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Abstract - The CEA must manage the end of its nuclear fuel
cycle facilities’ lifetime. Cleansing and dismantiig actions are
among its priorities. In order to address these isgs, the CEA
has created a dismantling division, which runs an RD
program to provide innovative tools. Intervention €enario
simulation is one of these R&D projects, enabling efined
scenarios to be run, their suitability for the envionment or
scenario key points to be verified, taking into acamunt
unexpected situations and providing technical answs.
Simulation is a good means of visualizing and thefere
understanding constraints, of testing different alernatives, and
is a way to train workers prior to interventions. This paper
describes an application of such a technology: dismtling a
chemical cell in the APM (Marcoule Pilot Workshop)facility at
Marcoule (France). This highly radioactive cell wil be
dismantled by a remote handling system using the Msstro
slave arm. An immersive room has helped to designhé
dismantling scenarios. The article presents all thepieces of
equipment in detail. Then, we focus on the processeof
building the 3D model, especially the photogrammeic study
step. Next, the software development we have done touple
the Maestro with a haptic interface and its carrierwith game
joysticks is described. All the remote handling i<ontrolled in
real time and with interactivity and detection colision. Thanks
to force feedback and visual immersion, accessiki
operational trajectories and maintainability on the carrier
have been verified. The overall scenario has beeested and
problems have been found, which have meant modifitans
and updates of the final scenario to guarantee thgystem will
work properly. The results are very encouraging. Faally, the
perspectives for the project are mentioned, espedia worker
training and radioactive dose rate simulation.
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l. INTRODUCTION
The CEA is the French Atomic and Alternative Enesgi

research community, and its international
growing.

Among other activities, it must manage the endtsf i
nuclear fuel cycle facilities’ lifetime. Cleansingnd
dismantling actions are a CEA priority [2]. It hdke
objective of managing its legacy through exemplary
Decommissioning & Decontamination programs foradig
nuclear plants, in order to better prepare theréutThe
stakes are high. It must be shown that the nuahelstry is
able to control the complete lifecycle of first geation
facilities (built 1950-1960), from their construmti,
commissioning, operation, and shut down through to
dismantling and site release. In parallel, tH g&neration
facility lifecycle must be managed, the 3rd gerierestarted
up and the % prepared for.

The Marcoule site (Gard, France) is one of the dsyg
cleansing and dismantling worksite in the world.was
created in the 1960s, as part of France’s atomarggn
program. Today, the D&D operations are dealing v@th,

G2 and G3 shutdown reactors, workshops used tolajeve
reprocessing and vitrification processes (APM), first
French spent fuel reprocessing plant (UP1) and fés¢
breeder demonstration reactor (Phenix).

The CEA must carry out these operations while
respecting three vital issues: worker protectiondbge rate
limitation, environment protection by research ifdwering
nuclear waste volume and activity, and financial
management, which combines costs efficiency anpeof
the regulations and ever-stricter safety requirdmgj.

In order to address these three issues, the CEA has
created a dismantling division, which runs an R&gram
to provide innovative tools. This program focuses o
development and industrialization of measuremeunistand
techniques to better characterize in situ radicialgi
conditions, of remote handling and cutting toolesigned
for highly radioactive environments, and of interiien
scenarios simulation. The latter involves runningfirced
scenarios and verifying their suitability for theveonment.

preseige

Commission. A leader in research, development and Thjs simulation is possible thanks to Virtual Rea{VR)

innovation, the CEA is active in four main fieldgw carbon
energies (including nuclear energy),
technologies, very large Research InfrastructueéSIR),
defense and global security. It is part of the Resn

technologies, which enable a user to interact wbth

IT and healthcomputer-simulated environment, whether that emvirent

is a simulation of the real world or of an imagiavorld.
VR environments mostly based on visual immersiod an
displayed either on a computer screen or through
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stereoscopic displays, can also include additicmaisory
information, such as sound or touch.
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The team works on new plant design as well as
dismantling projects.

This paper describes how VR technologies, adapied t

the nuclear decommissioning context, can providefuls
support to engineers in charge of scenario dediprBefore

beginning the actual operations, such a set okt@lalso

well adapted to communicating and sharing infororati
during project reviews, or to training workers assuring

they are aware of the risks they could be expased t

First, the chosen VR technologies will be presented

Secondly, the first application case will be presdnand
explained as well as the nuclear environment aaddmote

handling system used for dismantling. Then, we will

describe the simulator developed to validate séenar
In the last section, we will describe our firstuks and
the perspectives.

Il.  VIRTUAL REALITY AND DISMANTLING: THE STATE OF

THE ART

Virtual reality (VR) is a technology widely used in
various fields. For instance, in medicine, the priynuse of
VR in a therapeutic role is its application to wais forms of

Figure 1. Marcoule immersive room.

The CEA Marcoule immersive room groups all the
technologies enabling user immersion in a virtual

approaches to treating Posttraumatic stress disda]e
Other research fields in which the use of virtuedlity is
being explored are physical medicine, pediatricswgery
training [5]. In industry, VR can be applied to ngwoduct
design (electronics, CAD, Computer Aided Manufaictyy
naval, automotive or aerospace design, etc.), fivaru
regeneration and planning or in Archeology to rkbui
destroyed monuments. Applied to the nuclear ingusR
provides an intuitive and
interface, to verify intervention scenarios andntréuture
operators. Some research has led to development
applications for maintenance training [6], or towne
methodologies for disassembly evaluation of CAD eisd
designs for maintenance [7]. Some works have alsosied
on using VR as a training program for simulatinfueding
operations while reducing the doses received bykersr
[8]. Lastly, some studies target decommissionirgiséance

thanks to VR, in the Chernobyl NPP dismantling, for

example [9]. Our work is slightly different becausés the
first time that a whole dismantling scenario hasrbe
simulated via VR technologies and especially witincé
feedback, which gives more confidence, reliabilapd
reality to the simulated scenario.

The CEA created the Marcoule immersive room (F)g. 1
at the end of 2008 in order to validate maintenaoce
dismantling operations. It is a resource sharedllthe CEA
decommissioning projects described in the intradact
(APM, Phenix, UP1), and can be used for projecteres,
for accessibility, ergonomics or scenario feadipiitudies,
and for training workers.

THE MARCOULE IMMERSIVE ROOM
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Figure 2. Marcoule immersive room configuration.

A. Thehardware

The Marcoule immersive room is equiped with VR piec
of equipment based on the following technologies.

1)Screen

The immersive room is equipped with a stereoscopic
visualization system with a 3.7m x 2.3m image wgiNjng
the user a 3D vision of the virtual environment.eTiwo
Projection Design video-projectors (resolution 1ePZD0)
create the images and are each controlled by aasepaC
(slaves 1 and 2 above). The result is a definibb2 mm
pixels. The size of the screen means it is veryfodiable to
work on life-size simulations.

er agreement with IARIA - www.iaria.org
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2) Sereoscopy color 3D images with only slight color differenclestween
Stereoscopy refers to a technique for creating othe two eyes. ]
enhancing the illusion of depth in an image by entisg This technology presents many advantages: firs, th

two offset images separately to the left and rigye of the duality of the generated picture is very high atetenpscopy
viewer. Both of these 2D offset images are thenhioed in 1S 9ood when the user tums his head compared Her ot
the brain to give the perception of 3D depth. Thred?@ssive stereoscopic technologleg; second, gomd:ggéort
strategies have been used to accomplish this: kagey Pecause the glasses are very light and there isisual
wears eyeglasses to combine separate images fram t\»redness. The only drawback Of th's. technologghtsshg_ht
offset sources (passive stereoscopy), the viewearsve color alteration generated, which is not an issaeour

) - . application.
eyeglasses to filter offset images from a singlerc® _
separated for each eye (active stereoscopy), orlighe 3)Mpt|on capture N .
source splits the images directionally into themées eyes ~ Motion capture is the position measurement of that
(auto stereoscopy). move in a defined space. Tracking systems, based on

After examining the options available, we have emos Various measurement principles, are available, , e.g.
the Infitec (INterference Fliter TEChnologypassive ~Mechanical, magnetic, optical (VIS or IR) and atious
stereoscopic technology. Infitec GmbH is a Germarirackers, and systems based on inertial or gyrssenin
company that owns a technique for channel separatio the group ofcontactless trackers, i.e., trackers that do not
stereo projection based on interference filter3.[10 work with mechanical digitizers, the highest accyras
provided by optical trackers. Optical tracking doest
suffer from image distortions due to ferromagnetietals,
like electromagnetic techniques, or from drift geshs, like
inertial sensors. ART GmBH is a German manufactofer
high-end tracking solutions, specialized in infchm@ptical
tracking for professional applications. This tediogy was
400 nm 700 nm chosen for its accuracy and technical reliability.
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Figure 4. ART tracking architecture.

o e The user who shall be tracked is equipped with erark
Wavsien which are light reflectors. Intelligent tracking nearas,
Figure 3. Infitec technology principle. scanning a certain volume, detect the light thahe® from

o ] ) o the markers and calculate 2D marker positions (emag
Special interference filters (dichromatic filters) the  coordinates) with high accuracy (Fig. 4).

glasses and in the projector form the main iterteclfinology These data are handed over to a central ARTtrack
and have given it this name. The filters divide theble  controller, which calculates the positions of rigid
color spectrum into six narrow bands - two in the region, arrangements of several markers. The result of each
two in the green region, and two in the blue redicalled  measurement gives coordinates that describe trigoposf

R1, R2, G1, G2, Bl and B2). The R1, G1 and B1 bames the markers, and hence the position of the bodyicar the
used for one eye image, and R2, G2, B2 for theratie  mgarkers [11].

(Fig. 3). The human eye is largely insensitive tiehsfine
spectral differences, so this technique is ablgetwerate full-
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Figure 5. Flystick (left) and tracked glasses (right).

A flystick (Fig. 5) is a wireless interaction desidor
virtual reality (VR) applications. DTrack softwatakes up
the flystick button and joystick events and cotedathem
with the 6DOF output data. This makes the matclahgll
data very user-friendly.

For head tracking in passive stereo systems, trgcki

targets must be attached to the stereo glasses@)igs a
result, when the user moves his head, the poivieof of the

simulation changes as if a genuine movement hadntak interactive 3D content creation.

place within the VR surroundings.

4)Haptic device
A haptic system reproduces the sensations of tanch
of effort applied to an object in a VR applicatidine device
enables greater possibilities of immersion in hiaugdVirtual
objects in 3D. Force-feedback interfaces are suiesti for
the traditional keyboard and mouse during taskh sas
ergonomic studies or the simulation of maintenace

mechanical assembly operations. Actions involvirdg t

insertion of mechanical parts within a clutterecicgp can
therefore be carried out very quickly and naturaiereas
they would require a lot more time and user skiithna
keyboard and mouse.

We chose to equip the room with a haptic interfaice,
Virtuose 6D35-45 (Fig. 6). This device has beenettped
by Haption, a CEA spin-off, and is the only prodoat the
market today, which offers force feedback on alldggrees
of freedom (DOF) (three translations and threetiamts),
together with a large workspace and high torque$ (the
volume is equivalent to a 40 cm side cube). Itspeeially
recommended for scale 1 manipulation of virtualeoty
such as assembly/disassembly simulations,
studies, or maintenance training.

Figure 6. Virtuose 6D35-45.

ergonom
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B. The software

In order to run the simulation, the Marcoule imness
room is equipped with specific software, describebtbw.

1) Techviz
We use TechViz XL, developed by the French company
TechViz, in order to capture the OpenGL flow from a
application, generate stereoscopic images and themd to
both projectors. It works especially well with 3D&K)
SolidWorks or Virtools. It is used to display 3D deds on
any display solution (CAVE, HMD, visualization wall.).
TechViz XL offers the ability to work directly with 3D
applications and to see 3D model displays in rieaton an
immersive room [13].

2)3DVIA Virtools
3DVIA Virtools produced by Dassault Systemes isduse

to manage a simulation. It is a complete developraei
deployment platform with an innovative approach to
The 3DVIA Virtools
production process facilitates prototyping and sibu
development up to large-scale, immersive or onliifeljke
experience delivery. Thanks to its development remment
and its Software Development Kit (SDK), we can taezD
real-time applications and add our own functioresi{14].

3)The IPSl physics engine

A physics engine is an independent software library
applied to classical mechanics problem resolution
(collisions, falls, forces, kinematics...). The pose is to
give a « physical » existence to graphical objedtse of the
most robust and reliable principles is based onn3@lel
voxelisation. The word axel means volume element (by
analogy with "pixel") and/oxelize an object means finding
all the woxels ("small cubes"), which are inside the object.
We can move from a surface representation to anwelu
[15]. The figure below shows that depending on \hgel
size, model voxelisation is more or less faithfal the
graphical object (Fig. 7).

Figure 7. Examples of voxellistion with 2 different voxel sg

In this voxelized environment, the physics engine
generates the forces to be applied to avoid objetés-
penetration. IPSI is a physics engine provided laptidn,
based on voxelisation, and enables the
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intersections between volumetric solids, in ordecdlculate
trajectories and impact points. The real-time sl
detection disables penetration between objects. aldo
offers kinematic chains creation and haptic intefplug-in
with force feedback [16].

IV. FIRSTAPPLICATION: CELL 414

We chose to implement the first application casethmn
Cell 414 decommissioning project.

A. Presentation of the project
The vitrification process currently used in La Haguas

developed by the CEA in the Marcoule Pilot Workshop :

(APM facility). It was a prototype plant for repessing
spent fuel, first commissioned in 1962, with prditre
activities shut down in 1997. The plant is currentl
undergoing clean-up and dismantling.

Cell 414 is one of the 760 places in APM and onthef
30 very high radioactive cells. It was a chemiaat used to
process liquids from irradiated fuel dissolutioreagtions. It
is a particularly large cell: 20m long, 4m wide &md high.
There are approximately 5km of pipes to remove.(Big
The total weight is estimated to be 18 tons of aashe
present high level of radioactivity rules out diremanual
dismantling, so the choice of a remote handlingtesys
called Maestro has been made.

Figure 8. Very complex cell interior seen from a porthole.

The first step of decommissioning is to remove high

level radioactivity. Data was gathered from an id@hit
inventory: hot spots were identified with a gamnaanera.
These hot spots like the dosing wheels, the cegel, the
pulsed filter and some parts of the pipes havesteemoved
first in order to reduce cell radioactivity (Fig: 9

347

Figure 9. Pieces of equipment to be dismantled.

B. Theremote handling system

The remote handling system is made up with the kaes
system and a carrier specifically designed for the
dismantling.

1) The Maestro system
The Maestro system is the result of 10 years of

collaboration between the CEA and Cybernetix, iargh of
its manufacturing [17]. This advanced remote mdaipu is
used when human intervention is not possible, asigtear
or offshore hostile environments. Maestro is deditato
many tasks like inspection, maintenance, dismamtlin
cleaning, etc. Dexterity, accuracy and strengthitgrenain
advantages. It can be used in either robotic madtinatic
sequence) or in manual remote control mode withitirout
force feedback management.

Figure 10.The Maestro slave arm (left) and the Maestro mastar
(right).

This system is made up of two parts: the masterardh
the slave arm. The master arm is a device allovirg
control of the slave arm end-effecter in Cartesrarde with
a complete force feedback. This device is a VikuéB40-
40 from HaptionErreur ! Source du renvoi introuvable..
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The slave arm is a hydraulic robot with six degreés
freedom (Fig. 10).
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(Fig. 12), via audio and video equipment instaliagide
Cell 414 and on the remote handling system. Thdrabn

The Cell 414 dismantling project will be the first room includes four control screens, which displae t

worksite where Maestro will be used to dismantle/ttele
cell.

2)Thecarrier

The carrier was especially designed for Cell 414 V.

dismantling, and will enable the Maestro systemetich all
parts of the cell.

It works on three axes, using existing rails to malong
the cell (20m), with vertical (3m) and rotating neovents. A
crane-type handling bracket is also set up on #rder to
hold parts during dismantling and for other hargllin
operations. This carrier is currently undergoingtde(Fig.
11).

Figure 11.The carrier.

3) The surrounding rooms
Corridor 417, which is adjacent to Cell 414, wi# bsed

images from the six in situ video cameras, twougein the
cell and four on the carrier.

FROM REAL TO VIRTUAL: THE STEPS TO BUILD THE
SIMULATION

In order to verify accessibility and maintainalyildn the
carrier and to validate technical choices, it wasided to
design the dismantling scenarios using a simulatat the
VR technologies available in Marcoule.

A. Step one: build the 3D models

1)Cell 414 and surroundings

First, 3D models of the environment had to be bt
the 2D facility plans available were not sufficigntip-to-
date to design a precise digital mock-up, a phatognetric
technique was used.

The photogrammetic reconstruction enabled a 3D inode
to be built up, using the parallax obtained betwéles
images acquired depending on the different poihtgew.

It implements the correlation calculation betweea digital
images to give a 3D reconstruction of the modeteAn in
situ photo campaign, processing consisted of ifiéngj and
digitalizing the points with common physical detain the
photos, as well as the apparent contours of lined a
cylinders. This reconstruction is semi-automatiod as
carried out from basing trade elements (tube vatud,
screw, elbow...).

The Cell 414 photogrammetric study was carriedbyut
the subcontractor ESIC SN [18], as the model obthiis
compatible with standard CAD software (Microstation
SolidWorks). It consisted in taking 700 photos aglahe
existing rails (Fig. 13), for one week. The 3D nestouction
lasted four weeks. The model obtained is accucatbout

to assemble, maintain and disassemble remote h@gndli5 cm. Nevertheless, the photos taken do not allbwhe

pieces of equipment and will be the parking andhsfer
zone. A radiation-proof safety door between Cel 4hd
Corridor 417 provides radioactivity containmentgFL2).

NORTH

T

Corridor 417 47

door

L I

Cell 414

d 5

carrier

Control room 245

]

Figure 12.Control room and maintenance corridor.

During the dismantling, operations will be realizeith
indirect vision from the control room located in ddo 245

pipes to be seen, especially those located behthdr o
elements.
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Figure 15.Carrier 3D model.

3) Smplification of the complete model

When all the models were merged, the result provdze
too big to manage easily and generated performance
slowness in the 3D rendering. This first model eored
more than 10 million faces. It had to be simplifiedreach
correct display performances. Whereas the civiire®ying
and Cell 414 internals could not be simplified, thduction
of the remote handling model was not complicatédvds
the manufacturer's model and included modeling lbfhe
elements down to screws and nuts. For accessibilityies,
it is not necessary to have such accuracy. It ésefiore
possible to remove fastenings (screws, nuts, washgffill
holes by deleting drilling or simplifying extrusigorofiles,
and suppressing non visible, hidden objects or ethos
contained in others.

To import 3D models into 3DVIA Virtools, they muse
in a specific format, .NMO. Therefore 3DSMax wa®dis
as it provides an exporter from .MAX format to .NMO
format used by Virtools.

Next, the modeling of the building containing Céll4
was made based on the plans of construction ird\Bfaliks.
We also designed Cell 417 and Control Room 245.

Finally, we merged these parts to obtain a wholeeho
in 3DSMax software. The images below enable the 4)Results
comparison between a real photo and a VR viewettdme The example below (Fig. 16) illustrates the sinigdifion
scene. We can see that the 3D simulation is vaygecto  of a part: screws, grooves, rounded edges and Ihales
reality (Fig. 14). been removed. The overall shape is respected amd th

number of faces decreases from 2693 to 98.

Figure 16. Example of part simplication

This step was very useful because without distgrtive
model, the simplification of every part of the ¢arrmodel
leads to 180 000 faces, instead of 2.5 million.

As a result, the final 3D model has 1.2 million dac
compared to 10 million before simplification.

Figure 14.A real photo (left) and 3D view (right).

2) The robots _
Concerning the robots previously described, weineth B. Step two: develop the simulator
the CAD model made by Cybernetix, the manufacturae In order to verify accessibility, we need to beeabb

modeling is in SolidWorks format and we did thee&sary  pjjot kinematics chains and detect collisions withe
conversions to use it in 3DSMax (Fig. 15).
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environment in real time. We have developed a misysi
module, integrating IPSI in 3DVIA Virtools, by ugjina
specific script language and functions called BagdBlock
(BB).

1)Kinematics creation

A robot is shown by 3D objects linked by fathertdhi
kinematic links. Objects called “axes” make up tiobot
skeleton. There are two types of 1DOF motion ttzat be
applied on these axes: rotation around x, y or d an
translation (in the direction of x, y or z). Theas@vements
can be used on a single axis and are limited bynmainand
maximal end stops, applied on the object pivot.toér
robots can then be manipulated with their consisaas in
reality.

The Maestro arm has 6 rotation DOF, as shown in th
figure below (Fig. 17):

Aoxisl £135°

Axisd +113/-144°

Figure 17. Maestro kinematics

The carrier can move all along the cell (20 m). The

lifting mechanism enables the support platformeadised.
This platform has one rotation axis (+90°). Theriear
therefore has three DOF, two translations and otegion,
as illustrated below (Fig. 18):

Figure 18. Carrier kinematics

Lastly, the handling bracket, which holds partsnbei

dismantled, has three DOF; one rotation (£90°), one

translation (extension of the bracket arm) and otfeer
translation enabling the pulley to be lowered (Sige 19):
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Figure 19. Handling bracket crane kinematics

Each robot has its own object hierarchy and they ar
attached to each other: The Maestro base is fattenthe
carrier’'s object #5 (the support platform) and tiracket
Erane base is on the carrier's object #3 (Figure2®). A
Maestro tool is attached to Maestro object #6.

carrier_base

carrier_axis1

carrier_axis2

carrier_axis3 crane_base

carrier_axis4

carrier_axiss H maestro_base

| maestro_axis1

crane_axis1

| crane_axis2 |
il

| crane_axis3 |

maestro_axis2

maestro_axis3

maestro_axis4

maestro_axiss

maestro_axisé

Figure 20. Robots’ hierarchies

2)Maestro tools
All the tools below can be connected to the Maestrd-
effecter. They are all used in the dismantling acies
either to cut, like the saw or the grinder, or tagp pieces
of equipment, like the clamp. Collisions and cotgawith
the environment can be felt on each of them (Figure).

e Emo

Clamp Shears Nibbler
Hydraulic saw Grinder Drill
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Figure 21. Tools to be used to dismantle

3) The simulator

The simulator was created with Virtools for thepdrizal
part and IPSI for the physical part., with a Dynarhink
Library (DLL) to interface IPSI functions.

In the simulation initialization, all the 3D objscwe
want to add to the physical simulation are sentP8l as
well as the information about robots (hierarchaEgrees of
freedom, end stops etc.). The kinematics of thedtlaearm
and the carrier were then created.

The graphical representation of the objects is tguan
Virtools by IPSI, which calculates the new positionreal-
time. During the simulation life, we use a callbdahkction
to match graphical and physical objects (Figure)22.

Graphics simulation

# ®A

control

Physical simulation

tantrol

mS/AN

control

Figure 22. graphics and physical simulation coupling

C. Septhree: control the ssimulation

To control the robots, two gaming joysticks aredute
pilot the carrier and the crane (Figure 23. ). Tingt one
controls the carrier’'s three DOF and the secondétad the
crane. These controls are very similar to the fater, which
will be used for the final dismantling system. Eaobot is
controlled axis by axis (the articular mode).

Figure 23. Gaming joysticks used to pilot the carrier anddrane.
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also feel when one or several axes reaches endikeopser
manipulation is blocked on the axis concerned.

D. Sepfour: add interactive functionalities

An interactive real-time simulator was developetbin
which the whole cell, the Maestro slave arm andcugier
are loaded. The Maestro arm and its carrier can be
maneuvered using the joysticks and the Virtuose. éfithe
six available tools can be connected to the Maemstno or
changed, as necessary.

The points of view of the six cameras can also be
displayed in the simulator. It has been checked ¢vary
part of the cell is visible and controllable. Sowichulation
has been added, to reproduce the sound receivelebin
situ microphone: the operator will be able to hiba sound
of collisions in the monitoring room. This sensél e very
useful to operators when piloting the system; thoezeeca
specific sound has been associated with each todl a
collision, to enhance the information sent to teeru

3D rendering

position

Figure 24. MMI

The current value of each robot’s axis is displaged
written in red if it corresponds to the end stojugaThe axis
is also highlighted and a sound is heard.

A menu enables specific functions to be launchedh s
as tool grasping, MMI configuration or automati@sarios;
the carrier entry in the cell for example (Fig. .24)

VI. FIRST RESULTS

This part describes the first results, coming frime
simulation of the dismantling scenarios.

The Maestro arm has been coupled to the Virtuose 6D

35-45 haptic interface. The Virtuose enables mdatmn
of the Maestro end-effecter, and thus control ef Maestro
extremity, while respecting the kinematics chaid afi the
end-stops. The Maestro arm is not piloted axis by bke
the carrier and the handling bracket crane, big itsed in
the Cartesian mode via the Virtuose, as it wilidoeing the
actual dismantling operation. The Virtuose sendseo
feedback when the Maestro is in collision with
« voxelized » element of the environment. The dperaan

agamma hot

A. Gamma-3D superimposition

This consists in superimposing radiological imagitaga
and 3D environment (Fig. 25 and 26). An in situ
measurement campaign was carried out in 2006 aaolezh
identification of about twenty radioactive hot spab the
cell, with ambient dose between 15 and 25mGy/h. The
dominant radioelement {§'Cs (80%). The image of each
spot has been superimposed on the
corresponding 3D object.
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Figure 26. Hot spots on centrifuges.

This superimposition has allowed better understandi

of every hot spot’s location in the environment.

We developed a function that generates a moressr lethe top”; as illustrated below (Fig. 29).

intense Geiger sound, depending on the dose ra&ivesl
in every point of the cell, with each hot spot takato
account. This calculation is based on the mininoraof
the dose rate absorbed with the distance fromatti@active
source: the dose rate absorbed is proportiondigatimber
of particles, which penetrate a mass element gbyetime
unit. To reduce this number, one way is to increthse
distance between the operator and the radioaativecs. If
the source is considered as a point, the doseatzterbed
follows the law of the squared distance inversg.(EV).

a1 D1 @)
s =Dl —— = —— =—=°Dl.@d’ =°D2. )}
D2 @)

Figure 27. Equation of the squared distance inverse.
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B. Global accessibility study

Tests carried out on the system had two objectifiess;
to check that the carrier design was suitabletferGell 414
environment, and second, to verify the whole distiran
operation design.

Two interface problems preventing the forward
movement of the carrier were quickly identified: ilghthe
first obstacle could be avoided by raising the Maebase,
the second will have to be dismantled by existingéll
equipment before the carrier enters the cell (Z8).

-y

Figure 28. Interference between carrier and environment.

C. Verification of the overall scenario

The dismantling scenarios take into account that th
Maestro ideal position is the configuration calfetbow at
It guatees tool
maximal maneuverability by reducing the risk of Wag
from an end stop. They also consider each cuttow t
footprint (which are very variable from one to thiher) to
adapt the scenario depending on the means.

Figure 29. Maestro “elbow at the top”.

The overall scenario is divided into five sub-scées
each managing the dismantling of specific pieces of
equipment as illustrated in the graph below (F®): 3

This formula has been implemented and applied ¢o th
navigation camera. When it moves, the dose ratagdw
depending on the distance from hot spots. The piiggito
activate or deactivate a source has been addesketdhe
influence of each of them.
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Second example: to enter Cell 414, the handlingKata
( © Dismantle the 3 w has to be in a rearward position, but then haarotb be in

centrifuges forward position to be close to the Maestro arme Thane
must carry out a half-turn in the beginning of tel. The
1 simulation showed that this half-turn cannot beedonone

dosing wheels (Fig. 32), then turn and pull back the telescopim @and

‘ ® Dismantle the 2 lower ] step, but has to advance enough not to hit thel foeamera
finally go back to continue the half-turn (Fig. 33)

f © Dismantle the 4 upper
dosing wheels

|
® Dismantle the pulsed filter

@ Dismantle the hot spots w

Figure 30. Dismantling flowsheet. ) ]
Figure 32. Interference between the bracket crane and theemaent.

1) Centrifuge dismantling

This first scenario is quite complex, because tikegs of
equipment to be dismantled are located under angutt
block, in a zone, which is very difficult to readhge pieces
of equipment are quite big and heavy, which haseri
guestions about how to dismantle the structure.s Thi
scenario needs specific handling tools to help remarts,
as the pulley cannot be used under the juttingkbloc

The detailed dismantling scenario from the careietry
to the centrifuges’ cutting has been verified. Wainfd
several technical key points, which need to beifigdrin
order to prove the feasibility of the task. Theldaling
section presents some of these key points.

First example: the simulation ran the waste bakkeading The simulation study also showed that the spacethea

b(_afore the Cell 414 entry: the pulley cable eniermsollision centrifuges is very limited and the waste basketaaly be
with the embedded tool holder. The bracket arm si¢ede put down in one specific zone, as illustrated ie thext

extended to avoid this situation, as shown belag. (8L). figure (Fig. 34):

Figure 33. Handling bracket crane half-turn.

Figure 31. Interference between cable and tool holder.
Figure 34. Limited zone to unload waste basket near centrfuge
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We have also proved that dismantling the centriuige
situ with the hydraulic shears would not be feasiblk
originally planned. In fact, the shears footprgitoo big and

it cannot access the centrifuges. A new scenari wa

proposed, consisting in removing the centrifugesnfunder
the jutting block, bringing them close to the augtitable,
where there is more space and cutting them up thigh
hydraulic shears. This scenario has been validated
approved by the dismantling project engineers.
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Maestro system and carrier will continue to beetgsts the
dismantling project enters its next phase.

VILI.

The results are quite satisfying, but some limiisteand
some developments can be made to use the simutation
train the future operators.

LIMITS AND PERSPECTIVES

A. Current limits
First, the mismatch of information relevant to ityatan

Another example: the simulation enables Maestraffect safety and performance. For instance, ifrtiogleling

configuration during tool grasping on the embeddedl

holder to be shown. To grasp tools, the arm musgt lthe

elbow at the bottom”, two axes must be close to sogs
and the support platform must have a 45 degreatatien

(Fig. 35). This configuration is not optimal anceds a large
footprint in the cell. While it is not an issue time half-turn
zone, it causes interferences with an embeddedreansar
the cutting table: the camera orientation need®tmodified
in order not to touch the table (Fig. 36).

Figure 36.Interference between camera and cutting table.

accuracy for the robot or the cell is not high egiguwe
cannot be sure that the scenarios that have tesbedt with
the simulator are reproducible in practice. Theotainodel
comes directly from the manufacturer's CAD modael,its
can be considered as identical to the actual robbe
modeling uncertainty comes from 3D reconstructitinis
known that photogrammetry is accurate with 5cm ipiew.
The most difficult task is to obtain a true modéllme cell.
The present model created by photogrammetry isratzu
enough for the first steps of scenario study, edase of
the layout of the cell, the complete model of tigep could
not be rebuilt with this technique. Only the firstv of pipes
was modeled, so the cell modeling will have to pdaied
after the first steps of dismantling if we wantrt@tch the
reality.

Next, we are limited by the physics engine, whish
directly dependent on the computing power. Withdheent
hardware, we cannot physicalize the robots andwthele
cell with a high precision for collision detecti@md get a
real-time simulation. Therefore, only the robotsl esome
key parts of the cell have been physicalized. Themgs
depend on the scenario being tested. Collisionctiete
precision has to be inferior or equal to 10mm, lsat the
accessibility studies can be realistic.

B. Add theradioactivity dose rate information

The CEA, in collaboration with Euriware, a French
company, has developed an application called NARSEO
[20] capable of calculating the radioactivity dasge. It is
specifically used to simulate scenarios in
environments. In NARVEOS, we can import a 3D maafel
a nuclear facility, specify the kinds of materiédseel, lead,
concrete ...) of each 3D object and add radioactisegs of
information to the 3D model: sources coming frore th
situ measurement campaign mentioned earlier inattticle,
protection screens defined by the material of ediplct, and
measurement points where we want to have the edilcal
done. From this data, NARVEOS is able to calculiie
radioactive dose rate received by the measurenwntspn

Other such situations have been found and embeddedal-time and interactively. In the following figu(Fig. 37),

tool grasping is not possible in some parts of¢ekk This
kind of problem had not been identified before, ahd
manufacturer has had to take these issues intaatcco
Thus, from the first simulation runs, the projecsh
already provided vital information to implement its
dismantling scenarios. The chosen VR technologig h
proved their worth, and the various capabilities tbé

sources and protection screens have been addedhand
measurement point has been located on the operatoest.
It is controlled interactively via mouse and keytabarlhe
curve below displays the changes to the doseeatdved by
the operator depending on the motion he makes.
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Figure 37.NARVEOS GUI

In the near future, it is hoped to assemble
functionalities of NARVEOS within our simulator. U, it
will be possible to follow in real-time the decreasf the
radioactivity levels during decommissioning andcuokdte
the new levels after the removal of hot spots.ilt also be
used to simulate decreasing operator dose ratdgpamow
when safe manual dismantling will be possible.

C. Trainthe operators

From the beginning of this project, the idea ofnirey
operators was predominant. The models are verg ttothe
reality and we can work with a life-size simulation
Currently, the control of the robots with the jagks plus
the Virtuose device allows the real robot motiorthia cell to
be tested. For instance, the most suitable cgrasitions can
be found to work at optimal efficiency with the M&®
slave arm. The simulation can also be used to asere¢he
operators’ awareness of the risks they could beseg to,
like collisions between the carrier and its envingmt, or
robot damage.

Moreover, the main purpose of the training is toidv
nuclear incidents, like possible worker irradiatidherefore,
the radioactivity dose rate simulation will help tmin
operators and inform them about where the radioactieas
are located.

Another advantage of the training is to show opesat
that there is no direct vision, so they will geeddo working
with only video and sound monitoring from the cell.

VIIl. CONCLUSION

This project has shown that VR technologies can
regarding project

contribute to improving knowledge
preparation and validating technical choices. it esen be
used to design scenarios. With this first applaratcase,

several technical key points to be solved have been

identified, in order to improve the dismantling sagos and
be sure that the real operation will be withoutefmeable
problems.
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The simulator involved is generic and can load aby
model of a building. A comprehensive robotics lifgrhas
also been compiled and enables VR versions of sosn@
be run with any of these systems, in order todétetnative
solutions. We are already working on another digliman
project and using our development to help choosebtst
remote handling slave arm adapted to the dismagntlin
operations involved. Our work there takes placéezan the
dismantling project because the scenarios areetadgfined
as the likely technical solutions have not beenididet on.
The VR study will simulate different technical attatives
and indicate the best solution.

Our simulator will also be useful for the operators
training. As the operation will not be easy becaak¢he
complexity of the cell and of the remote handligtem,
training the future operators via a VR simulatioifi ailow
them to better know the environment to be dismdnéed
how to use the different pieces of remote handling
equipment. They will therefore better understana th
difficulties and key points of the scenario.

the  Given the first results, the CEA has proved thattgéls

open up new perspectives for studies and for
decommissioning cost and deadline management, hasve
for communication between project teams, contractord
Nuclear Safety Authorities.
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