modules used as
wheel S modules is shown in Fig.4 and as an probe or
hand S module in Fig.5(b). The example of using two S
module is show in forming the legged locomotion robot
configuration in Fig.5(a).

The use of reconfigurable modular design approach
increases the reusability and cost effectiveness of various
robot configurations due to reuse of the modules. The
ability to reconfigure the functions of the J modules and
S modules helps the robot in planning and adjusting
to different beam heights, positions and tasks. An
examples, remote inspection of a control console or
radiation sampling at different locations and beam heights
with varying restrictions like angle, position of reach. One
of the ways fault tolerance can be achieved is through
redundancy, similar to what is done in spacecraft to ensure
high degree of safety by having multiple units performs
same task and cross validating each other to detect faults.
Also, when there is a total or partial failure in a joint
module at runtime, then reconfiguration of the robot
configuration can be done to recover the lost functionality.
Having a modular approach also make it easier to replace
modules due to maintenance and failure.

3.2. Robot Configurations

Three robot configurations achieved by the SMART
modular robot are explained (wheeled configuration,
legged locomotion configuration and basic arm
configuration) and in the next section the simulation
models are generated along with verified functionality.
Figure 4 shows the two wheeled locomotion robot
configuration (W2M - Two wheeled S modules attached

Figure 4. W2M Robot Configuration

to respective J modules and P-C module), it functions
as a two wheeled robot capable of differential drive and
rotation around its pivot as seen in figure 6.

Figure 5(a) shows the two legged locomotion robot
configuration (L2M - Two leg S modules attached to
respective J modules and P-C module), it functions as a
two legged robot with limitd leg motion but can be easily
upgraded to four or six legs for better legged locomotion.
Figure 5(b) shows the Arm robot configuration (H2M -

(a) L2M Configuration (b) H2M Configuration

Figure 5. SMART Robot Configurations

Two hand S modules attached to respective J modules and
P-C module), it functions as two basic arm configuration
with 3 DoF (degrees of freedom) in each arm or as a single
unit of 6 Dof to perform basic manipulation tasks.

4. Simulation Results and Discussions

Modelling of a modular robot system is complex due
to its capability of changing and forming different robot
configurations with a set of modules. The greater the
number of modules added to the structure, the more
complex its model. Therefore, simulation is used to
exploit and access the different robot configurations of
modular robot. The simulation model for SMART is
obtained through the characterization of the geometric and
kinematic model of each module of the modular robot
system. The resulting simulated configurations exhibit the
same kinematic parameters as the prototype model of the
SMART robot. SMART has three types of the fundamental
modules P&C Modules, J Modules and S Modules the
methodology to represent modular robot configurations is
achieved as a fixed shape robot for the prototype. The fixed
shape robot configurations help to simplify the complexity
of the robot model. To achieve simulation environment
and models a three dimensional simulator Gazebo [18] is
used to simulate the robot configurations and the different
models. Gazebo is a physics based 3D environment for
robots and is capable of simulating a population of robot
models, sensors and objects. It generates realistic sensor
feedback and rigid-body physics.

Model of W2M robot configuration (Figure 6) featuring
different functionalities that can be achieved by this

Int. j. adv. robot. syst., 2013, Vol. 10, 20134 www.intechopen.com



(a) Remote manipulation (b) Radiation survey (c) Remote Inspection

Figure 10. Simulation model of SMART system performing various tasks

a modular arm which could be added as auxiliary module
to the TIM (Train inspection monorail) [13] in LHC (Large
Hadron Collider) tunnel.

5.1.5. Training and Testing

The simulator is useful to accelerate the ability to test
new possibilities and configurations of the robot. It
is also expected to train operators for the deployment
and during the operation of the modular robot. The
simulator provides the opportunity to add the CAD
(Computer-aided design) models of the facility along
with models generated from the stereoscopic cameras
and lasers. It therefore reducing the time taken to
recreate models of the remote environment and provides
a realistic environment for testing and training. Designs
of various additional modules and robot configuration can
be tested which could lead to improvements for the robot
configuration and future prototypes.

5.2. Advantages

Along with advantages of a modular robot system over
conventional robot like adaptability, lower cost, etc. the
SMART modular robot design provides easier upgrade
of each module. Especially, the power and control
(P-C) module. Also, additional higher computational P-C
modules can be added to provide higher level control and
execution of algorithms for autonomy.

5.2.1. Optimisation and planning

The robot configurations execution of tasks in the mockup
of the workspace and the simulator would increase
the optimisation and planning of the modular robot
movement [19] and not only in task execution by
reducing redundant movement but also in reducing the
overall radiation dose taken by different modules. In
the simulator, tests with various approaches can be
experimented with the logged data from the deployment
or from simulated data.

5.2.2. Fault tolerance and Detection

Fault tolerance can be achieved by using redundant
modules, similar to what is done in space crafts [20] to
ensure high degree of safety by having multiple units
performing the same task and cross validating each other
to detect faults. Also, when a joint module fails the other
modules can compensate for the lost degree of freedom
by reconfiguring their functions. In case of total failures
of an entire module, the other modules facilitate in the
recovery and return to home location. Repair of the robot

is easier due to the use of few modules which facilitate easy
replacement.

Fault detection can also be achieved by comparing the
prior logged data with the same task being performed in
the remote location. Extension of this process would be
to create respective models for the various tasks, which
facilitates in detecting and predicting faults.

6. Conclusion and Future Work

The modular robot system offers advantages over
conventional robots in terms adaptability, cost
effectiveness and fault tolerance. This works shows
the possibility of deployment of a modular robot
platform in an ionizing radiation facility to perform
basic maintenance and reduce the downtime of the
facility. SMART prototype has been designed to meet the
requirements gathered from the scientific facility CERN
for its maintenance tasks. The design has been choose
after evaluating various configurations, requirements and
simulations. The prototype is to be used as an evaluation
platform for testing the system for safety and robustness
of the modular system. After evaluation the deployed
robot would be scaled in size and the materials used
would be radiation hardened. In the future, there could
be fault tolerant, robust and safe modular robots that can
avoid human intervention in hazardous environments.
Better strategies to manage the redundant degrees of
freedom, safety and fault tolerance properties would be
investigated along with human machine interfaces to
control the modular robot system, as with addition of
modules leads to more complexity.
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(a) with powerbase (b) without powerbase

Figure 9. SMART Robot remote manipulation

The SMART robot prototype and simulations confirm the
feasibility of modular robot system to reach the target
location in the tunnel through modified access doors
and perform remote inspection, environment survey,
manipulation. Although the platform presents many
advantages, care needs to be taken in providing the
operator with an intuitive human machine interface. As,
the number of degrees of freedom (DoF) are large e.g
the MRC6 configuration has 12 joint modules. hence,
depending on the type of joint module used the DoF vary
between 12 DoF (using 1 DoF J modules) and 36 DoF
(using 3 DoF J modules). The redundant DoF during a task
execution needs to be managed to improve the efficiency
and flexibility of robot configuration. The execution of the
tasks in mock-ups and simulation provides an opportunity
to optimise the task execution prior to deployment in real
environment. It also provides the operator with possible
alternative robot configurations with respect to different
needs (energy optimisation, completion speed and others),
which is beneficial for task execution.

5. Applications and Advantages

5.1. Applications

The applications of the heterogeneous modular robot
system SMART prototype along with the simulator are in
remote manipulation, inspection, training and emergency
response. Figure 10 shows one of the applications of the
Modular robot system using simplified workspace and
the various tasks that are expected to be performed by
the Modular robot in the Super Proton Synchrotron (SPS)
secondary beam fan out from the targets in SPS North
area [15]. In this workspace multiple beamlines of varying
outer dimensions are present along with structural and
size restrictions (raised platforms, narrows space between
the beamline supports, etc.).

The tasks needed to be performed are split as follows.
Remote manipulation at first location, radiation survey at
the second and remote inspection at the third location.
MRC3 configuration is used to perform the task. The
robot enters the section through the access door in the
reduced footprint orientation like in Figure 7(d). It
reaches the stored powerbase S module in the section
behind shielding attaches itself along with picking up the
necessary S modules (standard S modules and hybrid S
modules like camera and grippers with light, camera etc.)
for the task execution in the section. Next, reaches the

manipulation task location to perform the task needed,
by attaching necessary tools as shown in Figure 10(a).
After completing the task, it returns the tools and detaches
from powerbase. The robot reduces its footprint and
moves between beamlines on a raised platform to perform
radiation survey using the radiation probe Figure 10(b).
After completion reaches the third section to perform
remote inspection Figure 10(c) using camera S module.
Lastly, returns and the location of the powerbase S module
and continues to the next task.

5.1.1. Remote Manipulation for Maintenance

The modular robot systems primary goal is to perform
various maintenance tasks, which are performed by
remote manipulation from the control room and range
from manipulation on the equipment console to checking
alignments of equipment and corrective maintenance of
failures. The system adapts to the different accelerators
facilities and their specific maintenance requirements
by adjusting to the different beam height and using
accelerator specific specialised (S) modules.

5.1.2. Remote Inspection and Radiation Survey

Various accelerator work with different particles and
energy levels therefore the beam lines and tunnel varies.
During inspection and survey the modular robot is able to
adapt and various illumination level, height and structural
limitation to perform inspection of the facility. The
Radiation protection (RP) group usage of the robot to get
quick radiation maps of the facilities immediately after
shutdown and not requiring to wait during the cool down
time would reduce downtime of the facility. Repeated
surveys and inspection during the cooldown time would
facilitate the different groups to understand and plan the
required maintenance depending on the detailed state of
the facility provided by the robot deployment. It also
prevents the exposure of the RP group with the residual
ionising radiation during RP surveys.

5.1.3. Emergency Response

In case of emergency the emergency personal or the fire
brigade can use the system to access and assess the
situation, and if possible avert the emergency. The robot
system would act as the first person on the site in giving
an assessment of the emergency. Special modules can be
designed specific to the challenges of emergency response.
As, the modular robot is designed for an unstructured
environment with narrow access gates, it is in a better
position than a conventional robot to act as an emergency
response robot.

5.1.4. Others

The modules of the SMART system can also be used to
perform specific task with users or existing infrastructure.
Two examples are: First, the use of S-modules with only
P-C module, where the actuation is provided by user or
other equipment (cranes, magnet vehicles etc.) like the use
of the camera and light modules by an operator to view
and record data. Secondly, the use of the modules to create
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Figure 10. Simulation model of SMART system performing various tasks

a modular arm which could be added as auxiliary module
to the TIM (Train inspection monorail) [13] in LHC (Large
Hadron Collider) tunnel.

5.1.5. Training and Testing

The simulator is useful to accelerate the ability to test
new possibilities and configurations of the robot. It
is also expected to train operators for the deployment
and during the operation of the modular robot. The
simulator provides the opportunity to add the CAD
(Computer-aided design) models of the facility along
with models generated from the stereoscopic cameras
and lasers. It therefore reducing the time taken to
recreate models of the remote environment and provides
a realistic environment for testing and training. Designs
of various additional modules and robot configuration can
be tested which could lead to improvements for the robot
configuration and future prototypes.

5.2. Advantages

Along with advantages of a modular robot system over
conventional robot like adaptability, lower cost, etc. the
SMART modular robot design provides easier upgrade
of each module. Especially, the power and control
(P-C) module. Also, additional higher computational P-C
modules can be added to provide higher level control and
execution of algorithms for autonomy.

5.2.1. Optimisation and planning

The robot configurations execution of tasks in the mockup
of the workspace and the simulator would increase
the optimisation and planning of the modular robot
movement [19] and not only in task execution by
reducing redundant movement but also in reducing the
overall radiation dose taken by different modules. In
the simulator, tests with various approaches can be
experimented with the logged data from the deployment
or from simulated data.

5.2.2. Fault tolerance and Detection

Fault tolerance can be achieved by using redundant
modules, similar to what is done in space crafts [20] to
ensure high degree of safety by having multiple units
performing the same task and cross validating each other
to detect faults. Also, when a joint module fails the other
modules can compensate for the lost degree of freedom
by reconfiguring their functions. In case of total failures
of an entire module, the other modules facilitate in the
recovery and return to home location. Repair of the robot

is easier due to the use of few modules which facilitate easy
replacement.

Fault detection can also be achieved by comparing the
prior logged data with the same task being performed in
the remote location. Extension of this process would be
to create respective models for the various tasks, which
facilitates in detecting and predicting faults.

6. Conclusion and Future Work

The modular robot system offers advantages over
conventional robots in terms adaptability, cost
effectiveness and fault tolerance. This works shows
the possibility of deployment of a modular robot
platform in an ionizing radiation facility to perform
basic maintenance and reduce the downtime of the
facility. SMART prototype has been designed to meet the
requirements gathered from the scientific facility CERN
for its maintenance tasks. The design has been choose
after evaluating various configurations, requirements and
simulations. The prototype is to be used as an evaluation
platform for testing the system for safety and robustness
of the modular system. After evaluation the deployed
robot would be scaled in size and the materials used
would be radiation hardened. In the future, there could
be fault tolerant, robust and safe modular robots that can
avoid human intervention in hazardous environments.
Better strategies to manage the redundant degrees of
freedom, safety and fault tolerance properties would be
investigated along with human machine interfaces to
control the modular robot system, as with addition of
modules leads to more complexity.
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an assessment of the emergency. Special modules can be
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Two examples are: First, the use of S-modules with only
P-C module, where the actuation is provided by user or
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Abstract This paper establishes an approach to external 
force estimation for telerobotic control in radioactive 
environments by the use of an identified manipulator 
model and pressure sensors, without employing a 
force/torque sensor. The advantages of - and need for - 
force feedback have been well-established in the field of 
telerobotics, where electrical and back-drivable 
manipulators have traditionally been used. This research 
proposes a methodology employing hydraulic robots for 
telerobotics tasks based on a model identification scheme. 
Comparative results of a force sensor and the proposed 
approach using a hydraulic telemanipulator are 
presented under different conditions. This approach not 
only presents a cost effective solution but also a 
methodology for force estimation in radioactive 
environments, where the dose rates limit the use of 
electronic devices such as sensing equipment.  

Keywords Force Estimation, Telerobotics, Hydraulic 
Manipulator, Parameter Identification

1. Introduction  

Telerobotics solutions for radioactive environments have 
been researched in detail since the first developments 

carried out by Goertz for the US Atomic Energy 
Commission [1] with the aim of avoiding human 
intervention. In teleoperation, a haptic master device is 
linked to the operator’s movements in the local 
environment while the slave device, situated in the 
remote environment, mimics the movements of the 
master. Providing the operator with information about 
the remote environment, such as position, orientation, 
forces etc., improves the operator’s understanding of the 
remote environment and, therefore, the task performance. 
The operator’s quality of perception quality is often 
termed ‘transparency’ and, together with stability, is 
defined as one of the major goals of telerobotic 
performance. A condition of transparency is achieved if 
the human operator feels the same impedance in the 
master as the robot when interacting with the remote 
environment [2], while stability is a well-established 
condition of every control system. Information from the 
remote environment can be viewed on display screens 
[3], but it is more intuitive when supplemented by 
reflecting measured parameters such as positions and 
forces to the haptic master device. When the operator 
interacts with the slave via a haptic master, then the 
operator is said to be ‘kinaesthetically coupled’ to the 
environment and - similarly - the task being performed is 
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modelled by using the robot dynamic equation (1): 

τm=H�q�·q�+C�q, q� �· q� +τg�q�+τf� q� �+τext (1) 

where,

τm: denotes the vector of motor torques exerted in each joint. 
H: is the robot inertia matrix. 
C: is the Coriolis forces vector. 
τg: is the gravity forces vector. 
τ�: is the friction torques vector. 
τext: is the external torques vector on each joint produced 
by the external forces on the end-effector. 

The external forces can be estimated by applying the 
kinematic information contained in the robot Jacobian, 
obtaining (2): 

Text=JT† 
· �τm-H�q�·q�-C�q, q� �· q� -τg�q�-τf� q� ��     (2) 

where,

T: denotes the vector of forces and torques exerted in the 
robot end-effector and expressed in the base coordinates 
system. 
J: is the robot Jacobian, with "†"  denoting the matrix 
inverse (or pseudo-inverse when corresponds). 

On a hydraulic actuator based on servo-valves, the motor 
torque τm can be estimated by using the expression on (3) 
[36], where Kp is a constant and �� is the differential 
pressure between the two chambers of the hydraulic 
actuator:

τm=Kp·∆P           (3) 

2.1 Robot modelling 

The conventional robotics equation describing the inner 
forces (4) of a kinematic chain of rigid forces in the 
absence of external forces can be obtained by employing 
any established algorithm (e.g., the Newton-Euler 
iterative method or the Lagrangian method):  

τ =H�q�·q�+C�q,q� �·q�+τg�q�     (4) 

By adding the friction term to (4) and employing the 
modified Newton-Euler method described in [37], it is 
possible to yield a model of the form: 

τ =f(q,q� , q�)          (5) 

Although the friction is a complex non-linear 
phenomenon, in many robotics applications it is 
modelled by considering only the Coulomb term and 
viscous friction, thus yielding: 

  τf=fc sign�q� �+fvq�               (6) 

This expression of the friction maintains the linear model 
and ensures the application of the linear estimators. In 
(5), the motor torque is also linear with the inertial 
parameters. This expression is particularly interesting in 
using an estimator like LMS to identify the robot’s inertial 
parameters. With this in mind, equation (5) is expressed 
by the product of a n x 10n matrix Ai - termed the 
‘observation matrix’ - and a vector·øi of parameters with 
size n x 1 obtaining (7). Where n is the number of degrees 
of freedom of the robotic system: 

τi=Ai·øi         (7) 

It is common among some manipulators - especially those 
with bigger payloads - to include a closed-loop in the 
serial chain to allow for the placement of one actuator 
closer to the base, thus making it possible to distribute the 
mass symmetrically. Therefore, the problem of yielding to 
a model described by (7) needs to take into account the 
closed-loop. In order to do that, a loop closure function is 
applied to the tree dynamics obtained by – for example - 
the Newton-Euler algorithm. If � is the vector of the joint 
values for the spanning tree of a given closed-loop 
system, and let � be a vector of independent joint 
variables for the same system. It is possible to define the 
relationship thus: 

q=γ�y�      (8) 

Differentiating this equation as in [38] yields: 

q�=Gy�      (9) 

with:

G= ∂γ
∂y

   (10) 

� is the loop closure function. We define �� and �� as 
containing the rows of the actuated and unactuated 
freedoms, respectively. These matrices are related to � by 
an n x n permutation matrix designed by � leading to 
equation (11). 

� � � �Gu
G0

�         (11) 

It was shown in [38] than the torque of the y joints can be 
calculated by having the tree torques, τID, and applying 
(12) if the system is properly actuated. This is if �� is 
invertible and, therefore, if there is a unique solution: 

τ=Gu
-TGT

 τID        (12) 

Replacing τID in (12) by its equivalent product of the 
observation matrix and the vector of the parameters 
yields the expression in (13), where Ai will contain the 
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said to be ‘bilaterally controlled’ [4, 5]. Continued 
advances in various fields of control, communications 
and haptic systems [6, 7], among others, have made it 
possible to implement an integrated robotic master-slave 
system that is able to aid the human operator in effective 
task execution, especially under hazardous conditions 
which impede human access. This research discusses 
methodologies to reduce human intervention in hostile 
environments, especially those producing ionizing 
radiation. These environments primarily comprise 
nuclear facilities and large scientific facilities focusing on 
nuclear research.  

The first telemanipulators were linked either 
mechanically or else by using mechanical switches. More 
recent work carried out by the Oak National Laboratory 
developed the first electronic master-slave system with 
force feedback for military, space and nuclear 
applications [1]. In addition, for nuclear applications, the 
Commission de Energie Atomique (CEA) in France 
developed the MA 23, demonstrating bilateral 
manipulation tasks to reduce human exposure to 
radiation [8]. Large scientific experiments such as CERN 
(European Organization for Nuclear Research) [9] and 
JET (Joint European Torus) [9-12] require telerobotics 
solutions in areas where ionizing radiation and 
hazardous conditions make it difficult or else impede 
human intervention. At JET, remote handling operations 
have been carried out since the late-1990s by using a 
Mascot servo-manipulator transported by the JET 
articulated boom [9]. This manipulator provides force 
feedback to a kinematically identical master by means of 
applying a force proportional to the positional error. At 
CERN, some examples of remote manipulation were 
developed for the TIM robot [12] and the Mantis mobile 
platform [13] (also based on the Mascot manipulator). For 
the next generation of ITER-like (International 
Thermonuclear Experimental Reactor) fusion reactors, 
more demanding radiation conditions are expected and 
new hydraulic manipulators are being developed (e.g., 
[14] and [15, 16] together with rad-hard modifications of 
COTS manipulators [7]). 

Traditionally, such manipulators can be characterized 
by being easily back-drivable, which is a key 
requirement for the application of force feedback control 
based on positional error [17]. More recent strategies 
have been based on the use of force/torque sensors 
attached to the end-effector to estimate the 
environmental forces and reproduce them in the master 
by employing a force-position algorithm or a four 
channel bilateral control [6, 18]. Even though the most 
advanced sensors present very low levels of noise, some 
techniques have been developed to reduce this noise 
based on sensor fusion [19-20]. In some cases, the 
position at which the external force is applied is a priori

unknown and may be on a robot link (as opposed to on 
the end-effector). Besides requiring additional wiring in 
the robot, these force sensors cannot withstand the high 
dose rates of the high energy scientific facilities [5]. 
Moreover, force sensors can be expensive and can 
increase the production cost of the robot. For these 
reasons, employing a disturbance estimation scheme for 
external, force-sensorless robot teleoperation has been a 
feasible option. Disturbance observers have been widely 
proposed for motion control and collision control 
applications [21-23], for determining disturbance forces 
such as friction. Ohishi et al. proposed a force 
estimation method based on observers for robotics 
applications [24-26]. In this scheme, the modelling 
uncertainties were estimated with previously obtained 
experimental data, and the external torques were 
obtained by subtracting the established modelled 
uncertainties from the output of the disturbance 
observer. Their approach has the advantage of not 
requiring an accurate robot model, but it instead needs a 
nominal model. It was tested on a 2-DOF robot. 
Different approaches based on robustly stable 
disturbance observers [27-31] have focused on avoiding 
the smaller stability margins of the disturbance 
observers during motion control [32]. A force observer 
is presented in [33], where it is demonstrated that for 
small accelerations the external force is proportional to 
the observation error as long as the model is accurate. 
Other techniques based on Ohishi’s previous work have 
employed the adaptive disturbance observer scheme 
[34] and have tested the proposed method for a 2-DOF 
planar robot. 

The research in this paper extends [35] and [33] to obtain 
force values from the equivalent disturbance signal on a 
hydraulic manipulator, where the uncertain parameters 
are estimated by using least mean squares (LMS). The 
proposed method is then applied to a 6-DOF articulated 
robot for different scenarios, similar to those required for 
remote-handling operations. 

This paper is organized as follows. In Section 2 the 
construction of the force estimator is explained. In Section 
3 the experimental design is shown. Section 4 details the 
experimental setup prepared with a Kraft hydraulic 
manipulator. The experimental results are given in 
Section 5 and final conclusions are presented in Section 6. 

2. External force estimator 

As the forces and torques applied to the master are 
proportional to those applied to the slave in bilateral 
control using a force channel, the estimation of the robot 
end-effector torques in a sensorless system is crucial. In 
this paper, to obtain the force information from the 
disturbance signal, the modelling uncertainties are 
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modelled by using the robot dynamic equation (1): 

τm=H�q�·q�+C�q, q� �· q� +τg�q�+τf� q� �+τext (1) 

where,

τm: denotes the vector of motor torques exerted in each joint. 
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Replacing τID in (12) by its equivalent product of the 
observation matrix and the vector of the parameters 
yields the expression in (13), where Ai will contain the 

3Enrique del Sol, Ryan King, Robin Scott and Manuel Ferre: 
External Force Estimation for Teleoperation Based on Proprioceptive Sensors

said to be ‘bilaterally controlled’ [4, 5]. Continued 
advances in various fields of control, communications 
and haptic systems [6, 7], among others, have made it 
possible to implement an integrated robotic master-slave 
system that is able to aid the human operator in effective 
task execution, especially under hazardous conditions 
which impede human access. This research discusses 
methodologies to reduce human intervention in hostile 
environments, especially those producing ionizing 
radiation. These environments primarily comprise 
nuclear facilities and large scientific facilities focusing on 
nuclear research.  

The first telemanipulators were linked either 
mechanically or else by using mechanical switches. More 
recent work carried out by the Oak National Laboratory 
developed the first electronic master-slave system with 
force feedback for military, space and nuclear 
applications [1]. In addition, for nuclear applications, the 
Commission de Energie Atomique (CEA) in France 
developed the MA 23, demonstrating bilateral 
manipulation tasks to reduce human exposure to 
radiation [8]. Large scientific experiments such as CERN 
(European Organization for Nuclear Research) [9] and 
JET (Joint European Torus) [9-12] require telerobotics 
solutions in areas where ionizing radiation and 
hazardous conditions make it difficult or else impede 
human intervention. At JET, remote handling operations 
have been carried out since the late-1990s by using a 
Mascot servo-manipulator transported by the JET 
articulated boom [9]. This manipulator provides force 
feedback to a kinematically identical master by means of 
applying a force proportional to the positional error. At 
CERN, some examples of remote manipulation were 
developed for the TIM robot [12] and the Mantis mobile 
platform [13] (also based on the Mascot manipulator). For 
the next generation of ITER-like (International 
Thermonuclear Experimental Reactor) fusion reactors, 
more demanding radiation conditions are expected and 
new hydraulic manipulators are being developed (e.g., 
[14] and [15, 16] together with rad-hard modifications of 
COTS manipulators [7]). 

Traditionally, such manipulators can be characterized 
by being easily back-drivable, which is a key 
requirement for the application of force feedback control 
based on positional error [17]. More recent strategies 
have been based on the use of force/torque sensors 
attached to the end-effector to estimate the 
environmental forces and reproduce them in the master 
by employing a force-position algorithm or a four 
channel bilateral control [6, 18]. Even though the most 
advanced sensors present very low levels of noise, some 
techniques have been developed to reduce this noise 
based on sensor fusion [19-20]. In some cases, the 
position at which the external force is applied is a priori

unknown and may be on a robot link (as opposed to on 
the end-effector). Besides requiring additional wiring in 
the robot, these force sensors cannot withstand the high 
dose rates of the high energy scientific facilities [5]. 
Moreover, force sensors can be expensive and can 
increase the production cost of the robot. For these 
reasons, employing a disturbance estimation scheme for 
external, force-sensorless robot teleoperation has been a 
feasible option. Disturbance observers have been widely 
proposed for motion control and collision control 
applications [21-23], for determining disturbance forces 
such as friction. Ohishi et al. proposed a force 
estimation method based on observers for robotics 
applications [24-26]. In this scheme, the modelling 
uncertainties were estimated with previously obtained 
experimental data, and the external torques were 
obtained by subtracting the established modelled 
uncertainties from the output of the disturbance 
observer. Their approach has the advantage of not 
requiring an accurate robot model, but it instead needs a 
nominal model. It was tested on a 2-DOF robot. 
Different approaches based on robustly stable 
disturbance observers [27-31] have focused on avoiding 
the smaller stability margins of the disturbance 
observers during motion control [32]. A force observer 
is presented in [33], where it is demonstrated that for 
small accelerations the external force is proportional to 
the observation error as long as the model is accurate. 
Other techniques based on Ohishi’s previous work have 
employed the adaptive disturbance observer scheme 
[34] and have tested the proposed method for a 2-DOF 
planar robot. 

The research in this paper extends [35] and [33] to obtain 
force values from the equivalent disturbance signal on a 
hydraulic manipulator, where the uncertain parameters 
are estimated by using least mean squares (LMS). The 
proposed method is then applied to a 6-DOF articulated 
robot for different scenarios, similar to those required for 
remote-handling operations. 

This paper is organized as follows. In Section 2 the 
construction of the force estimator is explained. In Section 
3 the experimental design is shown. Section 4 details the 
experimental setup prepared with a Kraft hydraulic 
manipulator. The experimental results are given in 
Section 5 and final conclusions are presented in Section 6. 

2. External force estimator 

As the forces and torques applied to the master are 
proportional to those applied to the slave in bilateral 
control using a force channel, the estimation of the robot 
end-effector torques in a sensorless system is crucial. In 
this paper, to obtain the force information from the 
disturbance signal, the modelling uncertainties are 
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In order to apply LMS for the parameter estimation, (13) 
is augmented with P data points, yielding: 

τ =ACL 
·ø  

τ � �
τ1 
:
·
τp  

� and ACL=�
ACL1

:
·

ACLp

�  (16) 

The damped LMS technique is used to solve the 
identification problem, coping with the loss of rank of the 
regressor matrix. This approach can be used with the 
initial a priori parameter estimation ø0. The damped LMS 
leads to a solution by: 

       ø=(ACL
TACL+λ2I)

-1
ACL

Tτ�  (17) 

where λ is the damping factor and τ�=τ-���ø0. The 
damping factor modifies the singular and cancels out the 
effect of very small values. The initial solution will be 
perturbed over the normal least squares solution [8]. 

3.3 Real-time implementation 

Once the inertial parameters have been identified, the 
model is built and experimental validation tests are 
designed. The validation process can be done offline, 
gathering real data and comparing the actuator torques 
with the predicted ones. When a force estimation is 
needed in online mode (i.e., for teleoperation purposes), a 
real-time estimation of the speed and acceleration should 
be accomplished. The scheme used in this research for 
obtaining the smoothed position, velocity and 
acceleration makes use of a Savitzky-Golay filter due its 
good properties for smooth differentiation. A 
conventional low-pass filter can be utilized to smooth the 
torque data, since no differentiation is needed. 

4. Experimental setup 

The experimental setup consists of the following 
elements:

• 1 x KRAFT GRIPS hydraulic telemanipulator.
• 1 x NI-PXIe-8108 Real-time controller. 
• 1 x PC running Labview 2011 interfacing with the PXI. 
• 1 x Force/Torque sensor, ATI, Gamma SI-130-10. 
• 1 x Resilient interface with an elastic constant of 

5000[N/m]. 

The Kraft GRIPS (Figure 2) manipulator from Kraft 
Telerobotics has been used in a number of teleoperation 
applications, such as underwater and in the maintenance 
of electrical lines [43]. One of the main advantages of this 
manipulator is the possibility of evaluating experimental 
control algorithms in a commercial platform. Grips is a 7-
DOF hydraulic manipulator with a maximum payload of 
45 kg at full extension and a horizontal reach of 1.289 m. 

It is equipped with six force-controlled servo-valves 
controlling the first five axes and the gripper. The sixth 
axis is controlled in position with a fixed torque of 20 
Nm. A potentiometer for measuring the angular position 
of each joint is used within the 6-DOF within a range of 
±10 V. The servo-valves’ signals are proportional to the 
difference in pressure between the two chambers of each 
hydraulic actuator. This signal, ranging ±6 V, is 
proportional to the applied torque. The output signal of 
each servo-valve together with the potentiometers’ 
signals were sampled at 1 KHz by means of the PXI. In 
every test included in this paper, the gripper was not 
mounted, and the force/torque sensor along with the 
spring were mounted on the end-effector provided by the 
last link. 

5. Experimental results 

5.1 Parameters identification 

The robot model for the first five DOFs contains 10 
barycentric parameters and two friction parameters per 
link. The tie bar parallel to the second link between the 
shoulder and the elbow creates a close loop structure 
included in the model, as indicated by (13). A set of 
sinusoids with � � � was programmed, performing 
independent movements of the joint at different 
excitation frequencies. The complete range of frequencies 
is shown in Table 1. Figure 1 compares the estimated joint 
torque and the measured torque for each axis for the 
points used during the identification, which reveals that 
the needed joint torques can be reconstructed using the 
identified parameters and the desired motion data. The 
torque prediction errors are mainly caused by the bias of 
estimation, the non-linear friction terms which are not 
captured by this model, and the un-modelled dynamics.  

From Table 2, it can be observed that the torque error is 
relatively small in comparison with the torque value.  

Joint    Min. freq. 
[Hz] 

Max. freq. 
[Hz] 

1 0.031 0.396 

2 0.100 0.800 

3 0.064 0.611 

4 0.101 0.909 

5 0.102 1.313 

Table 1. Maximum and minimum excitation frequencies during 
the identification 

Joint
1

Joint
2

Joint
3

Joint
4

Joint
5

��� ���� 2.671 8.950 4.483 7.091  2.483 

Table 2. Comparison of the root mean square residuals of the 
torque estimation 
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kinematic information corresponding with the tree and  øi
will contain the vector of tree parameters: 

τ i=Gu
-TGT

 Ai øi         (13) 

3. Experiment design 

The implementation of the method described in this 
paper consists of two different steps. The first is the 
modelling process, involving the characterization of the 
actuators and identification experiments. The second is 
the implementation of the algorithms for real-time 
operation.

In teleoperation, the delay issue becomes crucial since the 
external forces and torques have to be perceived with the 
minimum delay in order to guarantee stability and 
transparency in the system [39]. Appropriate algorithms 
must be used in order to estimate the external forces 
acting on the system, with a compromise between 
accuracy and delay. 

3.1 Trajectory parameterization, robot excitation  
and position differentiation 

Several techniques have been applied to trajectory 
parameterization for robot dynamic model identification 
(e.g., finite sequences of joints’ accelerations [40], fifth-
order polynomials and periodic trajectories [41]). The 
polynomial technique is adequate for industrial 
manipulators that only accept velocity commands, while 
periodic trajectory is more suitable for open control 
systems. 

In this paper, a trajectory that can be parameterized by a 
finite Fourier series is employed, since processing a 
periodic and band-limited measure is more accurate and 
has more advantages in terms of signal processing [42]. 
Thus, each robotic joint is parameterized as follows: 

qi�t�=qi0+∑ (ai,k sin�kωft� +N
k=1 bi,k cos�kωft� (14) 

where � is time and �� is the fundamental frequency of 
the excitation trajectories, which should be chosen 
carefully so as not to excite the un-modelled dynamics of 
the manipulator. The coefficients ���� and ���� are the 
amplitudes of the sine and cosine functions, and ��� is the 
joint offset. By selecting appropriate values for the 
amplitudes and the fundamental frequency, the joint 
workspace varies with the joint speed. In this paper, 
different frequencies were utilized covering the 
maximum joint positional and acceleration ranges 
without compromising the robot’s structural flexibility. 

The problem of finding the coefficients�����, ���� and ��� is 
called ‘trajectory optimization’, and several approaches 

have been used. A popular optimization criterion is ‘d-
optimality’, based on the logarithm of the determinant of 
the covariance matrix of the model parameter estimation 
[42]. Other methods are centred on minimizing cost 
functions which are dependent on the condition number 
and the singular values of the observation matrix. In 
order to simplify the high complexity of the optimization 
process, an alternative method has been performed based 
on the determination of trial and error parameters, 
followed by a discard process of those points which 
ensure that the condition number of the observation 
matrix is above a certain threshold, this value has been 
established on 100 from experience of the statistical 
community [8]: 

cond�Ai�>100         (15) 

The calculated trajectories are programmed in the robot 
controller. The robot repeats the trajectory over a certain 
number of periods while the measured joints values are 
acquired by the DAQ system. The calculation of the 
observation matrix requires the estimation of the joints’ 
velocities and accelerations. Since most manipulators do 
not have accelerometers, a numerical differentiation 
must be carried out. The approach employed here is 
based on a well-established procedure for offline signal 
processing, where the precise differentiation is 
performed by transforming the position signal to the 
frequency domain using the discrete Fourier transform 
(DFT). Thereafter, the spectrum is multiplied by a 
rectangular window which selects the appropriate 
frequencies and sets to zero all other frequencies. Next, 
the derivate in the frequency domain is realized 
multiplying the spectrum by �������, where P is the 
number of time domain samples, �� is the sampling 
frequency and � is the index of the selected frequencies 
in the discrete spectrum. The result is then transformed 
back to the time domain using the inverse Fourier 
transform. The results after applying this method 
eliminate all the noise except for that contained in the 
selected frequencies. The actuator torque data are 
obtained by applying equation (3) with the data from 
the robot manufacturer or an earlier torque constant 
identification phase. 

3.2 Parameters estimation 

The estimation of the model parameters can be 
performed by LMS [43], although other methods have 
been proposed, such as weighted LMS [42], to weight 
the data with the actuator noise and constrained 
identification in order to cope with the lack of the 
physical feasibility of the LMS solution [41]. For a 
prediction model where the predicted outputs should 
match as much as possible with the real conditions, 
there is no need to increase the method complexity, 
therefore, LMS is implemented. 
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In order to apply LMS for the parameter estimation, (13) 
is augmented with P data points, yielding: 
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The damped LMS technique is used to solve the 
identification problem, coping with the loss of rank of the 
regressor matrix. This approach can be used with the 
initial a priori parameter estimation ø0. The damped LMS 
leads to a solution by: 

       ø=(ACL
TACL+λ2I)

-1
ACL

Tτ�  (17) 

where λ is the damping factor and τ�=τ-���ø0. The 
damping factor modifies the singular and cancels out the 
effect of very small values. The initial solution will be 
perturbed over the normal least squares solution [8]. 

3.3 Real-time implementation 
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model is built and experimental validation tests are 
designed. The validation process can be done offline, 
gathering real data and comparing the actuator torques 
with the predicted ones. When a force estimation is 
needed in online mode (i.e., for teleoperation purposes), a 
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good properties for smooth differentiation. A 
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• 1 x Force/Torque sensor, ATI, Gamma SI-130-10. 
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manipulator is the possibility of evaluating experimental 
control algorithms in a commercial platform. Grips is a 7-
DOF hydraulic manipulator with a maximum payload of 
45 kg at full extension and a horizontal reach of 1.289 m. 

It is equipped with six force-controlled servo-valves 
controlling the first five axes and the gripper. The sixth 
axis is controlled in position with a fixed torque of 20 
Nm. A potentiometer for measuring the angular position 
of each joint is used within the 6-DOF within a range of 
±10 V. The servo-valves’ signals are proportional to the 
difference in pressure between the two chambers of each 
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proportional to the applied torque. The output signal of 
each servo-valve together with the potentiometers’ 
signals were sampled at 1 KHz by means of the PXI. In 
every test included in this paper, the gripper was not 
mounted, and the force/torque sensor along with the 
spring were mounted on the end-effector provided by the 
last link. 

5. Experimental results 

5.1 Parameters identification 

The robot model for the first five DOFs contains 10 
barycentric parameters and two friction parameters per 
link. The tie bar parallel to the second link between the 
shoulder and the elbow creates a close loop structure 
included in the model, as indicated by (13). A set of 
sinusoids with � � � was programmed, performing 
independent movements of the joint at different 
excitation frequencies. The complete range of frequencies 
is shown in Table 1. Figure 1 compares the estimated joint 
torque and the measured torque for each axis for the 
points used during the identification, which reveals that 
the needed joint torques can be reconstructed using the 
identified parameters and the desired motion data. The 
torque prediction errors are mainly caused by the bias of 
estimation, the non-linear friction terms which are not 
captured by this model, and the un-modelled dynamics.  

From Table 2, it can be observed that the torque error is 
relatively small in comparison with the torque value.  
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kinematic information corresponding with the tree and  øi
will contain the vector of tree parameters: 

τ i=Gu
-TGT

 Ai øi         (13) 

3. Experiment design 

The implementation of the method described in this 
paper consists of two different steps. The first is the 
modelling process, involving the characterization of the 
actuators and identification experiments. The second is 
the implementation of the algorithms for real-time 
operation.

In teleoperation, the delay issue becomes crucial since the 
external forces and torques have to be perceived with the 
minimum delay in order to guarantee stability and 
transparency in the system [39]. Appropriate algorithms 
must be used in order to estimate the external forces 
acting on the system, with a compromise between 
accuracy and delay. 

3.1 Trajectory parameterization, robot excitation  
and position differentiation 

Several techniques have been applied to trajectory 
parameterization for robot dynamic model identification 
(e.g., finite sequences of joints’ accelerations [40], fifth-
order polynomials and periodic trajectories [41]). The 
polynomial technique is adequate for industrial 
manipulators that only accept velocity commands, while 
periodic trajectory is more suitable for open control 
systems. 

In this paper, a trajectory that can be parameterized by a 
finite Fourier series is employed, since processing a 
periodic and band-limited measure is more accurate and 
has more advantages in terms of signal processing [42]. 
Thus, each robotic joint is parameterized as follows: 

qi�t�=qi0+∑ (ai,k sin�kωft� +N
k=1 bi,k cos�kωft� (14) 

where � is time and �� is the fundamental frequency of 
the excitation trajectories, which should be chosen 
carefully so as not to excite the un-modelled dynamics of 
the manipulator. The coefficients ���� and ���� are the 
amplitudes of the sine and cosine functions, and ��� is the 
joint offset. By selecting appropriate values for the 
amplitudes and the fundamental frequency, the joint 
workspace varies with the joint speed. In this paper, 
different frequencies were utilized covering the 
maximum joint positional and acceleration ranges 
without compromising the robot’s structural flexibility. 

The problem of finding the coefficients�����, ���� and ��� is 
called ‘trajectory optimization’, and several approaches 

have been used. A popular optimization criterion is ‘d-
optimality’, based on the logarithm of the determinant of 
the covariance matrix of the model parameter estimation 
[42]. Other methods are centred on minimizing cost 
functions which are dependent on the condition number 
and the singular values of the observation matrix. In 
order to simplify the high complexity of the optimization 
process, an alternative method has been performed based 
on the determination of trial and error parameters, 
followed by a discard process of those points which 
ensure that the condition number of the observation 
matrix is above a certain threshold, this value has been 
established on 100 from experience of the statistical 
community [8]: 

cond�Ai�>100         (15) 

The calculated trajectories are programmed in the robot 
controller. The robot repeats the trajectory over a certain 
number of periods while the measured joints values are 
acquired by the DAQ system. The calculation of the 
observation matrix requires the estimation of the joints’ 
velocities and accelerations. Since most manipulators do 
not have accelerometers, a numerical differentiation 
must be carried out. The approach employed here is 
based on a well-established procedure for offline signal 
processing, where the precise differentiation is 
performed by transforming the position signal to the 
frequency domain using the discrete Fourier transform 
(DFT). Thereafter, the spectrum is multiplied by a 
rectangular window which selects the appropriate 
frequencies and sets to zero all other frequencies. Next, 
the derivate in the frequency domain is realized 
multiplying the spectrum by �������, where P is the 
number of time domain samples, �� is the sampling 
frequency and � is the index of the selected frequencies 
in the discrete spectrum. The result is then transformed 
back to the time domain using the inverse Fourier 
transform. The results after applying this method 
eliminate all the noise except for that contained in the 
selected frequencies. The actuator torque data are 
obtained by applying equation (3) with the data from 
the robot manufacturer or an earlier torque constant 
identification phase. 

3.2 Parameters estimation 

The estimation of the model parameters can be 
performed by LMS [43], although other methods have 
been proposed, such as weighted LMS [42], to weight 
the data with the actuator noise and constrained 
identification in order to cope with the lack of the 
physical feasibility of the LMS solution [41]. For a 
prediction model where the predicted outputs should 
match as much as possible with the real conditions, 
there is no need to increase the method complexity, 
therefore, LMS is implemented. 
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Figure 2. Kraft GRIPS hydraulic telemanipulator. 

Parameters Link 5 Link 6 Link 7 Link 8 
������ 5.443 0.812 3.304 -9.768 

� � ������ � �� 0.414 -0.021 -10.876 5.356 
� � ������ � �� 0.266 -0.152 -4.875 7.218 
� � ������ � �� -0.022 -0.106 0.081 0.000 
������� � �2� -0.398 -0.135 3.437 -3.304 
������ � �2� -0.020 -0.028 -6.229 2.377 
������ � �2� 0.200 0.009 0.029 0.046 
������ � �2� -0.198 -0.047 -2.985 3.755 
������ � �2� 0.070 -0.034 -0.003 -0.004 
������ � �2� 0.137 -0.112 2.563 0.782 
����� � �2� -0.203 -0.075 -1.550 1.795 
����� � �2� -1.001 1.124 -4.116 4.514 

Table 4. Estimated parameters for links 5-8. Inertias with respect 
to the links’ origin 

5.2.1 Estimation of an elastic impact 

An elastic interface was attached to the robot end-effector, 
with an ATI force sensor between them, in order to verify 
the effectiveness of the proposed approach. The robot was 
commanded to a pose with the end-effector approximately 
perpendicular to a horizontal plane. An up-down 
movement was accomplished, compressing the elastic 
interface by commanding joint 2, while the PID controllers 
of each joint maintained the other joints’ positions. Figure 5 
presents the results of the proposed method, comparing 
the estimated torque for the given dynamics with the real 
torque exerted on the actuators. The external torque has 
been calculated by subtracting the estimated torque from 
the measured torque. During the compression effort, the 
model only sees the movement accomplished by the robot 
(i.e., the inner torque), while the measured torque takes 
into account the real effort exerted. During this test, the 
main effort was realized by joints 2, 3 and 4, while the non-
zero torque in joint 1 is explained due the incompletely 

perpendicular pose of the end-effector during the 
compression effort, which produces a tangential force on 
the contact point supported by this joint. 

The external torques presented in Figure 5 were 
estimated by employing equation (18), below, which 
results from the reorganization of (1). As such, the 
external torque on each joint can be understood as the 
disturbance produced by the environment, which keeps 
the manipulator off from the estimated position on a free 
space movement. Thus, the estimated torque and motor 
torque will only match in the case of an absence of 
external forces and torques: 

    τext=τm-H�q�·q�-C�q,q� �·q�-τg�q�-τf�q� � (18) 

Figure 6 represents the external forces produced by the 
external torques mentioned earlier. Unfortunately, the 
only way to validate the results without incorporating a 
torque sensor on each joint is by means of a sensor 
attached on the robotic tip. This situation adds 
complexity to the model’s validation, since the effects of 
several joints will be joined and amplified by the 
manipulator Jacobian. The analysis of the graphs shows 
the precision acquired by using this scheme, whereby the 
measured torque matches the estimated torque when in a 
steady state, and only when the manipulator exerts effort 
the external torque is non-zero. 

Inaccuracies in the estimation of the joints’ torque 
constant described in (3) also affect the force calculation. 
Nevertheless, the force slope exhibits highly linear 
behaviour characteristic of the springs, which is well-
tracked by the estimator. The average relative error with 
respect to the force peak after applying the Jacobian 
transformation is 12.98%, which illustrates the precision 
acquired with this scheme.  
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Parameters Link 1 Link 2 Link 3 Link 4 
������ 40.464 3.541 7.822 1.449 

� � ������ � �� -0.084 10.520 -2.042 0.245 
� � ������ � �� 0.003 2.007 4.009 0.092 
� � ������ � �� 8.622 0.000 0.086 0.098 
������� � �2� 2.679 3.723 3.955 -0.656 
������ � �2� -0.001 -6.213 -2.348 1.500 
������ � �2� 0.030 -0.417 0.083 -0.109 
������ � �2� 2.433 -2.973 -3.067 1.115 
������ � �2� -0.001 -0.164 0.046 -0.063 
������ � �2� 0.994 1.196 -0.491 -0.014 
����� � �2� -0.307 -1.539 0.696 -0.301 
����� � �2� -0.505 -18.075 3.637 -5.121 

Table 3. Estimated parameters for links 1-4. Inertias with respect 
to the links’ origin 

In Table 3 and Table 4, the 12 estimated parameters per 
link are presented. These are the mass��, the mass 
moment coordinates�� � ��, the six components of the 
inertia tensor and the coefficients of the linearized friction 
equation for each link �� and ��. Eight links are presented, 
starting from the base to the end-effector. Link 7 is the tie 
bar parallel to link 2, while link 8 represents the small 
coupling between the tie bar and the SE joint. In a multi-
link robot, some parameters can only be identified in 
linear combinations, unless a torque sensor is placed on 
each joint. In a predictive model - as proposed - the LMS 
resolve the linear combinations in a pure mathematical 
approach, which make these inertial parameters appear 
different from the reality (or else as lacking any physical 
meaning). 

5.2 Validation experiment 

To verify the proposed method, the identification procedure 
was implemented in the described robot on the first five 
DOFs. Two different conditions were selected in order to 
reproduce the real efforts performed by the robot during a 
remote handling operation [44]. These are: the estimation of 
an elastic impact, and the estimation of a sliding effort. 

(a) Torque of the 1st joint 

 
(b) Torque of the 2nd joint 

(c) Torque of the 3rd joint 

(d) Torque of the 4th joint 

(e) Torque of the 5th joint 

Figure 1. Comparison of the measured torque and the estimated 
torque for each joint 
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Figure 2. Kraft GRIPS hydraulic telemanipulator. 

Parameters Link 5 Link 6 Link 7 Link 8 
������ 5.443 0.812 3.304 -9.768 

� � ������ � �� 0.414 -0.021 -10.876 5.356 
� � ������ � �� 0.266 -0.152 -4.875 7.218 
� � ������ � �� -0.022 -0.106 0.081 0.000 
������� � �2� -0.398 -0.135 3.437 -3.304 
������ � �2� -0.020 -0.028 -6.229 2.377 
������ � �2� 0.200 0.009 0.029 0.046 
������ � �2� -0.198 -0.047 -2.985 3.755 
������ � �2� 0.070 -0.034 -0.003 -0.004 
������ � �2� 0.137 -0.112 2.563 0.782 
����� � �2� -0.203 -0.075 -1.550 1.795 
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Table 4. Estimated parameters for links 5-8. Inertias with respect 
to the links’ origin 

5.2.1 Estimation of an elastic impact 

An elastic interface was attached to the robot end-effector, 
with an ATI force sensor between them, in order to verify 
the effectiveness of the proposed approach. The robot was 
commanded to a pose with the end-effector approximately 
perpendicular to a horizontal plane. An up-down 
movement was accomplished, compressing the elastic 
interface by commanding joint 2, while the PID controllers 
of each joint maintained the other joints’ positions. Figure 5 
presents the results of the proposed method, comparing 
the estimated torque for the given dynamics with the real 
torque exerted on the actuators. The external torque has 
been calculated by subtracting the estimated torque from 
the measured torque. During the compression effort, the 
model only sees the movement accomplished by the robot 
(i.e., the inner torque), while the measured torque takes 
into account the real effort exerted. During this test, the 
main effort was realized by joints 2, 3 and 4, while the non-
zero torque in joint 1 is explained due the incompletely 

perpendicular pose of the end-effector during the 
compression effort, which produces a tangential force on 
the contact point supported by this joint. 

The external torques presented in Figure 5 were 
estimated by employing equation (18), below, which 
results from the reorganization of (1). As such, the 
external torque on each joint can be understood as the 
disturbance produced by the environment, which keeps 
the manipulator off from the estimated position on a free 
space movement. Thus, the estimated torque and motor 
torque will only match in the case of an absence of 
external forces and torques: 

    τext=τm-H�q�·q�-C�q,q� �·q�-τg�q�-τf�q� � (18) 

Figure 6 represents the external forces produced by the 
external torques mentioned earlier. Unfortunately, the 
only way to validate the results without incorporating a 
torque sensor on each joint is by means of a sensor 
attached on the robotic tip. This situation adds 
complexity to the model’s validation, since the effects of 
several joints will be joined and amplified by the 
manipulator Jacobian. The analysis of the graphs shows 
the precision acquired by using this scheme, whereby the 
measured torque matches the estimated torque when in a 
steady state, and only when the manipulator exerts effort 
the external torque is non-zero. 

Inaccuracies in the estimation of the joints’ torque 
constant described in (3) also affect the force calculation. 
Nevertheless, the force slope exhibits highly linear 
behaviour characteristic of the springs, which is well-
tracked by the estimator. The average relative error with 
respect to the force peak after applying the Jacobian 
transformation is 12.98%, which illustrates the precision 
acquired with this scheme.  
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In Table 3 and Table 4, the 12 estimated parameters per 
link are presented. These are the mass��, the mass 
moment coordinates�� � ��, the six components of the 
inertia tensor and the coefficients of the linearized friction 
equation for each link �� and ��. Eight links are presented, 
starting from the base to the end-effector. Link 7 is the tie 
bar parallel to link 2, while link 8 represents the small 
coupling between the tie bar and the SE joint. In a multi-
link robot, some parameters can only be identified in 
linear combinations, unless a torque sensor is placed on 
each joint. In a predictive model - as proposed - the LMS 
resolve the linear combinations in a pure mathematical 
approach, which make these inertial parameters appear 
different from the reality (or else as lacking any physical 
meaning). 

5.2 Validation experiment 

To verify the proposed method, the identification procedure 
was implemented in the described robot on the first five 
DOFs. Two different conditions were selected in order to 
reproduce the real efforts performed by the robot during a 
remote handling operation [44]. These are: the estimation of 
an elastic impact, and the estimation of a sliding effort. 
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5.2.2 Estimation of a sliding effort 

This test involves a sliding and horizontal movement on a 
rough, foam-type surface. For this experiment, no interface 
was attached on the end-effector apart from the force sensor 
used for validation purposes. The main sliding effort is 
carried out by joint 1, while joints 2 and 3 provide the gravity 
compensation torque. For the force estimation in this 
experiment, several additional difficulties were identified. 
Firstly, the small magnitude of the forces involved decreases 
the signal-to-noise ratio. Secondly, the adherence provoked 
by the high friction surface augments the contribution of the 
non-linear frictional effects not included in the simplified 
friction model. In Figure 10, the velocity profile of joint 1 is 
presented - corresponding to the torques and forces of 
Figure 8 and Figure 9, respectively - in order to check the 
influence of the Coulomb term of the friction.  

Figure 7. Reference system of the force sensor on Kraft 
performing a sliding effort. 

An additional effect was identified as a cause of added 
frictional errors during the movement of joint 1, since it 
was not possible to completely eliminate the effect of the 
hoses attached to the manipulator’s back. In contrast to 
most electrical-based industrial robots, the movement of 
the Kraft GRIPS manipulator drags the hydraulic hoses as 
it moves, inducing an undesirable effect. Nevertheless, 
the results presented achieve good performance even in 
the presence of non-linear effects.  

(a) Measured torque and estimated torque comparison for joint 1 

(b) Measured torque and estimated torque comparison for joint 2 

(c) Measured torque and estimated torque comparison for joint 3 

(d) Measured torque and estimated torque comparison for joint 4  

(e) Measured torque and estimated torque comparison for joint 5 

Figure 8. Model validation during the perception of a sliding effort 
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Figure 4. Reference system of the force sensor on Kraft 
performing an elastic impact 

(a) Measured torque and estimated torque comparison for joint 1 

(b) Measured torque and estimated torque comparison for joint 2 

(c) Measured torque and estimated torque comparison for joint 3 

(d) Measured torque and estimated torque comparison for joint 4 

(e) Measured torque and estimated torque comparison for joint 5 

Figure 5. Model validation during the perception of an elastic 
effort. Three torques are compared in this figure: the 
measured torque which corresponds to the torque ejected by 
the hydraulic actuators; the estimated torque which is the 
model output to satisfy the dynamic conditions; and the 
external torque calculated by the difference of the former two 

Table 5 compares the RMS error during the two 
validation experiments carried out for this paper. The 
graph in Figure 6 shows the torque-force conversion 
after applying the Jacobian transpose and inverse. This 
figure represents the main effort during the spring 
compression situated along the perpendicular line or 
z-axis. 

Figure 6. External forces comparison on the z-axis. 
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This test involves a sliding and horizontal movement on a 
rough, foam-type surface. For this experiment, no interface 
was attached on the end-effector apart from the force sensor 
used for validation purposes. The main sliding effort is 
carried out by joint 1, while joints 2 and 3 provide the gravity 
compensation torque. For the force estimation in this 
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the signal-to-noise ratio. Secondly, the adherence provoked 
by the high friction surface augments the contribution of the 
non-linear frictional effects not included in the simplified 
friction model. In Figure 10, the velocity profile of joint 1 is 
presented - corresponding to the torques and forces of 
Figure 8 and Figure 9, respectively - in order to check the 
influence of the Coulomb term of the friction.  

Figure 7. Reference system of the force sensor on Kraft 
performing a sliding effort. 

An additional effect was identified as a cause of added 
frictional errors during the movement of joint 1, since it 
was not possible to completely eliminate the effect of the 
hoses attached to the manipulator’s back. In contrast to 
most electrical-based industrial robots, the movement of 
the Kraft GRIPS manipulator drags the hydraulic hoses as 
it moves, inducing an undesirable effect. Nevertheless, 
the results presented achieve good performance even in 
the presence of non-linear effects.  

(a) Measured torque and estimated torque comparison for joint 1 

(b) Measured torque and estimated torque comparison for joint 2 

(c) Measured torque and estimated torque comparison for joint 3 

(d) Measured torque and estimated torque comparison for joint 4  

(e) Measured torque and estimated torque comparison for joint 5 

Figure 8. Model validation during the perception of a sliding effort 
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Figure 4. Reference system of the force sensor on Kraft 
performing an elastic impact 

(a) Measured torque and estimated torque comparison for joint 1 

(b) Measured torque and estimated torque comparison for joint 2 

(c) Measured torque and estimated torque comparison for joint 3 

(d) Measured torque and estimated torque comparison for joint 4 

(e) Measured torque and estimated torque comparison for joint 5 

Figure 5. Model validation during the perception of an elastic 
effort. Three torques are compared in this figure: the 
measured torque which corresponds to the torque ejected by 
the hydraulic actuators; the estimated torque which is the 
model output to satisfy the dynamic conditions; and the 
external torque calculated by the difference of the former two 

Table 5 compares the RMS error during the two 
validation experiments carried out for this paper. The 
graph in Figure 6 shows the torque-force conversion 
after applying the Jacobian transpose and inverse. This 
figure represents the main effort during the spring 
compression situated along the perpendicular line or 
z-axis. 

Figure 6. External forces comparison on the z-axis. 
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6. Conclusion 

Facilities where maintainability and surveying tasks need 
to be executed in a hazardous environment will likely 
increase the application of remote handling solutions due 
to safety measures. Force feedback will be essential in 
performing remote handling and maintenance in these 
scenarios. Since back-drivable slaves and torque sensors 
are not always suitable or feasible, an alternative 
approach has been proposed which estimates the external 
forces and torques with an acceptable level of accuracy by 
using a robot model and pressure information. This 
approach was tested on a closed-loop hydraulic 
manipulator by means of estimating the disturbance 
torque based on the manipulator’s dynamic equation 
with identified parameters. A loop closure function was 
applied to the observation matrix in order to accurately 
model the parallel tie bar and estimate the parameters of 
the eight robotic links.

The validation of the identification trajectories has been 
presented together with two different experiments emu-
lating common efforts during a telemanipulation proce-
dure. This method does not require any modification of 
the robot nor any additional wiring, but only the sensing 
of the proprioceptive conditions.  

Figure 9. External force comparison on the x-axis 

Figure 10. Velocity profile of joint 1 during the sliding movement 

Elastic impact Sliding effort
RMS [N] 26.096 6.814 

Table 5. RMS errors during the force estimation experiments 

It can be employed not only as a substitute for conventional 
sensors but also as a redundant solution when other meth-
ods are preferred. In addition, this methodology can also be 
used as an earlier step when using observers, as in [33], 
where an accurate model of the manipulator is needed.  

The applications of the proposed method are not limited 
to hazardous facilities but can also be applied to robot 
solutions where it is difficult to add a sensor to the end-
effector - such as medical telesurgery - and where there is 
a need to design environmental- and size-specific force 
sensors. Also, this scheme is likely to produce a more cost 
effective solution and thus be more affordable in several 
different situations, such as de-mining, bomb disposal 
and burning buildings.  
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6. Conclusion 

Facilities where maintainability and surveying tasks need 
to be executed in a hazardous environment will likely 
increase the application of remote handling solutions due 
to safety measures. Force feedback will be essential in 
performing remote handling and maintenance in these 
scenarios. Since back-drivable slaves and torque sensors 
are not always suitable or feasible, an alternative 
approach has been proposed which estimates the external 
forces and torques with an acceptable level of accuracy by 
using a robot model and pressure information. This 
approach was tested on a closed-loop hydraulic 
manipulator by means of estimating the disturbance 
torque based on the manipulator’s dynamic equation 
with identified parameters. A loop closure function was 
applied to the observation matrix in order to accurately 
model the parallel tie bar and estimate the parameters of 
the eight robotic links.

The validation of the identification trajectories has been 
presented together with two different experiments emu-
lating common efforts during a telemanipulation proce-
dure. This method does not require any modification of 
the robot nor any additional wiring, but only the sensing 
of the proprioceptive conditions.  

Figure 9. External force comparison on the x-axis 

Figure 10. Velocity profile of joint 1 during the sliding movement 
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RMS [N] 26.096 6.814 

Table 5. RMS errors during the force estimation experiments 

It can be employed not only as a substitute for conventional 
sensors but also as a redundant solution when other meth-
ods are preferred. In addition, this methodology can also be 
used as an earlier step when using observers, as in [33], 
where an accurate model of the manipulator is needed.  

The applications of the proposed method are not limited 
to hazardous facilities but can also be applied to robot 
solutions where it is difficult to add a sensor to the end-
effector - such as medical telesurgery - and where there is 
a need to design environmental- and size-specific force 
sensors. Also, this scheme is likely to produce a more cost 
effective solution and thus be more affordable in several 
different situations, such as de-mining, bomb disposal 
and burning buildings.  
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Abstract In the maintenance of large scientific facilities,
telemanipulation procedures can involve various
subprocedures which in turn are made up of a sequence of
subtasks. This work presents a taxonomy which describes
a set of elemental actions for heavy-duty telemanipulation,
along with an example of these actions in a standard
maintenance subprocedure. As maintenance tasks are
often very different at high-level, this generalized way of
deconstructing tasks allows a highly adaptable approach
to describe the sequence of any procedure, which can
then be used for such applications as task monitoring,
automation or detection of incomplete tasks. We describe
in detail the properties of each elemental action and
apply the taxonomy to an example subprocedure to
show how the process can be generalizable. An automatic
state-machine creation stage is shown, which would be
used at the task scheduling stage to simplify calculations
carried out during the moment-by-moment execution of
the task.

Keywords Telemanipulation, Teleoperation, Classification,
Industrial Robot, Remote Handling, Taxonomy,
Submovements, Intervention Planning

1. Introduction

Telemanipulation involves the direct control of a
robot which is situated in a remote environment for
manipulation tasks. Often it is a robotic arm controlled
by a user with a force-feedback master device. Many
previous studies have investigated the properties of their
bilateral control systems [1–5] but little research has been
conducted into the tasks which are performed using this
type of system, and what these tasks consist of at a basic
level.

In the maintenance of large scientific facilities,
telemanipulation procedures can involve various
subprocedures which are made up of a sequence of
subtasks. For example, the task of "disassembly of two
joined parts" may involve subtasks of: securing the
part, cutting a weld line, unscrewing bolts and then
disassembly of the parts. In turn these subtasks can be
broken down further into a sequence of elemental actions,
e.g., "cutting a weld line" would involve: aligning the
welding iron, following the line carefully and retreating.

We propose a taxonomy of basic actions from which
all higher-level telemanipulation tasks in heavy-duty
maintenance are built. While the taxonomy has been
developed with direct telemanipulation in mind, where
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Abstract In the maintenance of large scientific facilities,
telemanipulation procedures can involve various
subprocedures which in turn are made up of a sequence of
subtasks. This work presents a taxonomy which describes
a set of elemental actions for heavy-duty telemanipulation,
along with an example of these actions in a standard
maintenance subprocedure. As maintenance tasks are
often very different at high-level, this generalized way of
deconstructing tasks allows a highly adaptable approach
to describe the sequence of any procedure, which can
then be used for such applications as task monitoring,
automation or detection of incomplete tasks. We describe
in detail the properties of each elemental action and
apply the taxonomy to an example subprocedure to
show how the process can be generalizable. An automatic
state-machine creation stage is shown, which would be
used at the task scheduling stage to simplify calculations
carried out during the moment-by-moment execution of
the task.

Keywords Telemanipulation, Teleoperation, Classification,
Industrial Robot, Remote Handling, Taxonomy,
Submovements, Intervention Planning

1. Introduction

Telemanipulation involves the direct control of a
robot which is situated in a remote environment for
manipulation tasks. Often it is a robotic arm controlled
by a user with a force-feedback master device. Many
previous studies have investigated the properties of their
bilateral control systems [1–5] but little research has been
conducted into the tasks which are performed using this
type of system, and what these tasks consist of at a basic
level.

In the maintenance of large scientific facilities,
telemanipulation procedures can involve various
subprocedures which are made up of a sequence of
subtasks. For example, the task of "disassembly of two
joined parts" may involve subtasks of: securing the
part, cutting a weld line, unscrewing bolts and then
disassembly of the parts. In turn these subtasks can be
broken down further into a sequence of elemental actions,
e.g., "cutting a weld line" would involve: aligning the
welding iron, following the line carefully and retreating.

We propose a taxonomy of basic actions from which
all higher-level telemanipulation tasks in heavy-duty
maintenance are built. While the taxonomy has been
developed with direct telemanipulation in mind, where

Alexander Owen-Hill, José Breñosa, Manuel Ferre, Jordi Artigas and Rafael Aracil:  
A Taxonomy for Heavy-Duty Telemanipulation Tasks using Elemental Actions

1www.intechopen.com

International Journal of Advanced Robotic Systems

ARTICLE

www.intechopen.com Int. j. adv. robot. syst., 2013, Vol. 10, 371:2013

1 Center for Automation and Robotics, UPM-CAR-CSIC, Spain
2 DLR - German Aerospace Center, Germany
* Corresponding author E-mail: alex.owenhill@upm.es

Received 01 Mar 2013; Accepted 06 Sep 2013

DOI: 10.5772/57026

∂ 2013 Owen-Hill et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Alexander Owen-Hill1,*, José Breñosa1, Manuel Ferre1, Jordi Artigas2 and Rafael Aracil1

A Taxonomy for Heavy-Duty
Telemanipulation Tasks  
Using Elemental Actions
Regular Paper

sensor. In: Proceedings of IEEE international 
conference on Robotics and Automation. New York: 
IEEE Press. pp. 3012-3017. 

[36] Barrientos A et al. (2007) Fundamentos de Robótica. 
Madrid: McGrawHill. 246p. 

[36] Del Sol E et al. (2013) External force estimation for 
telerobotics without force sensor. In, Proceedings of 
the Robot 2013 First Iberian Robotics Conference. 
2013, Oct 28-29; Madrid, Spain. Berlin: Springer. vol. 
2, pp. 631-644. 

[37]  Atkeson C G et al., Estimation of inertial parameters 
of manipulator loads and links. In: The int. j. of robot. 
Research, vol. 5, no. 3, pp.  101–119  

[38] Featherstone R (2008), Rigid Body Dynamics 
Algorithms. USA: Springer. pp. 140-170. 

[39] Leung G M H et al. (1995) bilateral controller for 
teleoperators with time delay via µ-synthesis. IEEE 
trans. robot. autom, vol. 11, no. 1, pp. 105-116. 

[40] Amstrong B (1989) On finding exciting trajectories 
for identification experiments involving systems 
with nonlinear dynamics. Int. j. robot. res., vol. 8, no. 
6, pp. 28-48. 

[41] Vuong D N and Ang M H (2009) Dynamic model 
identification for industrial robots, Acta Polytechnica 
Hungarica, vol. 6, no. 5. 

[42] Swevers J et al. (2007) Dynamic model identification 
for industrial robots, IEEE Control syst. magazine, 
vol. 10, pp. 58-71. 

[43] Aracil R et al. (2002) Telerobotic system for live-
power line maintenance: robtet. Control eng. 
practice, vol. 10, pp 1271-1281. 

[43] Presse C and Gautier M (1993) New Criteria of 
Exciting trajectories for Robot Identification. In: 
Proceeding on IEEE International Conference on 
Robotics and Automation. New York: IEEE Press .vol. 
3, pp. 907-912. 

[44] Rolfe A C et al. (1999) A Report on the First remote 
Handling operations at JET. In: Fusion eng. design, 
vol. 46, pp. 299–306. 

12 Int J Adv Robot Syst, 2014, 11:52 | doi: 10.5772/58468



with our elemental actions somewhat comparable to their
"E-Moves", which describe elementary movements in a
sequence to make up a single task command (such as
"disassemble part"). However, our "elemental actions"
differ from the "object-centric" "E-Moves", as they are
"arm-centric" and thus do not depend on the object being
manipulated. This is an advantage as it does not require
that the system should know details of the geometry or
physical properties of the environment and objects, only
those of the manipulator itself which are likely to be
known long in advance.

3. Proposed Taxonomy

Our proposed taxonomy, shown in Fig. 1, is derived
from the hand-centric, motion-centric taxonomy presented
by Bullock and Dollar [13] for the different grasps of
a human hand. This is a good starting point as it is
not object-centric, as are other manipulation taxonomies
[16, 17], and so is applicable no matter what object is
being manipulated. Our taxonomy is arm-centric and
motion-centric, specifically the motions of heavy-duty
telemanipulation (heavy-duty being defined here as
scaled-force manipulation of objects over 20kg).

3.1. Definition of Terms

General terms used in this paper

Task Any high-level work to be done by telemanipulation,
e.g., disassembly of two pipes.

Subtask The low-level work which is involved in this task,
e.g., securing the pipe, cutting a weld line, unscrewing
bolts and then disassembly of the pipes.

Procedure/subprocedure A sequence of tasks make up
a procedure. A sequence of subtasks make up a
subprocedure.

Elemental action One of the basic movement types defined
in the taxonomy. Several of these may be involved in one
subtask.

Primary axis/axes The main axis/axes along which the
elemental action is performed. For example, to weld along
a straight line the primary axis will be the collinear axis.

Secondary axes The axes which support the elemental
action. For example, to weld along a straight line the
secondary axes will be two perpendicular axes to the line
and three rotational axes, all of which would be applied a
Hold Steady elemental action.

Terms used within the taxonomy

Contact Force Contact with an external object which is
either fixed, such as a wall, or being manipulated, such as a
heavy iron bar. The holding of tools, such as power drills,
does not come under this category when the high power
and scaled force feedback of heavy-duty manipulators
makes them almost imperceptible to the user once held.

Movement Intentional, significant movement of the whole
arm is considered here. Although some movement may
exist during actions, such as Applied Pressure, due to the
shaking of the operator’s arm from the applied force and

weight of the master device, these are considered as no
movement.

Rough(Fast) Movements are imprecise, such as pushing a
box across a table. Accuracy is not important.

Fine(Slow) Movements are required to be precise, such as
inserting a part to be assembled or following a weld line.

Pushing/Pulling A force is applied along the primary axis
and the object being manipulated is moving as a result of
this force.

Applied Pressure A continuous force is applied along a
primary axis to an object which does not move, such as
a wall.

Path Following A motion following a path along a primary
axis which does not require any contact force. For example,
when spray painting.

Path Tracing A motion following a path along a primary
axis which does require a contact force. For example, when
scribing a line into metal.

Approaching Motion towards a point. This differs from
Path Following in that the line of movement is not as
critical as the end point. Fine approaching motions may
be used to align the end effector with a target, say when
assembling a part.

Retreating Motion away from a particular subtask. This
differs from Approaching in that it is not likely to have an
intended end point, and thus will be less controlled.

Hold Steady The arm is held in place in space. The only
force which the user applies is that required to keep the
master arm in position.

3.2. Relevant Transitions

Some transitions between these elemental types will never
occur in a real task. For example, Retreating will never
follow Rough Approaching in a sequence, as to do so
would be considered part of the same Rough Approaching
movement. Table 1 shows a matrix of all 43 possible
transitions. In general, Approaching and/or Retreating
movements happen between any of the different types
of movements, as the operator readjusts their position
before beginning their next movement. The only exception
to this is between Applied Pressure and Pushing/Pulling
movements, which would occur when high pressure is
required to overcome the static inertia of a heavy object.
The Held Steady movement type could happen between
any stage of a task.

3.3. Examples of Primary Axis in Maintenance Subtasks

Table 2 shows examples of the common types of
maintenance subtasks and their respective elemental
actions. These actions are applicable along the main line of
motion with secondary actions along the secondary axes
to support the action being performed.

Observational tests were performed using a hydraulic
telemanipulator, shown in Figure 2, for all of the elemental
actions to determine the correct primary and secondary
axes for each action.
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Elemental Heavy-Duty Telemanipulation Actions

Contact Force

Movement

Rough(Fast)

Push/Pull

Fine(Slow)

Push/Pull Trace Path

No Movement

Apply Pressure

No Contact Force

Movement

Rough(Fast)

Approach Follow Path Retreat

Fine(Slow)

Approach Follow Path

No Movement

Hold Steady

Figure 1. Taxonomy of Elemental Actions in Heavy-Duty Telemanipulation. Actions are defined by contact with an external object and
movement of the arm. Each elemental action is reinforced by a pictorial view of the slave end effector and type of movement which this
represents.

the manipulator tracks the operator’s movements to
determine the current stage in the procedure, it could
also be applicable to autonomous or semi-autonomous
teleoperation, with the autonomous system taking control
of the robot during non-critical parts of the task (such as
retreating) to reduce the cognitive load on the operator.

Currently in environments where teleoperation is used,
the progression from one subtask to another is overseen
by an additional operator, who has the sequence of tasks
written in front of them. Telemanipulation operators, we
have found from discussion with staff from both particle
accelerator and nuclear fission facilities, commonly work
for shifts of 3-4 hours on a procedure before swapping with
another operator.

As well as reducing cognitive load, this type of sequential,
low-level monitoring of a task could be used for Fault
Detection Isolation - currently a hot topic in robotics
[6–9] - which is concerned with detecting faults in a
robotic system to improve their robustness and reduce
risk. This approach could be used to detect deviations
from a planned procedure which indicate that a fault has
occurred in the system.

The motivation behind this research is twofold. Firstly,
planning complicated procedures in this manner can
aid in reducing the workload of the additional operator
during these long shifts by describing the tasks at a
more basic level in a state-machine format, allowing
them to easily progress from one subtask to another.
Secondly, the work in the paper could be extended into the
classification of the transitions between elemental actions
and thus allow the computer to advance the task status
automatically based on the telemanipulator movements.
We propose that our approach of defining the elemental
actions which make up any task could be a good way
of building more generalizable classifiers for a given
system. Exact implementation of such an autonomous
classification would vary with different manipulators and

thus is beyond the scope of this paper, which aims to
remain general.

2. Background

Taxonomies

Taxonomies are a way of organizing information into
descriptive subgroups. The classification of movements
has been used, for example, to group the different types
of movements over agents moving as groups (e.g., flocks
of sheep, football teams, etc.) [10]. In robotics specifically,
taxonomies are often used to define the possible grasps
of dexterous robotic hands [11–14]. Though highly
applicable to detailed manipulation with many Degrees
of Freedom (DoF) manipulators, these focus more on
in-hand movements and do not take into account larger
movements of a robotic arm, as our taxonomy does.

The taxonomy in this paper defines the possible
elementary actions made by a human operator when
operating a robot for heavy-duty telemanipulation. A
motion-centric approach has been chosen as it allows for
greater flexibility than an object-centric approach, which
would require a priori knowledge of the object being
manipulated.

Hierarchical Task Description

Maintenance procedures are often described hierarchically,
starting from long-term plans which may span several
years all the way down to individual maintenance
procedures lasting hours, or even minutes. One existing
description of such a breakdown is the NASA/NBS
standard reference model for telerobot control system
architecture (NASREM) which [15] defines in a six-level
hierarchy of telerobot control ranging from the lowest level
(Level 1) in which coordinate frames are transformed, up
to the highest level (Level 6) in which entire mission plans
are described. The taxonomy proposed here would be
placed at around Levels 3 and 4 of the NASREM hierarchy,

Int. j. adv. robot. syst., 2013, Vol. 10, 371:20132 www.intechopen.com



with our elemental actions somewhat comparable to their
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"arm-centric" and thus do not depend on the object being
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and three rotational axes, all of which would be applied a
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Terms used within the taxonomy

Contact Force Contact with an external object which is
either fixed, such as a wall, or being manipulated, such as a
heavy iron bar. The holding of tools, such as power drills,
does not come under this category when the high power
and scaled force feedback of heavy-duty manipulators
makes them almost imperceptible to the user once held.

Movement Intentional, significant movement of the whole
arm is considered here. Although some movement may
exist during actions, such as Applied Pressure, due to the
shaking of the operator’s arm from the applied force and

weight of the master device, these are considered as no
movement.

Rough(Fast) Movements are imprecise, such as pushing a
box across a table. Accuracy is not important.

Fine(Slow) Movements are required to be precise, such as
inserting a part to be assembled or following a weld line.

Pushing/Pulling A force is applied along the primary axis
and the object being manipulated is moving as a result of
this force.

Applied Pressure A continuous force is applied along a
primary axis to an object which does not move, such as
a wall.

Path Following A motion following a path along a primary
axis which does not require any contact force. For example,
when spray painting.

Path Tracing A motion following a path along a primary
axis which does require a contact force. For example, when
scribing a line into metal.

Approaching Motion towards a point. This differs from
Path Following in that the line of movement is not as
critical as the end point. Fine approaching motions may
be used to align the end effector with a target, say when
assembling a part.

Retreating Motion away from a particular subtask. This
differs from Approaching in that it is not likely to have an
intended end point, and thus will be less controlled.

Hold Steady The arm is held in place in space. The only
force which the user applies is that required to keep the
master arm in position.

3.2. Relevant Transitions

Some transitions between these elemental types will never
occur in a real task. For example, Retreating will never
follow Rough Approaching in a sequence, as to do so
would be considered part of the same Rough Approaching
movement. Table 1 shows a matrix of all 43 possible
transitions. In general, Approaching and/or Retreating
movements happen between any of the different types
of movements, as the operator readjusts their position
before beginning their next movement. The only exception
to this is between Applied Pressure and Pushing/Pulling
movements, which would occur when high pressure is
required to overcome the static inertia of a heavy object.
The Held Steady movement type could happen between
any stage of a task.

3.3. Examples of Primary Axis in Maintenance Subtasks

Table 2 shows examples of the common types of
maintenance subtasks and their respective elemental
actions. These actions are applicable along the main line of
motion with secondary actions along the secondary axes
to support the action being performed.

Observational tests were performed using a hydraulic
telemanipulator, shown in Figure 2, for all of the elemental
actions to determine the correct primary and secondary
axes for each action.

Alexander Owen-Hill, José Breñosa, Manuel Ferre, Jordi Artigas and Rafael Aracil:  
A Taxonomy for Heavy-Duty Telemanipulation Tasks using Elemental Actions

3www.intechopen.com

Elemental Heavy-Duty Telemanipulation Actions
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Figure 1. Taxonomy of Elemental Actions in Heavy-Duty Telemanipulation. Actions are defined by contact with an external object and
movement of the arm. Each elemental action is reinforced by a pictorial view of the slave end effector and type of movement which this
represents.

the manipulator tracks the operator’s movements to
determine the current stage in the procedure, it could
also be applicable to autonomous or semi-autonomous
teleoperation, with the autonomous system taking control
of the robot during non-critical parts of the task (such as
retreating) to reduce the cognitive load on the operator.

Currently in environments where teleoperation is used,
the progression from one subtask to another is overseen
by an additional operator, who has the sequence of tasks
written in front of them. Telemanipulation operators, we
have found from discussion with staff from both particle
accelerator and nuclear fission facilities, commonly work
for shifts of 3-4 hours on a procedure before swapping with
another operator.

As well as reducing cognitive load, this type of sequential,
low-level monitoring of a task could be used for Fault
Detection Isolation - currently a hot topic in robotics
[6–9] - which is concerned with detecting faults in a
robotic system to improve their robustness and reduce
risk. This approach could be used to detect deviations
from a planned procedure which indicate that a fault has
occurred in the system.

The motivation behind this research is twofold. Firstly,
planning complicated procedures in this manner can
aid in reducing the workload of the additional operator
during these long shifts by describing the tasks at a
more basic level in a state-machine format, allowing
them to easily progress from one subtask to another.
Secondly, the work in the paper could be extended into the
classification of the transitions between elemental actions
and thus allow the computer to advance the task status
automatically based on the telemanipulator movements.
We propose that our approach of defining the elemental
actions which make up any task could be a good way
of building more generalizable classifiers for a given
system. Exact implementation of such an autonomous
classification would vary with different manipulators and

thus is beyond the scope of this paper, which aims to
remain general.

2. Background

Taxonomies

Taxonomies are a way of organizing information into
descriptive subgroups. The classification of movements
has been used, for example, to group the different types
of movements over agents moving as groups (e.g., flocks
of sheep, football teams, etc.) [10]. In robotics specifically,
taxonomies are often used to define the possible grasps
of dexterous robotic hands [11–14]. Though highly
applicable to detailed manipulation with many Degrees
of Freedom (DoF) manipulators, these focus more on
in-hand movements and do not take into account larger
movements of a robotic arm, as our taxonomy does.

The taxonomy in this paper defines the possible
elementary actions made by a human operator when
operating a robot for heavy-duty telemanipulation. A
motion-centric approach has been chosen as it allows for
greater flexibility than an object-centric approach, which
would require a priori knowledge of the object being
manipulated.

Hierarchical Task Description

Maintenance procedures are often described hierarchically,
starting from long-term plans which may span several
years all the way down to individual maintenance
procedures lasting hours, or even minutes. One existing
description of such a breakdown is the NASA/NBS
standard reference model for telerobot control system
architecture (NASREM) which [15] defines in a six-level
hierarchy of telerobot control ranging from the lowest level
(Level 1) in which coordinate frames are transformed, up
to the highest level (Level 6) in which entire mission plans
are described. The taxonomy proposed here would be
placed at around Levels 3 and 4 of the NASREM hierarchy,
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4.3. Complexity

The hierarchical state-machine is designed to simplify
the process of advancing through an entire procedure
from the point of view of a human operator and/or any
automatized system which could monitor or carry out
some part of that procedure.

To calculate the complexity of the resulting procedure the
Cyclomatic Complexity metric [20], commonly used to
measure the complexity of a graph-based software system,
was used - see Equation 1.

v(G) = e − n + 2p (1)

where v(G) is the cyclometric complexity of a system, e is
the number of edges, n is the number of nodes and p is the
number of exit nodes. .

In this state-machine, a node refers to a single elemental
action and an edge is the transition between elemental
actions. An exit node is the final node in a state-machine
(i.e., the end of a procedure), which in the example case
will always be 1 as the procedure does not allow for
different possible end states.

A higher value of cyclometric complexity indicates a more
complex procedure. Although the task to be achieved
may look simple from a general level (e.g., Figure 5)
we aim to show that at a moment-to-moment movement
level even such an apparently simple task is in fact quite
complex. Thus, to be able to follow the task in real
time, it is worthwhile simplifying the subprocedure which
describes the task such that the task state is detectable from
moment-to-moment.

Additionally, the number of possible transitions at each
node is an important factor in the task complexity, shown
in Equation 2.

α = max
i∈[1,n]

(ei) (2)

where α is the maximum number of possible transitions at
any single point during the entire subprocedure, n is the
total number of nodes in the graph and ei is the number of
exit edges for an individual node. This can be compared
to the maximum number of possible transitions from any
one elemental action to another αmax, which is taken from
Table 1 as the number of possible transitions from a "fine
approaching" elemental movement.

αmax = αfine approaching = 8 (3)

5. Example Procedure

To demonstrate this approach we have taken an example
procedure of "removal of a beam dump target" to
demonstrate the application of the elemental actions and
automatically generated state-machine.

This example has been adapted for heavy-duty
telemanipulation from a real-life procedure in the
setting of maintenance of facilities on equipment emitting
ionising radiation.

5.1. Removal of Beam Dump Target

A simplified subprocedure for the task of removal
of a beam dump target is shown below. Subtasks
are shown along with their {primary axis} and their
associated primary (and sometimes secondary) elemental
movements.

1. Turn off water lever {perpendicular to lever} - Applied
Pressure (Fine Path Following )

2. Disconnect pipe nut {about axis of nut} - Fine Path
Following

3. Removal of cable {axis of insertion} - Fine Pulling

4. Removal of torque limiter {axis of insertion} - Fine
Pulling

5. Extracting a screw {axis of screw} - Applied Pressure

6. Removal of block {axis against gravity} - Rough
Pushing/Pulling

Figure 5 shows the top level state-machine of this
procedure. This is the level of detail at which planning
for teleoperation procedures usually is provided.

Each individual subtask is broken down automatically into
a series of elementary actions of "Approaching > TASK >
Retreating", and the applicable transitions between these
stages are entered to the state-machine transition table,
Figure 6.

At the most detail level, shown in Figure 7, each of
these elemental actions is further decomposed into a
state-machine by including all possible holding actions
which could be performed during the action itself. For
example, at any point the operator could perform a
Hold Steady action, while thinking about the task and
during some elemental actions an additional Rough or
Fine Approaching action may be used to reorient the
manipulator before continuing with the subtask.

Subtask Primary Axis Primary Axis Action Secondary Axis 1 Action Secondary Axis 2 Action

Assembly Axis of Insertion Fine Pushing/Pulling Hold Steady Hold Steady
Bending Line of Bend Fine Linear Motion Applied Pressure Applied Pressure

Cutting (w/tool) Line of Cut Rough or Fine Linear Motion Hold Steady Hold Steady
Drilling Hole Axis Applied Pressure Hold Steady Hold Steady

Screwing (w/tool) Screw Axis Applied Pressure Hold Steady Hold Steady
Welding Weld Line Fine Linear Motion Hold Steady Hold Steady

Table 2. Example of common maintenance subtasks and their respective elemental actions. Angular axes are not shown here for clarity
but will usually be comparable to the secondary axes.
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Rough Pushing/Pulling x x x x
Fine Pushing/Pulling x x x x

Applied Pressure x x x x x x
Rough Approaching x x x x x x x

Fine Approaching x x x x x x x x
Retreating x x x

Rough Path Following x x x x
Fine Path Following x x x x

Held Steady x x x

Table 1. Possible transitions between the different elemental
actions. An "x" indicates that the transition could occur in a
real-world situation.

(a) Master (b) Grips Slave

Figure 2. Industrial, hydraulically powered Grips Telemanipulator
and master from Kraft Telerobotics. Master and Slave are
kinematically similar, with equivalent joints shown.

Figure 3 shows an example of primary and secondary
axes for an Applied Pressure action. The Applied Pressure
elemental action is applied along the primary axis and all
other axes apply a Hold Steady elemental action.

Figure 3. Example representation of the primary and secondary
axes for an Applied Pressure action. The path taken during the
associated Approaching motion is also shown here. Rotational axes
are not shown for clarity, but would each involve a Hold Steady
elemental action.

(a) (b)

Figure 4. GUI in which procedure tasks are entered.

4. Methods

4.1. Intervention Planning

The initial goal of this approach is to implement it at the
planning stage of a remote handling intervention, when
human operators are deciding what sort of a procedure
they are going to carry out with a telemanipulator.
A graphical tool, designed to be easily integrable into
an existing intervention planner, was developed to
automatically extract the relevant elemental actions for a
given subtasks and apply them in a state-machine format,
with the corresponding Approaching, Hold Steady and
Retreating movements.

Figure 4 shows a screenshot of this add-on to the planner.
It dynamically creates a menu of types based on a standard
format .csv file. New types of subtask can be added to the
system by a simple addition to this file, which specifies
the elemental actions which make up the subtask, shown
in Table 3. This set of these subtasks types are only
required to be assigned once and can then be reused for
any procedure.

By introducing the elemental actions at the level of human
planning it both encourages planners to think about what
sort of actions will be performed in the teleoperation
procedure and allows the system to be broken down in a
way that is generically applicable to robotic movements.

4.2. State-machine Generation

When task names and types have been entered a
state-machine is automatically created following the
possible transitions as described previously in Table 1. A
series of sequential, hierarchical state-machines generated
using the python SMACH (state-machine-based execution
and coordination system) executive controller libraries [18]
for task-level planning and integrated into ROS (Robot
Operating System [19]) on a computer running Ubuntu
Linux.

Figure 5 shows the top level of this generated
state-machine shown in the library’s state-machine
visualization tool (smach_viewer) which creates a
dynamic view of the state-machine. The library has
in-built capability to view the task currently being
executed, based on simple transition functions which can
be simply coded at each node.
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4.3. Complexity

The hierarchical state-machine is designed to simplify
the process of advancing through an entire procedure
from the point of view of a human operator and/or any
automatized system which could monitor or carry out
some part of that procedure.

To calculate the complexity of the resulting procedure the
Cyclomatic Complexity metric [20], commonly used to
measure the complexity of a graph-based software system,
was used - see Equation 1.

v(G) = e − n + 2p (1)

where v(G) is the cyclometric complexity of a system, e is
the number of edges, n is the number of nodes and p is the
number of exit nodes. .

In this state-machine, a node refers to a single elemental
action and an edge is the transition between elemental
actions. An exit node is the final node in a state-machine
(i.e., the end of a procedure), which in the example case
will always be 1 as the procedure does not allow for
different possible end states.

A higher value of cyclometric complexity indicates a more
complex procedure. Although the task to be achieved
may look simple from a general level (e.g., Figure 5)
we aim to show that at a moment-to-moment movement
level even such an apparently simple task is in fact quite
complex. Thus, to be able to follow the task in real
time, it is worthwhile simplifying the subprocedure which
describes the task such that the task state is detectable from
moment-to-moment.

Additionally, the number of possible transitions at each
node is an important factor in the task complexity, shown
in Equation 2.

α = max
i∈[1,n]

(ei) (2)

where α is the maximum number of possible transitions at
any single point during the entire subprocedure, n is the
total number of nodes in the graph and ei is the number of
exit edges for an individual node. This can be compared
to the maximum number of possible transitions from any
one elemental action to another αmax, which is taken from
Table 1 as the number of possible transitions from a "fine
approaching" elemental movement.

αmax = αfine approaching = 8 (3)

5. Example Procedure

To demonstrate this approach we have taken an example
procedure of "removal of a beam dump target" to
demonstrate the application of the elemental actions and
automatically generated state-machine.

This example has been adapted for heavy-duty
telemanipulation from a real-life procedure in the
setting of maintenance of facilities on equipment emitting
ionising radiation.

5.1. Removal of Beam Dump Target

A simplified subprocedure for the task of removal
of a beam dump target is shown below. Subtasks
are shown along with their {primary axis} and their
associated primary (and sometimes secondary) elemental
movements.

1. Turn off water lever {perpendicular to lever} - Applied
Pressure (Fine Path Following )

2. Disconnect pipe nut {about axis of nut} - Fine Path
Following

3. Removal of cable {axis of insertion} - Fine Pulling

4. Removal of torque limiter {axis of insertion} - Fine
Pulling

5. Extracting a screw {axis of screw} - Applied Pressure

6. Removal of block {axis against gravity} - Rough
Pushing/Pulling

Figure 5 shows the top level state-machine of this
procedure. This is the level of detail at which planning
for teleoperation procedures usually is provided.

Each individual subtask is broken down automatically into
a series of elementary actions of "Approaching > TASK >
Retreating", and the applicable transitions between these
stages are entered to the state-machine transition table,
Figure 6.

At the most detail level, shown in Figure 7, each of
these elemental actions is further decomposed into a
state-machine by including all possible holding actions
which could be performed during the action itself. For
example, at any point the operator could perform a
Hold Steady action, while thinking about the task and
during some elemental actions an additional Rough or
Fine Approaching action may be used to reorient the
manipulator before continuing with the subtask.

Subtask Primary Axis Primary Axis Action Secondary Axis 1 Action Secondary Axis 2 Action

Assembly Axis of Insertion Fine Pushing/Pulling Hold Steady Hold Steady
Bending Line of Bend Fine Linear Motion Applied Pressure Applied Pressure

Cutting (w/tool) Line of Cut Rough or Fine Linear Motion Hold Steady Hold Steady
Drilling Hole Axis Applied Pressure Hold Steady Hold Steady

Screwing (w/tool) Screw Axis Applied Pressure Hold Steady Hold Steady
Welding Weld Line Fine Linear Motion Hold Steady Hold Steady

Table 2. Example of common maintenance subtasks and their respective elemental actions. Angular axes are not shown here for clarity
but will usually be comparable to the secondary axes.
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Rough Pushing/Pulling x x x x
Fine Pushing/Pulling x x x x

Applied Pressure x x x x x x
Rough Approaching x x x x x x x

Fine Approaching x x x x x x x x
Retreating x x x

Rough Path Following x x x x
Fine Path Following x x x x

Held Steady x x x

Table 1. Possible transitions between the different elemental
actions. An "x" indicates that the transition could occur in a
real-world situation.

(a) Master (b) Grips Slave

Figure 2. Industrial, hydraulically powered Grips Telemanipulator
and master from Kraft Telerobotics. Master and Slave are
kinematically similar, with equivalent joints shown.

Figure 3 shows an example of primary and secondary
axes for an Applied Pressure action. The Applied Pressure
elemental action is applied along the primary axis and all
other axes apply a Hold Steady elemental action.

Figure 3. Example representation of the primary and secondary
axes for an Applied Pressure action. The path taken during the
associated Approaching motion is also shown here. Rotational axes
are not shown for clarity, but would each involve a Hold Steady
elemental action.

(a) (b)

Figure 4. GUI in which procedure tasks are entered.

4. Methods

4.1. Intervention Planning

The initial goal of this approach is to implement it at the
planning stage of a remote handling intervention, when
human operators are deciding what sort of a procedure
they are going to carry out with a telemanipulator.
A graphical tool, designed to be easily integrable into
an existing intervention planner, was developed to
automatically extract the relevant elemental actions for a
given subtasks and apply them in a state-machine format,
with the corresponding Approaching, Hold Steady and
Retreating movements.

Figure 4 shows a screenshot of this add-on to the planner.
It dynamically creates a menu of types based on a standard
format .csv file. New types of subtask can be added to the
system by a simple addition to this file, which specifies
the elemental actions which make up the subtask, shown
in Table 3. This set of these subtasks types are only
required to be assigned once and can then be reused for
any procedure.

By introducing the elemental actions at the level of human
planning it both encourages planners to think about what
sort of actions will be performed in the teleoperation
procedure and allows the system to be broken down in a
way that is generically applicable to robotic movements.

4.2. State-machine Generation

When task names and types have been entered a
state-machine is automatically created following the
possible transitions as described previously in Table 1. A
series of sequential, hierarchical state-machines generated
using the python SMACH (state-machine-based execution
and coordination system) executive controller libraries [18]
for task-level planning and integrated into ROS (Robot
Operating System [19]) on a computer running Ubuntu
Linux.

Figure 5 shows the top level of this generated
state-machine shown in the library’s state-machine
visualization tool (smach_viewer) which creates a
dynamic view of the state-machine. The library has
in-built capability to view the task currently being
executed, based on simple transition functions which can
be simply coded at each node.
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Figure 5. Automatically generated top level (Level 0) task view
of state-machine with corresponding subtask type as entered into
the .csv file.

(a) Whole procedure (b) Close up on Task 1

Figure 6. Level 1 view of (a) the entire target removal procedure
and (b) a close up of a single subtask.

(a) Task 1 (b) Close up on Task 1 Applied Pressure

Figure 7. Level 2 view of (a) the Task 1 and (b) a close up
of a single elemental action, with the basic transitions between
elemental actions labelled.

Table 3. Example of task types data file.

Using the cyclomatic complexity equation on the highest
level (Level 0) and lowest level (Level 2) of the
subprocedure, Equations 4 and 5, we can see that the
simple subtasks names (e.g., "turn off water lever") hide
an underlying 40 times more complexity in respect to the
transitions between elemental movements.

v(G) = 7 − 6 + (2 ∗ 1) = 3 (4)

v(G) = 121 − 42 + (2 ∗ 1) = 81 (5)

However, despite this complexity at the level of the
subprocedure as a whole, at each individual node the
highest number of possible transitions, calculated in
Equation 6, is greatly reduced.

α

αmax
=

maxi∈[1,42](ei)

8
=

4
8
= 0.5 (6)

This would greatly reduce the problems of detection of
transitions, as it means that the set of possible elemental
actions at any given point which must be evaluated to
determine the following stage in the subprocedure is never
going to be more than four.

6. Conclusion

In this paper we have proposed a taxonomy which
describes all elemental actions which can be performed
using a heavy-duty telemanipulator. The taxonomy
provides a way of breaking down any subtasks, such as
assembling a part or cutting a weld line, into a distinct
series of elemental actions. The terms used in this
taxonomy were given and explanation made as to how
these terms fit into real-world movements. All of the
possible transitions between these elemental actions were
given along with examples of some common maintenance
subtasks to demonstrate how the proposed actions can
be used to describe any subtask. A state-machine
implementation was described, and shown to reduce the
possible difficulties of moment-by-moment detection of
inter-node transitions, in order to simplify intrinsically
complicated telemanipulation tasks.
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Figure 5. Automatically generated top level (Level 0) task view
of state-machine with corresponding subtask type as entered into
the .csv file.

(a) Whole procedure (b) Close up on Task 1

Figure 6. Level 1 view of (a) the entire target removal procedure
and (b) a close up of a single subtask.

(a) Task 1 (b) Close up on Task 1 Applied Pressure

Figure 7. Level 2 view of (a) the Task 1 and (b) a close up
of a single elemental action, with the basic transitions between
elemental actions labelled.

Table 3. Example of task types data file.

Using the cyclomatic complexity equation on the highest
level (Level 0) and lowest level (Level 2) of the
subprocedure, Equations 4 and 5, we can see that the
simple subtasks names (e.g., "turn off water lever") hide
an underlying 40 times more complexity in respect to the
transitions between elemental movements.

v(G) = 7 − 6 + (2 ∗ 1) = 3 (4)

v(G) = 121 − 42 + (2 ∗ 1) = 81 (5)

However, despite this complexity at the level of the
subprocedure as a whole, at each individual node the
highest number of possible transitions, calculated in
Equation 6, is greatly reduced.
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=

maxi∈[1,42](ei)
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8
= 0.5 (6)

This would greatly reduce the problems of detection of
transitions, as it means that the set of possible elemental
actions at any given point which must be evaluated to
determine the following stage in the subprocedure is never
going to be more than four.

6. Conclusion

In this paper we have proposed a taxonomy which
describes all elemental actions which can be performed
using a heavy-duty telemanipulator. The taxonomy
provides a way of breaking down any subtasks, such as
assembling a part or cutting a weld line, into a distinct
series of elemental actions. The terms used in this
taxonomy were given and explanation made as to how
these terms fit into real-world movements. All of the
possible transitions between these elemental actions were
given along with examples of some common maintenance
subtasks to demonstrate how the proposed actions can
be used to describe any subtask. A state-machine
implementation was described, and shown to reduce the
possible difficulties of moment-by-moment detection of
inter-node transitions, in order to simplify intrinsically
complicated telemanipulation tasks.
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Abstract Maintenance in scientific facilities is a difficult 
issue, especially in large and hazardous facilities, due to 
the complexity of tasks and equipment. Augmented 
reality is a technology that has already shown great 
promise in the maintenance field. With the help of 
augmented reality applications, maintenance tasks can 
be carried out faster and more safely. The problem with 
current applications is that they are small-scale 
prototypes that do not easily scale to large facility 
maintenance applications. This paper presents a new 
hybrid approach that enables the creation of augmented 
reality maintenance applications for large and 
hazardous scientific facilities. In this paper, a new 
augmented reality marker and the algorithm for its 
recognition is proposed. The performance of the 
algorithm is verified in three test cases, showing 
promising results in two of them. Improvements in 
robustness in the third test case in which the camera is 
moving quickly or when light conditions are extreme 
are subject to further studies. The proposed new 
approach will be integrated into an existing augmented 
reality maintenance system. 
 
Keywords Augmented Reality, Maintenance, Human 
Intervention, Scientific Facilities 

1. Introduction 
 
Maintenance can be carried out by human, semi-remote or 
fully-remote interventions. Human intervention in large 
and complex scientific facilities, such as CERN (European 
Organization for Nuclear Research) or GSI-FAIR (Facility 
for Antiproton and Ion Research), can be difficult due to 
the complexity of the procedures and machines to be 
maintained. This human intervention can be enhanced by 
means of visual in-place maintenance instructions and 
safety advices (e.g., maximum radiation dose reached, hot 
areas to avoid touching, etc.), provided by augmented 
reality (AR) technology, allowing the worker to carry out 
the tasks more quickly and more safely. 
 
Hazardous facilities need to follow safety principles, such 
as ALARP (As Low as Reasonably Practicable). This 
principle requires that the radiation dose received by the 
workers must be as low as possible while taking into 
account the balance between any risks and benefits. 
Human interventions are planned according to the 
ALARP approach in order to ensure workers’ safety 
inside these hazardous facilities. With the help of AR, the 
worker can complete maintenance tasks inside hazardous 
environments faster and avoid errors, which means that 
they will be exposed to radiation for minimum duration.  
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Abstract Maintenance in scientific facilities is a difficult 
issue, especially in large and hazardous facilities, due to 
the complexity of tasks and equipment. Augmented 
reality is a technology that has already shown great 
promise in the maintenance field. With the help of 
augmented reality applications, maintenance tasks can 
be carried out faster and more safely. The problem with 
current applications is that they are small-scale 
prototypes that do not easily scale to large facility 
maintenance applications. This paper presents a new 
hybrid approach that enables the creation of augmented 
reality maintenance applications for large and 
hazardous scientific facilities. In this paper, a new 
augmented reality marker and the algorithm for its 
recognition is proposed. The performance of the 
algorithm is verified in three test cases, showing 
promising results in two of them. Improvements in 
robustness in the third test case in which the camera is 
moving quickly or when light conditions are extreme 
are subject to further studies. The proposed new 
approach will be integrated into an existing augmented 
reality maintenance system. 
 
Keywords Augmented Reality, Maintenance, Human 
Intervention, Scientific Facilities 

1. Introduction 
 
Maintenance can be carried out by human, semi-remote or 
fully-remote interventions. Human intervention in large 
and complex scientific facilities, such as CERN (European 
Organization for Nuclear Research) or GSI-FAIR (Facility 
for Antiproton and Ion Research), can be difficult due to 
the complexity of the procedures and machines to be 
maintained. This human intervention can be enhanced by 
means of visual in-place maintenance instructions and 
safety advices (e.g., maximum radiation dose reached, hot 
areas to avoid touching, etc.), provided by augmented 
reality (AR) technology, allowing the worker to carry out 
the tasks more quickly and more safely. 
 
Hazardous facilities need to follow safety principles, such 
as ALARP (As Low as Reasonably Practicable). This 
principle requires that the radiation dose received by the 
workers must be as low as possible while taking into 
account the balance between any risks and benefits. 
Human interventions are planned according to the 
ALARP approach in order to ensure workers’ safety 
inside these hazardous facilities. With the help of AR, the 
worker can complete maintenance tasks inside hazardous 
environments faster and avoid errors, which means that 
they will be exposed to radiation for minimum duration.  
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2.2 Identified problems 
 
AR applications use pattern recognition algorithms in 
order to work. Among those algorithms, marker and 
markerless techniques are the most common approaches. 
Some also consider using QR (Quick Response) codes [20] 
for AR applications. However, the great majority of QR 
code applications rely on a different concept, since when 
the code is recognized the application gets the encoded 
information - which is mainly text, like a web address - 
but not 3D spatial information of the QR code with 
respect to the camera. This cannot be considered as AR 
but something different like extended reality, as the 
virtual content is displayed in a different context (e.g., a 
web browser, a video player, etc.) to the real 
environment. Moreover, the recognition in those 
applications can be done only if the QR code is seen 
clearly and with little distortion in the image. In order to 
use QR codes for genuine AR applications, a robust 
library should be developed. There are some research 
studies that use QR codes for AR applications [21], [22], 
but there are not available in libraries for the research 
community to test in order to compare the robustness of 
these works with the robustness that other AR libraries 
have shown. In fact, the work presented in [21] relies 
upon the camera pose estimation in the device sensors 
and how the user manipulates the device instead of the 
real tracking of the QR code, while the work presented in 
[22], although promising in tracking the QR code, gives a 
low frame rate (10fps), which means that it cannot be 
used for real-time applications. Moreover, most of current 
research trends over the last decade in AR have been 
focused on the marker and markerless techniques, as they 
have proven to be sufficiently robust and accurate for 
real-time tracking. 
 
Markerless techniques have developed very quickly in 
recent years and they are making AR applications look 
more natural, since they do not need to add extra 
information to the environment because of the fact that 
they track points in real images. However, prior training 
of the images for detection must be performed. For small 
or singular projects, this approach is good enough (and 
even better, due to the fact that it can be more visual) as 
only a few images have to be trained. However, if we 
think of large projects where hundreds or thousands of 
patterns are needed simultaneously, these techniques are 
not advisable because of the time required for the 
training, the increase in the time used by the algorithm in 
recognition as the number of images to be tracked grows, 
and the high memory use. 
 
Marker-based techniques have some advantages over 
markerless techniques for large facilities, as they use less 
memory and the tracking is faster and more robust. 
Marker-based applications can also be divided into two 

groups: marker patterns and 2D barcode markers. Marker 
patterns show similar problems to markerless techniques, 
as they require some training and the computational cost 
rises with the number of markers to track (although the 
required time and memory use are lower than in the 
previous technique). 2D barcode-based applications do 
not require a training process as the system already 
knows every marker. Those markers have a predefined 
pattern made up of black and white squares inside a 
matrix. For this reason, the recognition is faster, more 
robust and requires no training and uses less memory. 
 
As a result of these considerations, 2D barcode markers 
appear to be suitable techniques for large-scale projects. 
However, there are still restrictions with this method. For 
example, with a 3x3 matrix only 64 different markers are 
available. This number can be incremented by using 
larger matrices, but incrementing the size of the matrix 
makes the recognition less robust for small marker sizes 
and for long distances between the marker and the 
camera. 
 
2.2 Proposed solution 
 
In order to cope with this limitation and provide a larger 
number of available markers, this paper proposes a new 
hybrid technique where a new marker has been defined. 
The new marker is made up of a 2D barcode marker and 
is complemented by one text code above it. In previous 
approaches, the marker differentiation is made during the 
marker recognition step. In the proposed approach, the 
2D barcode marker is used for detecting the position and 
location, while the marker differentiation is performed by 
the reading of the text code. 
 
This new approach will be integrated into an under-
development system that will enable large scientific 
facilities to easily design and develop augmented 
applications including multimodal interaction for the 
maintenance of scientific instruments as well as other, 
related, devices and machines. 
 
AR maintenance researchers have shown great interest in 
multimodal interaction, such as speech recognition [23], 
gaze interaction [24], opportunistic controls [25] or 
combinations of various modalities of multimodal 
interaction [26]. The AR-based maintenance system that 
will integrate the new approach presented in this paper 
implements several multimodal interaction interfaces 
ranging from the most traditional ones (keyboard and 
mouse for input and augmented video as output) to more 
novel interfaces, such as gesture and marker interaction. 
The purpose of the final system is to be as general as 
possible, allowing for the easy application design for 
large scientific facilities and a natural Human-Computer 
Interaction (HCI) for the maintenance worker. 
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Figure 1. Reality-Virtuality Continuum. 
 
AR is a technology that is used to merge virtual 
information with the real environment in real-time. 
Milgram defined in [1] the Reality-Virtuality Continuum 
(Figure 1), where AR is an intermediate state between the 
real environment and a completely virtual environment. 
This means that the user is conscious of the real 
environment and that this environment is enhanced by 
means of many multimodal means of interaction. 
 
AR has been used in many fields, such as medicine [2], 
[3], [4], education [5], [6], [7] and entertainment [8], [9], 
[10]. Maintenance is one field where AR can play an 
important role [11], [12]. Maintenance tasks can be 
augmented using this technology, thus allowing the 
worker to carry wearable AR equipment instead of 
traditional heavy and difficult-to-use manuals. AR is also 
an aid to safety, as it can warn workers whether they are 
in danger or whether a procedure has been carried out in 
the wrong way.  
 
However, most AR-based maintenance projects that have 
already been developed are only prototypes for one 
specific machine or device. Some of these works can be 
found in [13], [14], [15]. Although they are very good 
prototypes, for their real application a more general use 
application needs to be developed in order to be reusable 
in large facilities with a large variety of machine 
subsystems and devices to be maintained. In fact, there 
have been some approaches to this generalization [16], 
but they displayed certain problems as to the ease of use 
of the proposed systems. Nevertheless, some of the state 
of the art AR prototypes for maintenance use have 
already shown good results in terms of ease of use [13], 
[17], task efficiency [13], [17], [18], [19] and decreasing the 
risk of accidents [18], proving that this technology can 
enhance maintenance work. 
 
The work presented in this paper deals with the lack of 
general purpose applications by means of a new 
approach for marker definition and recognition. A new 
AR marker is defined, as well as an algorithm for its 
detection. This new approach has been integrated in an 
under development system that will enable the ready 
creation of AR applications for maintenance in large 
scientific facilities. 
 
The rest of the text is organized as follows: in chapter 2, 
an overview of current problems and the possible 
solutions related to the AR field for maintenance is 
presented. Chapter 3 describes the proposed solution and 

the algorithm designed for the detection of the proposed 
marker. Chapter 4 details the training and testing of the 
OCR-A font for the proposed approach. In chapter 5, 
some issues about the deployment of the final solution in 
real facilities are presented. Finally, in chapter 6, some 
conclusions and future work are discussed. 
 
2. Fundamental problems and overview of solutions 
 
2.1 Augmented reality for maintenance 
 
AR applications gather information from the 
environment (such as images captured by a camera or 
user input) and analyse it. Once the information has been 
processed, an output is created and delivered to the user 
(e.g., an augmented image or audio output) in an attempt 
to achieve a natural feeling for the user, meaning that 
they perceive the augmentation as a part of the real 
environment. 
 
The procedure followed by a typical AR maintenance 
application is as follows: when a predefined pattern is 
recognized by a camera, the AR system looks in the 
storage for the multimodal information associated and 
the marker that is augmented with it. The multimodal 
information represents any instructions, procedural 
assistance and safety advice for the maintenance, 
allowing the worker to carry out the work easily and 
avoid mistakes. Figure 2 shows an example on how AR 
can enhance a maintenance procedure. The image shows 
a green overlay that represents the augmentation area 
(e.g., LCD glasses or screens). This means that the worker 
is able to see the real scene in the background and the 
augmented part on top of it. As can be seen in the image, 
virtual models and arrows are displayed on top of the 
original image showing the instructions for the removal 
of the grey box from the machine. The information 
provided to the worker is not limited to 3D models, as it 
can also include images, text messages, videos, audio 
instructions and audio/video conferences with 
supervisors. Any kind of multimodal help could be 
provided to the worker when necessary in order to make 
their work easier.  
 

 
Figure 2. An example of an AR application for maintenance. 
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2.2 Identified problems 
 
AR applications use pattern recognition algorithms in 
order to work. Among those algorithms, marker and 
markerless techniques are the most common approaches. 
Some also consider using QR (Quick Response) codes [20] 
for AR applications. However, the great majority of QR 
code applications rely on a different concept, since when 
the code is recognized the application gets the encoded 
information - which is mainly text, like a web address - 
but not 3D spatial information of the QR code with 
respect to the camera. This cannot be considered as AR 
but something different like extended reality, as the 
virtual content is displayed in a different context (e.g., a 
web browser, a video player, etc.) to the real 
environment. Moreover, the recognition in those 
applications can be done only if the QR code is seen 
clearly and with little distortion in the image. In order to 
use QR codes for genuine AR applications, a robust 
library should be developed. There are some research 
studies that use QR codes for AR applications [21], [22], 
but there are not available in libraries for the research 
community to test in order to compare the robustness of 
these works with the robustness that other AR libraries 
have shown. In fact, the work presented in [21] relies 
upon the camera pose estimation in the device sensors 
and how the user manipulates the device instead of the 
real tracking of the QR code, while the work presented in 
[22], although promising in tracking the QR code, gives a 
low frame rate (10fps), which means that it cannot be 
used for real-time applications. Moreover, most of current 
research trends over the last decade in AR have been 
focused on the marker and markerless techniques, as they 
have proven to be sufficiently robust and accurate for 
real-time tracking. 
 
Markerless techniques have developed very quickly in 
recent years and they are making AR applications look 
more natural, since they do not need to add extra 
information to the environment because of the fact that 
they track points in real images. However, prior training 
of the images for detection must be performed. For small 
or singular projects, this approach is good enough (and 
even better, due to the fact that it can be more visual) as 
only a few images have to be trained. However, if we 
think of large projects where hundreds or thousands of 
patterns are needed simultaneously, these techniques are 
not advisable because of the time required for the 
training, the increase in the time used by the algorithm in 
recognition as the number of images to be tracked grows, 
and the high memory use. 
 
Marker-based techniques have some advantages over 
markerless techniques for large facilities, as they use less 
memory and the tracking is faster and more robust. 
Marker-based applications can also be divided into two 

groups: marker patterns and 2D barcode markers. Marker 
patterns show similar problems to markerless techniques, 
as they require some training and the computational cost 
rises with the number of markers to track (although the 
required time and memory use are lower than in the 
previous technique). 2D barcode-based applications do 
not require a training process as the system already 
knows every marker. Those markers have a predefined 
pattern made up of black and white squares inside a 
matrix. For this reason, the recognition is faster, more 
robust and requires no training and uses less memory. 
 
As a result of these considerations, 2D barcode markers 
appear to be suitable techniques for large-scale projects. 
However, there are still restrictions with this method. For 
example, with a 3x3 matrix only 64 different markers are 
available. This number can be incremented by using 
larger matrices, but incrementing the size of the matrix 
makes the recognition less robust for small marker sizes 
and for long distances between the marker and the 
camera. 
 
2.2 Proposed solution 
 
In order to cope with this limitation and provide a larger 
number of available markers, this paper proposes a new 
hybrid technique where a new marker has been defined. 
The new marker is made up of a 2D barcode marker and 
is complemented by one text code above it. In previous 
approaches, the marker differentiation is made during the 
marker recognition step. In the proposed approach, the 
2D barcode marker is used for detecting the position and 
location, while the marker differentiation is performed by 
the reading of the text code. 
 
This new approach will be integrated into an under-
development system that will enable large scientific 
facilities to easily design and develop augmented 
applications including multimodal interaction for the 
maintenance of scientific instruments as well as other, 
related, devices and machines. 
 
AR maintenance researchers have shown great interest in 
multimodal interaction, such as speech recognition [23], 
gaze interaction [24], opportunistic controls [25] or 
combinations of various modalities of multimodal 
interaction [26]. The AR-based maintenance system that 
will integrate the new approach presented in this paper 
implements several multimodal interaction interfaces 
ranging from the most traditional ones (keyboard and 
mouse for input and augmented video as output) to more 
novel interfaces, such as gesture and marker interaction. 
The purpose of the final system is to be as general as 
possible, allowing for the easy application design for 
large scientific facilities and a natural Human-Computer 
Interaction (HCI) for the maintenance worker. 
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processed, an output is created and delivered to the user 
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to achieve a natural feeling for the user, meaning that 
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environment. 
 
The procedure followed by a typical AR maintenance 
application is as follows: when a predefined pattern is 
recognized by a camera, the AR system looks in the 
storage for the multimodal information associated and 
the marker that is augmented with it. The multimodal 
information represents any instructions, procedural 
assistance and safety advice for the maintenance, 
allowing the worker to carry out the work easily and 
avoid mistakes. Figure 2 shows an example on how AR 
can enhance a maintenance procedure. The image shows 
a green overlay that represents the augmentation area 
(e.g., LCD glasses or screens). This means that the worker 
is able to see the real scene in the background and the 
augmented part on top of it. As can be seen in the image, 
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original image showing the instructions for the removal 
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Figure 2. An example of an AR application for maintenance. 
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images. The homography matrix needs eight equations to 
be calculated, which means that the minimum number of 
points needed is four (as each correspondence between 
points involves x and y coordinates). 
 
Once the marker has been detected, the homography is 
computed between the four corners of the marker and a 
virtual square. With the orientation of the marker, it is 
possible to know the order of the corners of the marker 
and, thus, form the correspondences with the virtual 
square. The homography matrix obtained is used to 
create the rectified image. In Figure 4, both images - 
original and rectified - are shown. As can be seen in the 
image, the four corners of the original image have their 
corresponding corners in the rectified image. 
 
The text in the rectified image is suitable for the OCR 
process. As has been mentioned before, trying to detect 
text in the whole image can be a highly time consuming 
process. For this reason, the area above the marker is 
segmented and scaled into a new image, as can be seen in 
Figure 5. 
 

 
 

Figure 5. Segmented text. 
 
The new image is ready for OCR but the image can be 
blurred, for several reasons (e.g., the image has been 
taken in motion, the marker is very small or it is far 
from the camera, etc.). In order to achieve better 
recognition, the image is sharpened using the unsharp 
masking (USM) technique before the actual text code 
recognition. The USM technique consists of creating a 
blurred image that is subtracted from the original 
image, thus creating an unsharp mask (a threshold is 
used to decide which pixels will define the mask). Later, 
this mask is used in combination to a high contrast 
version of the original image and the original image 
itself to create the final sharpened output image. Figure 
6 shows two examples of the original images (left) and 
the images obtained after the unsharp masking (right). 
As can be seen in the images, the UM method makes a 
slightly sharper image. 
 

 
 

Figure 6. Original (left) and sharpened (right) images, using the 
unsharp masking technique. 

At this stage of the process, the image is fed to the OCR 
engine. Although the image is very small, the OCR 
process is still time consuming, and so the homography 
computation, image restoration and OCR reading 
processes are carried out in a different thread. Figure 7 
shows the two main threads inside the system. The main 
thread is in charge of the image acquisition, 2D barcode 
marker detection, multimodal augmentation and final 
output, while the OCR thread gets the raw image from 
the main thread as well as the information following the 
2D barcode marker detection. The output from the OCR 
thread is fed to the main thread in order to get the correct 
multimodal information for the augmentation. The OCR 
thread enables the continuous checking of the text code 
above the marker, while the main thread works in real-
time without freezing, allowing the system to properly 
identify the real text just in case it is missing in some 
frames due to blurred or defocused images. 
 

 
 

Figure 7. Main threads and their interaction. The main thread is 
in charge of the main flow, from the image acquisition to the 
final output, while the OCR thread computes the computer 
vision step used to recognize the text. 
 
4. OCR-A font training and testing 
 
OCR technology has certain problems with regard to how 
characters can be mismatched. For example, number ‘0’ 
and the capital letter ‘O’ can be easily mixed. For the 
purpose of robust character recognition, a specific OCR 
font, called ‘OCR-A’ [29], is used in this study as an 
alternative for traditional fonts. OCR-A is a text font that 
is meant to be easy to recognize by computers and 
humans. This font is standardized as ISO 1073-1:1976 [30]. 
The OCR-A font is monospaced (it has a fixed-width), 
which makes it easier not only recognition but also for the 
creation process, as the marker also has a fixed-size. The 
OCR system used in this work was originally trained to 
recognize sans-serif fonts by default. For that reason, in 
this project the system has been trained to recognize the 
OCR-A font. After the training, some tests were made to 
compare the results in character recognition. To do so, 
OCR-A has been tested against a sans-serif font (Arial). 
 
The tests consist of a series of recognition loops. Every loop 
consists of 200 readings of the text above one marker. The 
texts are eight characters long and contain characters that 
are likely to be mismatched. An example of text could be 
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3. System and algorithm description 
 
3.1 System overview 
 
This paper proposes a hybrid approach for marker 
detection that will be used in an AR-based maintenance 
system for large scientific facilities. The proposed system 
works as follows: it gets the image from the camera and 
detects the marker using a hybrid approach for the 
marker. Once the marker has been recognized, the system 
queries in a database for the specific information 
associated with that marker and augments the final 
output according to it. The content information for the 
augmentation is usually hardcoded in most prototypes 
due to the low number of elements to display. However, 
this is not possible for large facilities being thus crucial 
the use of a database that manages all the elements and 
information required for this kind of system. The purpose 
of this paper is to describe a new hybrid approach for 
marker detection and, therefore, the rest of the paper will 
explain only the details from the marker recognition 
subsystem. 
 
3.2 Hybrid approach overview 
 
Figure 3 shows the proposed approach for new marker 
definition and the technique for its recognition. The 
image containing the marker is fed into the system. This 
image contains the hybrid marker in any position and 
orientation with respect to the camera. The 2D barcode 
marker is detected first. With this information, the image 
is manipulated with computer vision techniques in order 
to achieve a readable screen-aligned text and, afterwards, 
the text code is segmented and read using optical 
character recognition (OCR) techniques. The following 
section explains this procedure in more detail. 
 

 
 

Figure 3. Overview of the new marker approach and algorithm. 
 
3.3 Algorithm description 
 
The current state of the art recognition libraries for 2D 
barcode markers are very robust and work smoothly on 
current computers. For this reason, this work utilizes an 
already available library. 
 
The algorithm first uses ARToolKit [27] for 2D barcode 
detection and tracking. ARToolKit is a well-known 

marker recognition library and one of the most 
commonly used libraries in AR applications due to its 
accuracy and robustness. It provides information about 
the marker, such as the screen position of the corners of 
the marker in the image and the orientation of the 
marker, which will be useful in the next step. 
 
The goal after detecting the marker is to read the text 
code above it, as trying to read the whole image can be 
time consuming. The marker is seen in the image in a 
distorted way. The recognition of the marker is very 
robust even if the marker is not seen as a perfect square, 
but the text recognition is very weak if the text is not 
screen-aligned. In order to have a screen-aligned text, it is 
necessary to rectify the image. As the marker is a planar 
surface, a suitable way of reconstructing the image is to 
compute a homography [28] between the image captured 
by the camera and a new, rectified image. The calculation 
of a homography enables the calculation of the 
correspondence between points in two images (or planes 
in general). This means that it is possible to calculate the 
correspondence between points in the non-screen-aligned 
marker and those in a screen-aligned square. 
 

 
 

Figure 4. Original (up) and rectified (down) images. The red 
lines show the correspondence between corners. 
 
The homography between two planes is defined by a 
non-singular 3x3 matrix. The matrix calculation is made 
using the correspondence between the known 
coordinates of points seen in the original and rectified 
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images. The homography matrix needs eight equations to 
be calculated, which means that the minimum number of 
points needed is four (as each correspondence between 
points involves x and y coordinates). 
 
Once the marker has been detected, the homography is 
computed between the four corners of the marker and a 
virtual square. With the orientation of the marker, it is 
possible to know the order of the corners of the marker 
and, thus, form the correspondences with the virtual 
square. The homography matrix obtained is used to 
create the rectified image. In Figure 4, both images - 
original and rectified - are shown. As can be seen in the 
image, the four corners of the original image have their 
corresponding corners in the rectified image. 
 
The text in the rectified image is suitable for the OCR 
process. As has been mentioned before, trying to detect 
text in the whole image can be a highly time consuming 
process. For this reason, the area above the marker is 
segmented and scaled into a new image, as can be seen in 
Figure 5. 
 

 
 

Figure 5. Segmented text. 
 
The new image is ready for OCR but the image can be 
blurred, for several reasons (e.g., the image has been 
taken in motion, the marker is very small or it is far 
from the camera, etc.). In order to achieve better 
recognition, the image is sharpened using the unsharp 
masking (USM) technique before the actual text code 
recognition. The USM technique consists of creating a 
blurred image that is subtracted from the original 
image, thus creating an unsharp mask (a threshold is 
used to decide which pixels will define the mask). Later, 
this mask is used in combination to a high contrast 
version of the original image and the original image 
itself to create the final sharpened output image. Figure 
6 shows two examples of the original images (left) and 
the images obtained after the unsharp masking (right). 
As can be seen in the images, the UM method makes a 
slightly sharper image. 
 

 
 

Figure 6. Original (left) and sharpened (right) images, using the 
unsharp masking technique. 

At this stage of the process, the image is fed to the OCR 
engine. Although the image is very small, the OCR 
process is still time consuming, and so the homography 
computation, image restoration and OCR reading 
processes are carried out in a different thread. Figure 7 
shows the two main threads inside the system. The main 
thread is in charge of the image acquisition, 2D barcode 
marker detection, multimodal augmentation and final 
output, while the OCR thread gets the raw image from 
the main thread as well as the information following the 
2D barcode marker detection. The output from the OCR 
thread is fed to the main thread in order to get the correct 
multimodal information for the augmentation. The OCR 
thread enables the continuous checking of the text code 
above the marker, while the main thread works in real-
time without freezing, allowing the system to properly 
identify the real text just in case it is missing in some 
frames due to blurred or defocused images. 
 

 
 

Figure 7. Main threads and their interaction. The main thread is 
in charge of the main flow, from the image acquisition to the 
final output, while the OCR thread computes the computer 
vision step used to recognize the text. 
 
4. OCR-A font training and testing 
 
OCR technology has certain problems with regard to how 
characters can be mismatched. For example, number ‘0’ 
and the capital letter ‘O’ can be easily mixed. For the 
purpose of robust character recognition, a specific OCR 
font, called ‘OCR-A’ [29], is used in this study as an 
alternative for traditional fonts. OCR-A is a text font that 
is meant to be easy to recognize by computers and 
humans. This font is standardized as ISO 1073-1:1976 [30]. 
The OCR-A font is monospaced (it has a fixed-width), 
which makes it easier not only recognition but also for the 
creation process, as the marker also has a fixed-size. The 
OCR system used in this work was originally trained to 
recognize sans-serif fonts by default. For that reason, in 
this project the system has been trained to recognize the 
OCR-A font. After the training, some tests were made to 
compare the results in character recognition. To do so, 
OCR-A has been tested against a sans-serif font (Arial). 
 
The tests consist of a series of recognition loops. Every loop 
consists of 200 readings of the text above one marker. The 
texts are eight characters long and contain characters that 
are likely to be mismatched. An example of text could be 
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3. System and algorithm description 
 
3.1 System overview 
 
This paper proposes a hybrid approach for marker 
detection that will be used in an AR-based maintenance 
system for large scientific facilities. The proposed system 
works as follows: it gets the image from the camera and 
detects the marker using a hybrid approach for the 
marker. Once the marker has been recognized, the system 
queries in a database for the specific information 
associated with that marker and augments the final 
output according to it. The content information for the 
augmentation is usually hardcoded in most prototypes 
due to the low number of elements to display. However, 
this is not possible for large facilities being thus crucial 
the use of a database that manages all the elements and 
information required for this kind of system. The purpose 
of this paper is to describe a new hybrid approach for 
marker detection and, therefore, the rest of the paper will 
explain only the details from the marker recognition 
subsystem. 
 
3.2 Hybrid approach overview 
 
Figure 3 shows the proposed approach for new marker 
definition and the technique for its recognition. The 
image containing the marker is fed into the system. This 
image contains the hybrid marker in any position and 
orientation with respect to the camera. The 2D barcode 
marker is detected first. With this information, the image 
is manipulated with computer vision techniques in order 
to achieve a readable screen-aligned text and, afterwards, 
the text code is segmented and read using optical 
character recognition (OCR) techniques. The following 
section explains this procedure in more detail. 
 

 
 

Figure 3. Overview of the new marker approach and algorithm. 
 
3.3 Algorithm description 
 
The current state of the art recognition libraries for 2D 
barcode markers are very robust and work smoothly on 
current computers. For this reason, this work utilizes an 
already available library. 
 
The algorithm first uses ARToolKit [27] for 2D barcode 
detection and tracking. ARToolKit is a well-known 

marker recognition library and one of the most 
commonly used libraries in AR applications due to its 
accuracy and robustness. It provides information about 
the marker, such as the screen position of the corners of 
the marker in the image and the orientation of the 
marker, which will be useful in the next step. 
 
The goal after detecting the marker is to read the text 
code above it, as trying to read the whole image can be 
time consuming. The marker is seen in the image in a 
distorted way. The recognition of the marker is very 
robust even if the marker is not seen as a perfect square, 
but the text recognition is very weak if the text is not 
screen-aligned. In order to have a screen-aligned text, it is 
necessary to rectify the image. As the marker is a planar 
surface, a suitable way of reconstructing the image is to 
compute a homography [28] between the image captured 
by the camera and a new, rectified image. The calculation 
of a homography enables the calculation of the 
correspondence between points in two images (or planes 
in general). This means that it is possible to calculate the 
correspondence between points in the non-screen-aligned 
marker and those in a screen-aligned square. 
 

 
 

Figure 4. Original (up) and rectified (down) images. The red 
lines show the correspondence between corners. 
 
The homography between two planes is defined by a 
non-singular 3x3 matrix. The matrix calculation is made 
using the correspondence between the known 
coordinates of points seen in the original and rectified 

Int. j. adv. robot. syst., 2013, Vol. 10, 321:2013 www.intechopen.com



are not as good as expected. The reason for these results 
is that some characters are sometimes mismatched. The 
first text contains two characters that are sometimes 
mismatched with another two characters. The second 
text, which gives better results, contains only one 
character that is mismatched with another character. 
None of the characters of the third text is mismatched, 
and thus the success rate is over 90%. As can be guessed 
by the standard deviations of the two first texts, the 
problematic characters are properly recognized many 
times, but the high probability of a mismatch advises 
against the use of these problematic characters. For this 
reason, the three problematic characters were removed 
for the last test. It has been noticed that there is one 
character which, although most of the time it is well-
recognized, may cause some mismatching problems and, 
for that reason, it has also been removed. In the last test, 
three new texts including only the eighteen selected 
characters were read. In this test, three loops of 200 
readings per loop were carried out for every text in three 
different cases (static camera, handheld camera and 
moving camera, all cases with a resolution of 800x600). 
The results of this test are displayed in Figure 9, below. 
As can be seen, the results are very similar to those 
obtained in Figure 8, so ultimately those eighteen 
characters will be used together with the alphanumeric 
characters. 
 

 

 
 

Figure 9. Results of the special character recognition tests. The 
results from the first test (twenty-two special characters) show that 
when some characters are present in the text, the success rate 
decreases for the same test conditions. The second test (eighteen 
special characters) shows that after the removal of four problematic 
characters, the results are very similar to those presented in Figure 8, 
when only alphanumeric characters where used. 

5. Deployment issues 
 
The work presented in this paper proposes a new method 
that will be integrated into a system under development 
that enables the creation and execution of AR-based 
applications for maintenance in large scientific facilities. 
For this reason, some issues have to be considered in the 
deployment of the final solution. This chapter exposes 
some of these considerations. 
 
5.1 Real facilities’ conditions 
 
One of the most important issues to deal with in these kinds 
of systems is to test it against real conditions. For this reason, 
some preliminary tests were performed in a real facility. The 
chosen facility was a 40 m long and height and width real 
scale LHC (Large Hadron Collider) mock-up at CERN. 
 
The tests were performed using different markers over a real 
collimator. Those tests have shown that the marker can be 
properly recognized in real cases by the proposed algorithm, 
even under different light conditions (natural, halogen and 
actual facility light conditions have been tested). 
 
Figure 10 provides an example of those tests (from top to 
bottom, the original frame, the rectified image and the 
segmented text). In this particular case, the marker used 
is white instead of black, as with those presented in 
previous images. Both black and white markers were 
tested over the collimator, showing similar results in 
terms of marker detection and text recognition. 
 

 

 

 
Figure 10. One example of the tests performed at CERN. The 
images show (from top to bottom) the original frame, the 
rectified image and the segmented text. 
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“0ODB8T71”. The recognized text is compared against the 
real text that is introduced into the system by the user 
through the keyboard. A success means that every 
character has been properly recognized. If one or more 
characters are not recognized or mismatched, the reading 
is considered to be a failure. After the 200 readings, the 
percentage of success is calculated. This process has been 
repeated six times for every case study. In order to get 
more realistic results, the tests were carried out with a 
conventional webcam in autofocus mode in an attempt to 
recreate an environment close to the final, real use. 
 
Three case studies at two different resolutions were 
carried out. The selected resolutions were 800x600 pixels 
and 640x480 pixels, which are very common values for 
most webcams. Resolutions under those values have 
proven to have very poor performance for the aims of the 
application. The three case studies are as follows: 

• A static camera, consisting of the recognition of text 
above one marker with both the marker and the 
camera in a static position. This is the most stable 
case, as the images are sharp (unless the autofocus 
fails) and, thus, the recognition is more robust. 

• A handheld camera is one typical use of the 
application where the marker is fixed over a table 
(or attached to a static surface) and where the user 
holds the camera trying to avoid strong movement. 
In this case, some images may be blurred due to the 
user’s pulse or some failure in the autofocus. 

• A moving camera gives the worst test results; here, 
the camera is randomly and continuously moved 
and zoomed by hand so that most frames are 
blurred or even defocused. This should not be a 
desirable use of the final application, as these 
movements make the viewing experience of the 
content barely satisfactory for the user. 

 
Figure 8 shows the results of these tests. For every case of 
the study, the mean success rate of the six repetitions (200 
readings each repetition) has been calculated in 
percentage terms. The standard deviation is also 
displayed in the figure. As seen in the image, OCR-A 
gives better results than Arial in all of the case studies. 
 

 
 

Figure 8. Comparison of the results of the tests carried out for 
OCR-A and Arial. The OCR-A fonts give better results in all cases. 
Static camera tests showed the best results. Handheld camera tests 
also showed good results, as the text is recognized in the majority 
of cases. The worst results come (as expected) from the moving 
camera tests, as many images are blurred or defocused. 

The success rate is higher in all cases when using the 
OCR-A font, being notably high when using a static 
camera. The results from the moving camera (strong 
movements) are, as expected, not very robust, as the 
movements make the images blurred or defocused. 
However, the results are still much better in the case of 
the OCR-A font. Although these results may not seem 
good in the case of the moving camera, it is important to 
point out that the algorithm is continuously reading the 
text code, which means that it will work even if some 
frames are blurred or defocused due to the fast camera 
movement. 
 
The high values of standard deviation are a consequence 
of the mistakes in recognition. If the text contains 
characters that are easy to mismatch, the recognition will 
fail in most readings, throwing up a low success rate. On 
the other hand, texts that are more robust in relation to 
OCR recognition will provide better results. In the best 
cases, when not using mismatching characters, Arial 
could achieve results almost as good as OCR-A, but for 
general use (this means using only alphanumeric 
characters), Arial will fail more frequently than OCR-A. 
It is important to point out that the failures produced by 
the OCR-A font are, in most cases, due to the missing of a 
character because of a blurred image or a similar problem 
rather than a mismatch between characters. However, 
Arial failures are more closely related to mismatched 
characters, such as recognizing ‘0’ as ‘O’, ‘B’ as ‘8’ or ‘6’ as 
‘G’, etc. 
 
Special character recognition - meaning non-
alphanumeric character recognition - is also an important 
issue, as it increases the number of available codes. After 
the OCR-A testing process explained above, an additional 
effort has been made to allow for the highest number of 
available characters for the final system. In order to 
increase that number, a second testing process has been 
carried out. All characters (alphanumeric and special 
characters) in the OCR-A character set have been trained, 
although not all of them will be used. In the preliminary 
tests of this second process, twenty-two of those special 
characters have shown robust results in the recognition 
process. Eight special characters are usually recognized, 
but the recognition is not robust enough to be included in 
the system. Finally, eighteen special characters are not 
well recognized or even recognized at all, so those 
characters will not be included in the system either. 
 
After the selection of the twenty-two special characters 
that work robustly, a new test including only those 
special characters in the text code above the marker was 
carried out. Three different texts were tested. For every 
text, ten loops of 200 readings per loop have been 
performed. The texts used and the results from this test 
are shown in Figure 9, below. As can be seen, the results 

Int. j. adv. robot. syst., 2013, Vol. 10, 321:2013 www.intechopen.com



are not as good as expected. The reason for these results 
is that some characters are sometimes mismatched. The 
first text contains two characters that are sometimes 
mismatched with another two characters. The second 
text, which gives better results, contains only one 
character that is mismatched with another character. 
None of the characters of the third text is mismatched, 
and thus the success rate is over 90%. As can be guessed 
by the standard deviations of the two first texts, the 
problematic characters are properly recognized many 
times, but the high probability of a mismatch advises 
against the use of these problematic characters. For this 
reason, the three problematic characters were removed 
for the last test. It has been noticed that there is one 
character which, although most of the time it is well-
recognized, may cause some mismatching problems and, 
for that reason, it has also been removed. In the last test, 
three new texts including only the eighteen selected 
characters were read. In this test, three loops of 200 
readings per loop were carried out for every text in three 
different cases (static camera, handheld camera and 
moving camera, all cases with a resolution of 800x600). 
The results of this test are displayed in Figure 9, below. 
As can be seen, the results are very similar to those 
obtained in Figure 8, so ultimately those eighteen 
characters will be used together with the alphanumeric 
characters. 
 

 

 
 

Figure 9. Results of the special character recognition tests. The 
results from the first test (twenty-two special characters) show that 
when some characters are present in the text, the success rate 
decreases for the same test conditions. The second test (eighteen 
special characters) shows that after the removal of four problematic 
characters, the results are very similar to those presented in Figure 8, 
when only alphanumeric characters where used. 

5. Deployment issues 
 
The work presented in this paper proposes a new method 
that will be integrated into a system under development 
that enables the creation and execution of AR-based 
applications for maintenance in large scientific facilities. 
For this reason, some issues have to be considered in the 
deployment of the final solution. This chapter exposes 
some of these considerations. 
 
5.1 Real facilities’ conditions 
 
One of the most important issues to deal with in these kinds 
of systems is to test it against real conditions. For this reason, 
some preliminary tests were performed in a real facility. The 
chosen facility was a 40 m long and height and width real 
scale LHC (Large Hadron Collider) mock-up at CERN. 
 
The tests were performed using different markers over a real 
collimator. Those tests have shown that the marker can be 
properly recognized in real cases by the proposed algorithm, 
even under different light conditions (natural, halogen and 
actual facility light conditions have been tested). 
 
Figure 10 provides an example of those tests (from top to 
bottom, the original frame, the rectified image and the 
segmented text). In this particular case, the marker used 
is white instead of black, as with those presented in 
previous images. Both black and white markers were 
tested over the collimator, showing similar results in 
terms of marker detection and text recognition. 
 

 

 

 
Figure 10. One example of the tests performed at CERN. The 
images show (from top to bottom) the original frame, the 
rectified image and the segmented text. 
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“0ODB8T71”. The recognized text is compared against the 
real text that is introduced into the system by the user 
through the keyboard. A success means that every 
character has been properly recognized. If one or more 
characters are not recognized or mismatched, the reading 
is considered to be a failure. After the 200 readings, the 
percentage of success is calculated. This process has been 
repeated six times for every case study. In order to get 
more realistic results, the tests were carried out with a 
conventional webcam in autofocus mode in an attempt to 
recreate an environment close to the final, real use. 
 
Three case studies at two different resolutions were 
carried out. The selected resolutions were 800x600 pixels 
and 640x480 pixels, which are very common values for 
most webcams. Resolutions under those values have 
proven to have very poor performance for the aims of the 
application. The three case studies are as follows: 

• A static camera, consisting of the recognition of text 
above one marker with both the marker and the 
camera in a static position. This is the most stable 
case, as the images are sharp (unless the autofocus 
fails) and, thus, the recognition is more robust. 

• A handheld camera is one typical use of the 
application where the marker is fixed over a table 
(or attached to a static surface) and where the user 
holds the camera trying to avoid strong movement. 
In this case, some images may be blurred due to the 
user’s pulse or some failure in the autofocus. 

• A moving camera gives the worst test results; here, 
the camera is randomly and continuously moved 
and zoomed by hand so that most frames are 
blurred or even defocused. This should not be a 
desirable use of the final application, as these 
movements make the viewing experience of the 
content barely satisfactory for the user. 

 
Figure 8 shows the results of these tests. For every case of 
the study, the mean success rate of the six repetitions (200 
readings each repetition) has been calculated in 
percentage terms. The standard deviation is also 
displayed in the figure. As seen in the image, OCR-A 
gives better results than Arial in all of the case studies. 
 

 
 

Figure 8. Comparison of the results of the tests carried out for 
OCR-A and Arial. The OCR-A fonts give better results in all cases. 
Static camera tests showed the best results. Handheld camera tests 
also showed good results, as the text is recognized in the majority 
of cases. The worst results come (as expected) from the moving 
camera tests, as many images are blurred or defocused. 

The success rate is higher in all cases when using the 
OCR-A font, being notably high when using a static 
camera. The results from the moving camera (strong 
movements) are, as expected, not very robust, as the 
movements make the images blurred or defocused. 
However, the results are still much better in the case of 
the OCR-A font. Although these results may not seem 
good in the case of the moving camera, it is important to 
point out that the algorithm is continuously reading the 
text code, which means that it will work even if some 
frames are blurred or defocused due to the fast camera 
movement. 
 
The high values of standard deviation are a consequence 
of the mistakes in recognition. If the text contains 
characters that are easy to mismatch, the recognition will 
fail in most readings, throwing up a low success rate. On 
the other hand, texts that are more robust in relation to 
OCR recognition will provide better results. In the best 
cases, when not using mismatching characters, Arial 
could achieve results almost as good as OCR-A, but for 
general use (this means using only alphanumeric 
characters), Arial will fail more frequently than OCR-A. 
It is important to point out that the failures produced by 
the OCR-A font are, in most cases, due to the missing of a 
character because of a blurred image or a similar problem 
rather than a mismatch between characters. However, 
Arial failures are more closely related to mismatched 
characters, such as recognizing ‘0’ as ‘O’, ‘B’ as ‘8’ or ‘6’ as 
‘G’, etc. 
 
Special character recognition - meaning non-
alphanumeric character recognition - is also an important 
issue, as it increases the number of available codes. After 
the OCR-A testing process explained above, an additional 
effort has been made to allow for the highest number of 
available characters for the final system. In order to 
increase that number, a second testing process has been 
carried out. All characters (alphanumeric and special 
characters) in the OCR-A character set have been trained, 
although not all of them will be used. In the preliminary 
tests of this second process, twenty-two of those special 
characters have shown robust results in the recognition 
process. Eight special characters are usually recognized, 
but the recognition is not robust enough to be included in 
the system. Finally, eighteen special characters are not 
well recognized or even recognized at all, so those 
characters will not be included in the system either. 
 
After the selection of the twenty-two special characters 
that work robustly, a new test including only those 
special characters in the text code above the marker was 
carried out. Three different texts were tested. For every 
text, ten loops of 200 readings per loop have been 
performed. The texts used and the results from this test 
are shown in Figure 9, below. As can be seen, the results 

Int. j. adv. robot. syst., 2013, Vol. 10, 321:2013 www.intechopen.com



European Community’s Seventh Framework Programme 
(FP7) under contract number (PITN-GA-2010-264336-
PURESAFE). 
 
8. References 
 
[1] Milgram P, Kishino, F (1994) A taxonomy of mixed 

reality visual displays. IEICE Transactions on 
Information and Systems E series D, 77, pp. 1321–1321. 

[2] Tran H, Suenaga H, Kuwana K, Masamune K, Dohi 
T, Nakajima S, Liao H (2011) Augmented reality 
system for oral surgery using 3d auto stereoscopic 
visualization. Medical Image Computing and 
Computer-Assisted Intervention–MICCAI 2011, pp. 
81–88. 

[3] Liao H, Inomata T, Sakuma I, Dohi T (2010) 3-D 
augmented reality for MRI-guided surgery using 
integral videography autostereoscopic image 
overlay. Biomedical Engineering, IEEE Transactions 
on, vol. 57, no. 6, pp. 1476–1486. 

[4] Lee S, Lee J, Lee A, Park N, Song S, Seo A, Lee H, Kim 
J I, Eom K (2012) Augmented reality intravenous 
injection simulator based 3D medical imaging for 
veterinary medicine. The Veterinary Journal. 

[5] Lee S.H, Choi J, Park J.I (2009) Interactive e-learning 
system using pattern recognition and augmented 
reality- Consumer Electronics, IEEE Transactions on, 
vol. 55, no. 2, pp. 883–890. 

[6] Martínez H, Hoyo R.D, Sanagustín L.M, Hupont I, 
Abadía-Gallego D, Sagüés C (2011) Augmented 
Reality based Intelligent Interactive e-Learning 
Platform ICAART (1), pp. 343–348. 

[7] Juan C, Beatrice F, Cano J (2008) An augmented 
reality system for learning the interior of the human 
body. Eighth IEEE International Conference on 
Advanced Learning Technologies, pp. 186–188. 

[8] Cavallaro R (1997) The FoxTrax hockey puck 
tracking system. Computer Graphics and 
Applications, IEEE, vol. 17, no. 2, pp. 6–12. 

[9] Piekarski W, Thomas B (2002) ARQuake: the outdoor 
augmented reality gaming system. Communications 
of the ACM, vol. 45, no. 1, pp. 36–38. 

[10] Mine M R, van Baar J, Grundhofer A, Rose D, Yang B 
(2012) Projection-Based Augmented Reality in 
Disney Theme Parks. Computer, vol. 45, no. 7, pp. 
32–40. 

[11] Hincapie M, Caponio A, Rios H, Gonzalez Mendivil 
E (2011) An introduction to Augmented Reality with 
applications in aeronautical maintenance. 
Transparent Optical Networks (ICTON), 13th 
International Conference on, pp. 1–4. 

[12] Neumann U, Majoros A (1998) Cognitive, 
performance, and systems issues for augmented 
reality applications in manufacturing and 
maintenance. Virtual Reality Annual International 
Symposium. Proceedings, pp. 4–11. 

[13] De Crescenzio F, Fantini M, Persiani F, Di Stefano L, 
Azzari P, Salti S (2011) Augmented reality for aircraft 
maintenance training and operations support. 
Computer Graphics and Applications, IEEE, vol. 31, 
no. 1, pp. 96–101. 

[14] Paz A., Guenaga M L, Eguíluz A (2012) Augmented 
Reality for maintenance operator training using 
SURF points and homography. Remote Engineering 
and Virtual Instrumentation (REV), 9th International 
Conference on. 

[15] Schall G, Mendez E, Kruijff E, Veas E, Junghanns S, 
Reitinger B, Schmalstieg D (2009) Handheld 
augmented reality for underground infrastructure 
visualization. Personal and ubiquitous computing, 
vol. 13, no. 4, pp. 281–291. 

[16] Nakagawa T, Sano T, Nakatani Y (1999) Plant 
maintenance support system by augmented reality. 
IEEE International Conference on Systems, Man, and 
Cybernetics. IEEE SMC’99 Conference Proceedings, 
vol. 1, pp. 768–773. 

[17] Henderson S, Feiner S (2010) Exploring the benefits 
of augmented reality documentation for 
maintenance and repair. Visualization and 
Computer Graphics, IEEE Transactions on, no. 99, p. 
1–1. 

[18] Benbelkacem S, Zenati-Henda N, Belhocine M, 
Bellarbi A, Tadjine M, Malek S (2010) Augmented 
Reality Platform for Solar Systems Maintenance 
Assistance. Proceeding of the International 
Symposium on Environment Friendly Energies in 
Electrical Applications. 

[19] Henderson S.J, Feiner S.K (2011) Augmented reality 
in the psychomotor phase of a procedural task. IEEE 
International Symposium on Mixed and Augmented 
Reality (ISMAR), 10th, pp. 191–200. 

[20] DENSO WAVE, QR code. ISO/IEC18004, June 2000. 
[21] Nikolaos T, Kiyoshi T (2010) Qr-code calibration for 

mobile augmented reality applications: linking a 
unique physical location to the digital world. ACM 
SIGGRAPH Posters, p. 144. 

[22] Teng C.H, Wu B.S (2012) Developing QR Code Based 
Augmented Reality Using SIFT Features. 9th 
International Conference on Ubiquitous Intelligence 
& Computing and 9th International Conference on 
Autonomic & Trusted Computing (UIC/ATC), pp. 
985–990. 

[23] Goose S, Sudarsky S, Zhang X, Navab N (2003) 
Speech-enabled augmented reality supporting 
mobile industrial maintenance. Pervasive 
Computing, IEEE, vol. 2, no. 1, pp. 65–70. 

[24] Park H.M, Lee S.H, Choi J.S (2008) Wearable 
augmented reality system using gaze interaction. 7th 
IEEE/ACM International Symposium on Mixed and 
Augmented Reality (ISMAR), pp. 175–176. 

[25] Henderson S, Feiner S (2010) Opportunistic tangible 
user interfaces for augmented reality. Visualization 

Héctor Martínez, Seppo Laukkanen and Jouni Mattila: A New Hybrid Approach  
for Augmented Reality Maintenance in Scientific Facilities

www.intechopen.com

Another aspect that has to be taken into consideration is 
radiation. During the tests, paper markers were used. In 
many cases, the final system will need permanent 
markers over the devices. As some areas that have to be 
maintained may have high radiation levels, proper 
material for the markers has to be used. If a radiation-
resistant material is not used, the radiation may modify 
the appearance of the marker or even destroy it. For this 
reason, markers made up of anodized aluminium will be 
used in those cases, following a similar approach to that 
presented in [31], where photogrammetric targets made 
from anodized aluminium are used for measuring the 
position of the collimator. 
 
5.2 Training for workers 
 
AR is an intuitive technology with a quick learning curve 
such that even users who have never used an AR 
application before have been seen to use them with good 
results [32]. For this reason, the final system that includes 
the approach presented in this paper may be used even 
without previous training. However, it is always 
advisable to provide workers with a short training period 
explaining the most basic features of the system and the 
concept of AR itself. As this training will be minimal in 
most cases, workers do not need to get every detail of 
every machine or device to be maintained, as this 
information can be provided by the AR application itself. 
For this reason, the costs involved in the training process 
can be reduced. 
 
6. Conclusions and future work 
 
6.1 Conclusions 
 
This paper proposes a new hybrid approach for AR 
applications oriented towards applications that are used 
in large scientific maintenance projects with hundreds or 
thousands of different marker patterns to be detected. 
The marker used in the proposed system is a new concept 
of a marker composed of traditional 2D barcode markers 
and a text code string. 
 
Pattern recognition and computer vision algorithms have 
been used to detect the marker, segment the text code and 
read its characters. The final marker is then augmented 
according to the information contained in a database. 
 
The pattern recognition algorithms are robust for marker 
scaling and rotations. However, the OCR method is 
sensitive to large image rotations. For this reason, the 
original image needs to be rectified so that the text to be 
read is in the right orientation. To that purpose, a 
homography between the four corners of the marker and 
four virtual points is computed. With the help of the 
homography matrix, the original image can be rectified 

independently of the marker rotation into a properly 
aligned image where the text string is displayed 
horizontally. 
 
In order to verify the performance and quality of the 
proposed approach containing marker recognition and 
OCR, some tests were carried out. These tests include not 
only the performance of the system itself but also a 
comparison between a sans-serif font and an OCR-A font. 
From the results, it can be concluded that the OCR-A font 
gives better performance in terms of success rate for the 
different tests and, thus, the OCR-A font was selected as 
the most suitable font for the final system. 
 
This paper has also presented certain issues to take into 
account when the final application is deployed. Those issues 
consider facilities’ conditions and training for workers. 
 
6.2 Future work 
 
Most AR applications ground the perception of the real 
environment in computer vision techniques. The 
proposed work follows the same approach. The work 
presented in [33] suggests that in future, indoor AR 
applications will integrate computer vision systems with 
external fixed tracking schemes. It is expected that more 
sensing technologies (such as RFID) will be tested and 
integrated in the final system as complementary 
environmental sensors if they prove advantages in terms 
of more robust and accurate tracking systems. 
 
Another important aspect is to improve the robustness of 
the marker recognition. For this purpose, new ideas will be 
explored, such as using infrared tracking methods, like in 
[34], together with reflective markers, as proposed in [35]. 
 
The study of how workers react to the final application 
will also be performed, probably at GSI facilities. It is 
important to know whether the information provided is 
sufficient and whether it is distracting workers from 
actual maintenance tasks. 
 
An important issue in state of the art AR maintenance 
applications is that they are usually hardcoded 
applications that cannot be used by non-experts [36]. 
Although the proposed system is still lacking an 
authoring tool, some steps to solve this problem have 
been already taken (such as using databases) and it has 
been planned that an easy-to-use authoring tool will be 
developed in order to allow non-programmers to create 
and edit the final applications. 
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