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Abstract— Nuclear decommissioning involves the surface, in-pipe and underwater as they have diftadrive
characterisation of hazardous and contaminated mechanisms, i.e. wheels, tracks, propellers.
environments. Robot characterisation systems have  They perform the characterisation process by either
been developed to reduce the risk to human operatg, allowing visual inspection of hazardous environreent
however their efficiency is limited. Coming decadewill (using sensors, especially cameras that also prduichan
see a substantial increase in decommissioning gldlya  operators with a remote view) or in the more sajtzited
as a large number of nuclear facilities are due toeach  systems (e.g. Pioneer and MACS) by collecting dlag
the end of their useful life. It is desirable thatrobot  can be used to construct detailed 2 or 3D computetels
characterisation systems meet this increase in demé& of examined areas. Although some of these systawe h
by becoming more efficient. This paper describes an been used in nuclear facility decommissioning they in
architecture that makes use of advances in computer general limited by the following factors: (i) vetiynited
science including mobile agent technology, which we robot autonomy; (i) low sensor intelligence andiiros
believe will offer improved efficiency over existiy  characterisation functionality.

robot characterisation systems. By 2010 it is anticipated that approximately 30@Iear
power plants in global operation will require
1 Introduction decommissioning [1]. This will require a substahntia

increase in decommissioning. Advances in computer

Nuclear energy production produces radiation that c science techniques may help to improve efficiermyst
damage the structure and normal function of bimlalgi and effectiveness of existing robot -characterisatio
cells and is extremely hazardous to living orgasisvihen  systems, however challenges must be overcome er ¢tod
nuclear facilities reach the end of their useff lit is  meet the needs of this domain. This paper exantivese
necessary to remove these materials carefullyhabthe challenges and describes a novel approach employing
site that they occupy can be returned to the nlaturdiobile Agent technology.
environment or re-used for non-nuclear purposess Th The rest of this paper is organised as followstiGe@
process of converting an operational nuclear tcth a  describes available technologies that might aidtha
safe non-operational state is known as decommisgjon development of a novel robot characterisation syste
Decommissioning involves a number of processesarchitecture. Section 3 describes our proposedtecttire.
including characterisation, decontamination,Section 4 describes preliminary experiments to sttppr
dismantling/demolition, and waste management. design selection. Section 5 provides conclusiond an

Characterisation  involves  measuring, samplingdescribes future work.
analysing, and characterising the type and locatibn
radioactive substances in a facility using a vgrief 2 Available Technologies
radiation measuring tools. Characterisation is eswaly . . _ . .
important because it allows the most appropriatd anThIS section ~examines available te_chr_lolog|es for
effective methods of decontamination, dismantling/development of a multiple robot characterisatiostem.
demolition, and waste management to be subsequentlyj pistributed Computing Architectures
applied and therefore affects decommissioning yadatd ) ) .
cost. Characterisaton may occur in unstructuredt number of alternative architectures can be used i
environments with restricted access, and unknowfistributed computing applications. These include:
geographical layout, physical, or radiological @onts. Client/Server Architecture —As shown in Fig. 1(a), a

Existing robot characterisation systems ineluthe Client doesn’t contain knowledge (K) or resourcB$ {0
Internal Duct Characterisation System (IDCS) [2¢niote  perform a task. A Server contains both the knowdeagd
Underwater Characterisation System (RUCS) [3], Mobi resources to perform the task. The Client sendessage
Autonomous Characterisation System (MACS) [4], Ban to the Server requesting the performance and reéutte
[5], and the Robotic Gamma Locating and Isotopidask. After performing the task using its local whedge
Identification Device (RGL&IID) [6]. These systenase and resources, the Server returns the result tGlibat.
mainly electrically powered, tethered and tele-ap=a by Remote Computation Architecture — As shown in
human operators although MACS uses Radid-ig.1(b), a Client contains knowledge but not thgources
Communication/Autonomous Navigation and RGL&IID to perform a task. A Server contains resourcembtthe
Wireless LAN Communication. These systems can e us knowledge to perform the task. In order for thee@ito
to sample, measure and characterise radioactistandes obtain the result of the task, it sends its knogtetb the
in a variety of real-world environments: smoothkere Server. After performing the task using the Clisnt’



knowledge and its local resources, the Server nsttie
result to the Client.

Code on Demand Architecture -As shown in Fig.
1(c), a Client contains resources but not the kadgg to
perform a task. A Server contains knowledge butthet
resources to perform the task. In order for theer@lito
obtain the result of the task, it sends a messagtha
Server requesting that it sends it knowledge tdoper the
task. Using the Server’'s knowledge and its locabueces,
the Client performs the task and generates a riesallly.

Mobile Agent Architecture — As shown in Fig. 1(d),
an Agent Server is host to a Mobile Agemwhich contains
knowledge and results from previous tasks, but thet

from each other to perform, thereby distributingkta
allocation of simultaneously executable behaviaomss

a team. ALLIANCE is distributed, applicable to
heterogeneous robot teams, uses one-way broadcast
communication, recovers from failures in robots and
communication, allows new robots to be added attiamy
and allows adaptive action selection in dynamic
environments. It eliminates replication of efforthen
communication is available, provably terminatesddarge
class of applications and will scale to large naissj but is
restricted to missions in which robots employ ldpse
coupled subtasks.

MURDOCH - employs an auction based task

resources to perform a new task. Another Agent Serv allocation mEChanism, in which a task allocator otob

contains resources to perform the task the Mobijen
would like to perform. Instead of forwarding knoaige

alone to the new Agent Server, the Mobile Agerdlits

able to move in order to access the resource. Wihen
Mobile Agent has completed its task it can retusnits

original Agent Server or continue to another Ageatver,

carrying its knowledge and the result of executiagask.
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Fig. 1 Distributed Computing Architectures

2.2 Autonomous Multiple Robot Architectures

announces a task to a team of robots. Robots adssss
fithess to conduct the task by performing a metric
evaluation. They then return the result of theialeation

as a bid in a bid submission to the allocator roddte
allocator robot closes the auction and evaluateditis. It
then allocates the task to the robot with the bkt The
allocating robot continues to monitor the executidrthe
task by its selected robot and renews its executidrile

the robot is performing the task successfully. aitgh task
allocation occurs from a central location, the tal&cator
may be located on any robot thereby ensuring thesyis
both distributed and fault tolerant. MURDOCH is
distributed, applicable to heterogeneous robot $eam
employs robot-robot communication in which messages
may be lost, can handle partial or complete robdtre,
and doesn't need a model to describe the sequence i
which tasks are generated.

2.3 Internet Robot Architectures

Internet Robot Systems allow a user to controlkotat a
remote location using the Internet as a commumioati
mechanism. They often employ the TCP/IP Internet
Communication Protocol for this purpose.

Single Internet Robot Architectures —Most Internet
Robot Systems employ a Client/Server Single UseglSi
Robot Architecture as shown in Fig. 2(a). In such a
architecture, a user sends commands to a remotputem
(Central Server), which then forwards these commands to
a robot and its control computer (remote computbst
communication can occur via Radio or Wireless LAN).

This section examines architectures developed li@ t return robot data is sent from the robot to the.uSingle
control of autonomous multiple robot teams. Two hsuc Internet Robot Systems have been developed thalogmp
architectures are ALLIANCE [7] and MURDOCH [8] both Low-Level (Direct) Control e.g. Essex Telerobot ,[9]

of which were designed for the efficient fault talet
allocation of tasks.
ALLIANCE
allocation. Robot
motivations that include characteristics such gsaitrence
and acquiescence to control a
behaviour. Artificial motivations are affected bpbot
sensor input, the behaviour a robot is executing te
behaviour of other robots (in addition to othergraeters).
Of the inputs each robot receives, the behanab other

— employs artificial motivation for task

robot's underlyingf the system e.g. KhepOnTheWeb [10], or

Medium Level (Coordinate) Control e.g. UWA Telerdbo
and High-Level (Autonomous) Control e.g. Xavier][10
In Single Internet Robot Systems, considenafa the

team members contain artificialeffects of Internet delay on control are eitheroigr, with

adjustment of control strategy due to delay lefth®e user
may
dynamically adapt the ratio of human/robot contes
delay varies, as found in P2PB Telerobot [11].

An alternative architecture for a Single InternatbBt
System is shown in Fig. 2(b). This architecture leyp

team members has most significance when a robdfobile Agents. In this system, described in [12Mabile

determines its own behaviour. Robots inform eadtemt
via inter-robot communication of their current aitti.
This leads robots to choose (in general) alteraatiasks

Agent migrates to a remote robot via the Interrdet.
conducts a sequence of planned i.e. declarativienact
locally on the robot and transmits data back toutber.
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Fig. 2 Internet Robot Architectures

for large-scale robot-robot or robot-user datadf@nand
were originally designed for task allocation inadmous
robots, not for teleoperation.

Internet Robot Architectures including University o
Essex Telerobot, KhepOnTheWeb, and UWA Telerobot
have been successfully developed to explore theinasl
hardware/software functionality for Internet coihtro
However such systems generally employ simple messag
passing mechanisms and lack the use of complex
functionality found in other areas of robotics.

3 Proposed Architecture

This section begins with an overview of the propbse
architecture. A detailed description of architeatur

The system overcomes command execution delay bcgpmponents is then provided in subsequent sections.

dynamically moving all commands to the robot to@pe
locally thereby avoiding the
indeterminate transmission delay characteristics thaf
Internet.

Multiple Internet Robot Architectures - A
Client/Server Single User/Multiple Robot Internebd®t
Architecture can be found in [13]. In [13] a usa&anc
control a team of robots in a foraging mission. Tiser
can control one robot at a time using Low-Levelréot)

Control commands, while other robots engage in High

Level (Autonomous) foraging. A Multiple User/Multg

Robot Internet Robot Architecture (RobOnWeb) can be

found in [10]. In this architecture multiple usensay
control one and only one of multiple robots usingwt
Level (Direct) Control.

The majority of Internet Robot Systems emplay
Client/Server Single User/Single Robot

Architectures have been developed. In these aothitss,
the behaviour of robots is in general not compleith

limited bandwidth and

Architecture S
although some Multiple Robot and Mobile Agent Based e Sl s

3.1 Proposed Architecture Overview

The overall structure of the proposed architectargains:
User Computer ), Multiple Robots R-R"), Control
Agents, Planning Agents, Mapping Agents, User-Robot
(TCP/IP) Communication, Robot-Robot (Agent
Messaging) Communication, and Mobile Agent Migratio
The User Computer allows a user to control or stiper
one or more robots, as shown in Fig. 3

Control Agent Mapping Agent

i = Agent Migration  _

Mapping Agent Control Agent Planning Agent

Fig. 3 Proposed Architecture Overview

communication occurring with simple message passing

over Internet communication channels.

hardware/software functionality for Internet comtrice.
connection of web browser to a Central

receiving data feedback for a user, rather thanpéem
robot functionality.

2.4 Discussion

Distributed Computing Architectures include CliGwfver,

Remote Computation, Code on Demand and Mobile Agerittop ~ &afe);
Architectures. Unlike the other methods, which usdvledium-Level
extensive inter-location communication, Mobile Atgen Autonom_ous
resource and condudtecharging Rech),

move to the source of a
communication locally in order to make an applicati
function. In a low bandwidth, indeterminate transsion

Server an
mechanisms for feeding commands to a robot an

Most systeng.2 Control Agent
developers have focused on the construction ofiredu

Control Agents determine the current activity abots on
hich they are located. The internal structure @fcatrol
gent is shown in Fig. 4.

Control Agent (Structure) — For task allocation
Control Agents make use of the ALLIANCE architeetur
Control Agents encapsulate an ALLIANCE architecture
which the following Motivational BehaviourdB) and
Behaviour SetsRS) are located: User Controlled (Safe-
Low-Level (Direct) Control KLDC);

(Coordinate) Control MLCC)) and
Robot Controlled (Mapping Mép),
Homing Home) and Stationary
Behaviour §&tay)). The motivation to conduct these
behaviours is based upon both internal and external

delay communication mechanism like the Internes thi parameters, including User, Inter-RobbitérR) and Intra-

should allow more successful application execution.

Autonomous Multiple Robot Architectures including

Robot (ntraR) communication as well as Sensor feedback.
Control Agent (Behaviour)— Safe-Stop shown in Fig.

ALLIANCE and MURDOCH are effective for fault 5 allows a user to send a stop command using Mobile

tolerant allocation of tasks to members of multipddot
teams. Both have been extensively tested usingobaks

Agent Messaging from the User Computer to all rebot
simultaneously. Receipt of a Safe-Stop Commandryy a

in a number of practical applications. However bothrobot will motivate it to select its Safe-Stop Beiwar Set
employ simple message passing mechanisms not eesigrcausing it to cease all activity.



Low Level (Direct) Control shown in Fig. 6 allows a
user to control a single robot at a time using Laewvel

High Level (Autonomous) Control shown in Fig 8
allows a robot to select from one of four Behavi@ats,

(Direct) Commands e.g. left, right, forward etc. eTh these are Mapping in which a robot Maps/Explores
Control Agent on each robot will maintain an open(Characterises) the environment; Recharging in kvhie

ServerSocket using a known Port.

If the user wishes to control a specific robot, @PTP
connection will be made between the user and thetro
using the unique IP Address/Port Number combinatiion
identify the robot. If a TCP/IP connection to a oblis
created this will motivate the associated robosetect its
Low-Level (Direct) Control Behaviour Set.
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Medium Level (Coordinate) Control shown in Fig. 7
allows a user to control one or more robots usiregidm
Level (Coordinate) Commands e.g. X, Y, th. The wser
send Coordinate Commands in list form to robotsgisi

Mobile Agent Messaging. These Coordinate Commands e e R [ D e

will be executed sequentially on the robot/s tochhihey
are sent. Receipt of a list of Coordinate Commands
robot will motivate it to select its Medium Level
(Coordinate) Control Behaviour Set.
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Fig. 7 Medium Level (Coordinate) Control

robot returns to a recharging station to rechatgamning in
which a robot returns to a home location (for meaince

or inspection etc); or Stationary in which a robetains
stationary in appropriate circumstances. The mbtiweor

a robot to select a particular High-Level (Autonarsp
Control Behaviour Set will depend upon. the control
requirements of a user, determined by User-Robot
Communication, the activity of other robots, detewed by
Inter-Robot Communication, and internal parameters
determined by Intra-Robot Communication.
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Fig. 8 High Level (Autonomous) Control

3.3 Planning Agent

Planning Agents help robots to determine an effecti
long-term behavioural strategy. The internal stitetof a
Planning Agent is shown in Fig. 9.
Planning Agent (Structure) —Planning Agents contain a
Short Term Map $TM), a Long Term Map L(TM), a
Mapping Planning ModuleMPM), a Recharging Planning
Module RPM), and a Robot Status ModulegM). These
modules interact with each other and with
Control/Mapping Agents via Intra-Robot Communicatio
Short Term Maps contain data on a robot's recently
explored environment provided by a Control Agerdng,
Term Maps contain data on a robot’'s wider enviromme
provided by a Mapping Agent. The Mapping Planning
Module establishes if and in which direction a rostwould
explore based on its Short and Long Term Map (using
Occupancy Grid based Maps that will allow Fronbesed
Exploration Algorithms [14] to be employed).
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Fig. 9 Planning Agent
The Recharge Planning Module establishes if and &aow
robot should return to a recharging station. Itsigien to
recommend recharging or not will be based on a
calculation of a planned path back to the rechargin
station. This module will employ Reinforcement Liag
to establish the optimum time to recharge, takintp i
account distance from recharging station and haftewer
level.




Fig. 10 shows an example finite Markov Decisionon the Short Term Maps for each robot that it hased.
Process (MDP) Transition Graph showing probabditie Because maps will be Occupancy Grid Based, Bay&sian
and rewards of action selection/state in relationthis = Dempster-Schafer Sensor Fusion Algorithms can be

activity. The Robot State Module is used to asghss
gross functionality of the robot based upon theeetgd
versus actual behaviour of a robot. This modulel wil
contain information including approximate staterobot
sensors, actuators and battery.

1, RStetiouary
Fig. 10Finite MDP Transition Graph for Recharge Planningddle

1, RStationary

Planning Agent (Behaviour) — Planning Agent

Behaviour is shown in Fig. 11. The Planning Agent

remains stationary for most of its life and condukttra-
Robot Agent-Agent Communication with local Contaold

Mapping Agents

RZ : %
‘ |
Mapping Agent Control Agent Planning Agent
Fig. 11 Planning Agents Intra-Robot Communication

3.4 Mapping Agent

Mapping Agents allow a consistent Long Term Mabé¢o

applied [14]. This will allow the sensor informatidrom
each distributed robot to be fused together intmlaesive
map that should be more accurate than that whiohbea
developed using a single robot. Bayesian and Dampst
Schafer Algorithms can be used to fuse togethesmen
information from different sensor mechanisms eanas,
laser, or vision.

The Migration Planning Module allows the Mapping
Agent to determine which robots to visit based ba t
Robot Status Modules for each robot that it stofidse
Mapping Agent will learn to adjust its migrationHasriour
at runtime. Using Reinforcement Learning the Magpin
Agent will be able to ignore or leave failing robot
allowing it to optimise its behaviour. Fig. 13 shown
example finite Markov Decision Process (MDP) Tréoasi
Graph showing probabilities and rewards of action
selection/state in relation to this activity.

Fig. 13 Finite MDP Transition Graph for MigratiofaRning Module
Mapping Agent (Behaviour) —Is shown in Fig. 14. A

constructed in all robots, and provide a user wath Mapping Agent will successively migrate betweerr usel
Characterisation Map developed On-line. The interna@Pots collecting recent Short Term Map and Rotiatus

structure of a Mapping Agent is shown in Fig. 12.

Mapping Agent (Structure) — Mapping Agents
contain a Short Term Map for each robot they (i&iM-
R"™), a Robot Status Module for each robot they visi
(R'SR"S), a Map Integration Module MIM) and a
Migration Planning Module MPM). These modules
interact with each other and with Planning Agenithiw a
robot using Intra-Robot Communication.
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Fig. 12 Mapping Agent

Data and updating robot’'s Long Term Maps.

The Mapping Agent will clone itself successively ibs
migrates, leaving a copy of its most recent inctona
pehind. This produces a distributed and fault toler
architectural structure.
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Fig. 14 Mapping Agent Migration
3.5 Discussion

The architecture described in this section provitiasgt
tolerance at a robot mission level through the aofe
ALLIANCE for action selection, and architecturally
through the use of Mobile Agents, using the migmati
cloning and persistence (storage to persistent apedi

The Map Integration Module allows the Mapping Agentcharacteristics of Mobile Agents to retain inforroatvital

to update the Long Term Map of each robot it vibiised

to the robot mission (in this case characterisadiaia).



4 Preliminary Experiments 5 Conclusion and Future Work

We conducted some preliminary experiments in otder This paper has proposed a novel architecture tmwall

assess the effectiveness of alternative robot abntrlimited functionality of existing robot characteton

mechanisms under varying levels of communicatidayde systems to be extended to meet the needs of imgeas
We developed a system in which a user could conofol future decommissioning. The architecture combirfes t

to five simulated robots simultaneously using Loevél  strengths of available Distributed Computing, Autorous

(Direct) Control (left, right, forward etc), Mediutevel  Multiple Robot, and Internet Robot Architecturesileh

(Coordinate) Control (x, y, th), or High Level overcoming their individual weaknesses in this dioma

(Autonomous) Control (foraging). The simulated rsho Such an architecture will be fault tolerant, schdatand

were constructed using TeamB8tdRobot Simulator [16].  adaptable, overcome the impact of delay and limited
Foraging and mapping both require physical robtibac bandwidth characteristics of internet communication

at distributed locations and benefit from distrémiiaction resolve sensor data conflicts between robot teambees,

at a distance. Foraging was selected becaussiihjder to  provide a more accurate characterisation map tbasilple

record the number of objects collected from, (tharwith a single robot and be more efficient. Futui@rkwill

calculate the area of), a mapped environment. involve experimentation to assess functional cherastics
We conducted a number of experiments in which wef the architecture in experiments with real robots

employed teams of 1, 3 and 5 robots. We introduced

communication delay between user and robots. WReferences

employed no, low (400ms), medium (2000ms) and high ) L

(4000ms) levels of communication delay, to simulatdl] European Website on Decommissioning of Nuclear

Internet communication delay variations. We coifébthe Ihnstgllatlons, Decommissioning  in - Short”, - 2003.

. T . ttp://mwww.eu-decom.be/about/initabout.htm
robot/s using all three control types, individualgnd in 2]

S - US Department of Energy, “Internal Duct Chaeaigation
combination. We conducted 20 trials for each cdntro System’”, Innovative Tech. Summary Report (Tech ), 4

type/delay combination and recorded the numbebfgfats 2002. http://www.robotics.ost.doe.gov/reports/idts.pdf
(attractors) collected from the environment. Theules are  [3] w.D.Willis et al., The Remote Underwater Chdesization
shown in Figure 15. System, Proceedings of the American Nuclear Sesiet?
NTERNET DELAY Top|c§1| Meeting on Robotics and Remote_ Systems9199
NO DELAY LOW DELAY MED DELAY HIGH DELAY [4] B.S.Richardson et al, A Mobile Automated

® Characterization System (MACS) For Indoor Floor

" Characterization, Proc. the American Nuclear Siesiet”
Topical Meeting on Robotics and Remote Systems5199

[5] A.Slifko et al., “Pioneer: A Robot for StructlrAssessment

" of the Chornobyl Shelter”, In Proceedings of theekitan

. Nuclear Societies "8 Topical Meeting on Robotics and

Remote Systems, 1999.

i [6] M.Anderson et al., “Demonstration of the RolsoBamma

4 Locating and Isotopic Identification Device”, Predéngs
i of the American Nuclear Society Spectrum, 2002.
[7] L.E.Parker, “ALLIANCE: An Architecture for Fatl
S A Tolerant Multi-Robot Cooperation”, IEEE Transacsoon
NUMEBER OF ROBOTS Robotics and Automation, 14 (2), 1998.
CONTROL TYPES (LEFT TO RIGHT) (LOW, LOW+MED, MED+HIGH, LOW+MED+HIGH, HIGH) [8] B.P.Gerkey and M.J.Mataric, "Sold!: Auction Meds for
Multi-Robot Coordination", IEEE Transactions on Rtibs
and Automation, 2002.

These results show High Level (Autonomous) t@sn [9] L.Yu et al., “A Web-based Telerobotic System Research

HUMBER OF ATTRACTORS COLLECTED

Fig. 15 Preliminary Experiment Results

to be more efficient than Low Level (Direct) Contio all and Education at Essex”, IEEE/ASME Int. Conference
delay conditions. Low Level (Direct) Control canlyibe Advanced Intelligent Mechatronics, 2001.

effectively employed in low delay conditions. Aseth [10] K.Goldberg and R.Siegwart, “Beyond Webcams: An
number of robots employing High Level (Autonomous) Introduction to Online Robots”, MIT Press, 2001.

Control increases the number of attractors coléectelll] P-X.Liu et al., "A Study of Intemet Delays ricRobot

. . Teleoperation using Biologically Inspired Approashe
increases. As the number of robots employing Lowele International Journal of Robotics and AutomatiodQ2.

(Direct) Control increases the number of attractor$y o) | m.Camarinha-Matos et al., "A Mobile Agentspproach

collected does not increase. This occurs becausegte to Virtual Laboratories and Remote Supervision”rial
user can only effectively control a single robotaatime of Intelligent and Robotic Systems, 2002.

using Low Level (Direct) Control. For optimum task [13] P.W.Tsui and H.Hu, “A Framework for Multi-robo
efficiency High Level (Autonomous) Control mechanss Foraging over the Internet’, Proceedings of IEEE
are required even in low delay conditions. The ltesti International Conference on Industrial TechnoldfyQ2.

these experiments supports our intention to empioye  [14] R.R.Murphy, “Intro. to Al Robotics”, MIT Pres2000.
High Level (Autonomous) Control functionality in ou [5] R.C.Arkin, “Behaviour-Based Robotics”, MIT Fse 1998.

M \
robots than found in existing robot characterisatio [16] TeamBOtgv TeamBots Homepage”, Sept 2003.
systems http://www.teambots.org/



