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ABSTRACT

In order to improve the level of remote handlingimenance sequence planning for radiation equipmamémote
handling maintenance sequence planning algorithrsedaon adaptive mutation particle swarm optimizatio
(AMPSO) was proposed. In view of the discretenbasacteristic of the sequences planning, on thasbakthe
basic particle swarm optimization algorithm, therjide position, velocity and their update operatiavere
redefined; the mutation operator of genetic aldamit was introduced to improve the ability to jump ofilocal
optimum. The simulation experimental results shwar tompared with genetic algorithm and basic mdetiswarm
algorithm, the proposed algorithm has high convegespeed and accuracy, can effectively improveytiadity
and efficiency of sequences planning.

Key words: nuclear safety, radiation equipment, remote hagdlinaintenance, sequence planning, intelligent
computation, adaptive mutation particle swarm ojzation (AMPSO)

INTRODUCTION

The radiation installation (such as nuclear powetian, high energy physics research institute) egenerally
possess the characteristics of large scale, higadsgheavy load, the continuous running as wethasomplicated
structures, and specially the facilities themselaes their working environments have the radio#@gtivlhe
characteristics of radiation installation can afféfetime of the key installation so seriously thhey may break
down frequently. The malfunctions of core equiprsesill affect the experiment results and unplansiedtdown of
the whole installation, and even bring about sexiouclear pollution and nuclear catastrophe causigg losses to
society. Therefore, during the installation lifeéirall equipments that provide the base functionthefinstallation
must be inspected and maintained.

The maintenance works include repairing or repachre aging or faulty components of equipment camepo to
ensure safe operation of the installations [1].Beeamost maintenance works should be done in ttiati@n

environment in which man is unsuitable to work @e,ghese operations will be carried out by meainsemote
handling maintenance (RHM).Because of the comptasizuction of radiation equipment, it is diffictdt carry out
the RHM operations including the cutting, assemahgd disassembly and so on. The maintenance pnecstauld
be planned in advance to ensure the reliability sexcurity of the remote handling maintenance [2je Temote
handling maintenance planning (RHMP), which plaroptimal solution about the sequence, route, ard fisture
and so on, is very important for the RHM during #arly stages of radiation installation design. Mmtual

maintenance is introduced to overcome the shortogsndf tradition empirical design and physical fieation

mode. In virtual maintenance environment, the nesiahce process of radioactive par can be simulateti then
the RHMP can be carried out by the virtual mode.
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Remote handling maintenance sequence planning (RPM&Iuding the assembly sequence planning (ASE) a
disassembly sequence planning (DSP) is the coregbaf RHMP, which is to generate a sequence efatpns to
replace the aging or faulty components under g¢edanstraint condition such as time, cost and béiig etc.. The
complexity of this problem is proportional to thember of parts in the equipment. The number ofifdasemote
handling maintenance sequences can be increasedh&ictomplexity of maintained equipment. Whenrtbenber
of parts is large, combination explosion may ocand the optimal solution may be omitted. The RHM3R be
shown to be NP-complete.

Through the self-organization mechanism imitatibmature biology community and the adaptive abildymed by
evolution, intelligent computation has provided nsvutions for various complex optimization quessioln recent
years, the intelligent optimization algorithms swshgenetic algorithm [3], particle swarm algoritfdh artificial
bee colony algorithm [5] etc. have been studiedNPrcomplete. However, some defects still exist anagic
algorithm such as slow convergence, ineffectiveeating algorithm, artificial neural networks lacgif global
searching ability, and ant group algorithm whichynsiagnate in the later search etc. Compared witiero
algorithms, particle swarm algorithm may be mori¢asle to solve the RHMSP problem.

This paper proposes a self-adaptive variation gdarwarm algorithm for remote handling maintenaseguence
planning. The algorithm re-defines the particletssiion and velocity and the refreshed operatiorpaifticle’s
position and velocity and introduces a mutationrafge of genetic algorithm to avoid the precocicosvergence.
Finally simulation experiment of the algorithm iarded out on some radiation equipment, and thesrxntal
result indicates that algorithm’s precocious cogeece can be greatly improved, and it can effelgtiveprove the
efficiency and quality of the RHMSP.

RELATED WORKS

At present, the remote handling maintenance foteaneadiation equipment has achieved some pragmes®over
it has been applied to nuclear power plants andeaucscience installments [1, 2]. The virtual maignce
technology has obtained some applications in th&RBen et al. [6] figured out the demanding of réenbandling
maintenance for the virtual reality and simulatioddpbukazu et al. [7] developed a virtual realitynslator to
support the ITER's Blanket simulation of remote disng maintenance process; Heemskerka et al. [&n9ihe
basis of ITER remote handling maintenance simulatodied the dynamics of simulation process, atabéshed a
set of visualized master-slave mechanical arm kagdblatform for the ITER project; Salvador et §1.0]
completed the digital simulation model of ITER separ; Shuff et al. [11] developed a set of diserevent
simulation tool for remote operating process plagnof ITER hot cabinet; Edward et al. [12] realizedeal-time
and visualized track of remote operating proceaarphg by using virtual reality and intelligent dlahse. Hee et al.
[13, 14] studied the visualization and simulatiohnaoiclear facility disassembly process and esthblisremote
handling maintenance system for PRIDE.

The above researches of the remote handling maintenplanning primarily shifted from physical visdtion to
the virtual verification and from empirical desigmsimulation design. However in the above maimeagplanning
process, maintenance sequence was generally odtamirtee exploration way, lack of the guidance pfimized
maintenance sequence. On one hand it was notegffijadn the other hand the optimal solution mightolmitted.
Lack of intelligent support, more feasible plangl amonstraint conditions may make it impossible biamn the
optimal solution. Therefore, how to use the ingahit planning technology to provide the feasiblgusace for
planning personnel is an important content to grtmhance the virtual maintenance planning.

MODELING

According to the characteristic of RHM, evaluatfagtors will be designated in this paper as follothe geometry
feasibility of the remote handling maintenance agien, equipment stability, the frequency of toblnge, the
frequency of operation direction change and thgueacy of spare part connection type change.

3.1 GEOMETRY FEASIBILITY

The geometry feasibility of remote handling maiatece is determined by the interference relationshipe
interference matrix is to describe the random camepts interference relations with other componentke +x, +y
and *z direction. Through the matrix operation, faasibility of ASP and DSP can be evaluated in rdn@ote
handling maintenance process. The interferencexrfatan be represented as:
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The equipment to be maintained can be describgPasP,,..., R}, where R is a part of the equipmeni, in
interference matriXA is interference situation of the componénimoving along +x direction with componef;,
and the value offy is represented as:

_ |0 If R does not interfere with) P when rimgy alone + »
1 If Rinterferes with P when moving alans x

Likewise, element;, andlj, in matrix A are respectively interference situations of thenponentP; moving along

+y and +z direction with componeR{, and their values are the same as Equation (2)irkaderence matrix in —x,

-y and -z direction can be induced by the interieeematrix in +x, +y and +z direction. For exampfgerference
situation of components; assembly/disassembly with componetslong—x direction is the same as interference
situation of components Bssembly/disassembly with componé®talong +x direction.

Taking ASP as an example, the sequeXiee(Py, P,,... , R1) is supposed to be assembled components sequ&nce;
is the component to be assembled, then the feasgidembly direction of componeBt may be determined by
equation (3) and (4):

i-1

+ /) = - 1, )
i-1

+ ) = . [ﬁp 4)

Where,D may take value of x, y and z respectively, themfdthe above two equations may be divided into six
judgment equations. If equation is 0, it means toathponent$; may continue assembly in the original assembly
sequence along this direction; if equation is ndh® assembly sequence is not feasible.

3.2 STABILITY

The stability means the conditions that whetherciponents or part will happen to collapse ordalivn when it

is used in controlling remotely to leave the equépimat times under gravity function. Establishimha@ncement
adjacent matrixC= (Gj) n«n and support matriss= (g) nxn Of parts can quantify the remote handling maimeera
technology stability. Elemert; expresses the connection type between compofemtsd componentB;. Stable
connection means;=2; contact connection meangs=1; non-contact connection meatis0. Elements; expresses
the support relationship between componeRisand componentd;. When stable support exists between
component$; and components;, it meanss;=1; otherwise, it mearg=0.

Taking ASP as an example, the sequeiBe (P, P,,..., B1) is supposed to be assembled components sequence
andP; is the component to be assembled. The stabilitgimiote handling maintenance technology assemblyean
judged according to the following rules:

IF ¢;=2 (j&€[1.i-1] )exists, THEN this operation is stable;

IF ¢;=0 (j&€[1.i-1]), THEN this operation is unstable;

IF ¢;=0 and s3=2 (jE€[1,i-1:;k €[1,i-1] )exists, THEN this operation is stable;

IF ¢;=0 and s3=2 (jE€[1,i-1]; k€ [1,i-1]) does not exists, THEN this operation is unstable.

ns expresses the stable operation frequency in s@senmbly sequence. The smaligris, the better assembly
sequence assembly stability will be.

3.3 TOOL CHANGING FREQUENCY
Tool Changing Frequency is expressednas Taking ASP as an example, the sequeABe(Py, Py,... , R) is
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supposed to be assembled components sequenisethe component to be assembled and feasiblenagsdool
AT(P) may be obtained by the components assembly tdlelction P,. Whether the tool is needed to change can be
judged as:

:;1 éE;]I éT( P)# 0 » THEN Py, does not change the tool;
ol N AT(R) 2 0 ANDﬂ:f AT(P)=0 THEN Py.1 changes the
END IF

3.4 DIRECTION CHANGING FREQUENCY
To reduce the direction changing frequency canaedool operation time and improve the operatirficiency.
The direction changing frequency is expressedadaking ASP as an example, the sequekiee (Py, P,,..., R)

is supposed to be assembled components sequeacgedimetry feasibility of any componeftmay determine
feasible assembly directidkD (P). Whether the direction is needed to change cgudged as:

IF  pz0 - THEN (Pi, P, P does not change the direction;
ELSEr]Flﬂlk Pz0 AW”P =0 , THEN Py.1 changes the
direction. i=1"i i=1 i
L ENDIF

3.5 CONNECTION TYPES CHANGING FREQUENCY

Different connections may differ with different cponents, which may be screw joints, riveted joivet/ding joint
etc. Operation time may change with different catioa types as well. Therefore, a good technologgusnce
should make the connection type change frequenegrfas far as possible.

The information storage of connection type can de=d by one-dimensional matxC(i). For better description,
two kinds of connection types may be respectivefyorded a&£; andC,. If the connection type of componefRs
belongs taC;, then the value of correspondiA€ (i) is 1, so, the information storage of connectigretinformation
can be completedh, expresses the connection type change frequenayr@mote handling maintenance sequence,
whose computation rule is as follows:

SET n.=0;

FOR F~1ton-1;
IF  AC(i+1)# AC(i);
THEN n¢&=n¢+ 1;
END IF

END FOR

3.6 OBJECTIVE FUNCTION
According to the above established target, objedtimction can be defined as follows:

r =cn. +cn, +cn +c,n, +cn, (5)

¢, Cs, Gy Cqandc. are weighting factors of each evaluating indicagenerallyc; is much bigger than other four
coefficients.

AMPSO ALGORITHM

4.1 THE REDEFINITION OF BASIC PSO ALGORITHM

The basic PSO algorithis mainly used to optimize continuous function.ohaler to make the PSO algorithm be
applied to the discrete space as well, some paetiggions to the basic PSO algorithm are needdxtoonducted.
The position, speed and the renewal operationeo§thnule will be redefined in the sorting space.

Definition 1: Particle Position. The position vector of each particle correspondart@ssembly sequence. The ith
position vector of particle expression 8’ = (Plj, Py, P”j), indicating that the product assembly

process defers to the order of componefts 7,, ---, £, in whichn is the product component number.

Definition 2: Particle Speed.In this paper replacement operator will be treaedspeed variable of the particle,
whose function is to adjust the components ordénénassembly sequence recorded as VOSithhelocity vector

of particle expression \8OS = (VO, VO,--, VD,). The function of speed operat®O(x, y) is to exchange the
position ofxth component with thgth component in the maintenance sequence to cres® dequence.
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Definition 3: Addition of Position and SpeedThe position vector of a particle added by its e@lovector result is

a new position vector, and its expressioR'i§] VOS = P, Here mark ‘" has a new meaning to express
velocity vector in the remote handling maintenaseguence.

Definition 4: Subtraction between Positions.Two position vector subtracted is a velocity vect8uppose
P =(F, B, P) and P*=(P B, P P, ), the subtracton of the two expressions

is P°OP* =VOS'¥, in which VOS* =(VG* VG*.--, V() , VOS** takes value according to the following
regular rules:

For i=1ton-1;
IF  P°®=P“  THENVO™=(0,0)

ELSEIF P*=R" THEN VO™ =(i,t) And p* = (p* B,... P*... P*,.. P)
END IF 1 2 t i n
END FOR
For example, P'=(1,2,3,4,56 and P?=(53,14,6,2 then it is obtained

asP’@P"' =[(1,5),(2,3),(3,5),(0,0),(5,6.

Definition 5 Speed Multiplication. The velocity vector of a particle can be supposeds
VOS =(VQ, VOQ,--, VP,) and coefficienC[0,1]. The multiplication definition of velocity vectoand

coefficient number i€ 0VOS = VO3, in whichVOS =(VG, VO, -, V.-, VO,). VOS takes value
according to the following regular rules:

FOR i=1 to n-1
VO, r=c
qu — i
0r<c

r is a random number of uniform
distribution from 0 to 1.
END FOR

Definition 6: Speed Addition. Two velocity vector added together is a new velog#ctor, for easier calculation,
the velocity vector cannot be directly added togetlbut can be added successively and separatdéiypaiticle
position vector and subtraction of the new and midition vector are used to get the velocity vectbmay be
expressed in the formula as:

P'OVOSO vo3=[( PO VOBO VOs= 2V0S O Vos= VOs= ® 1

Through above redefinition of particle positiongsd and the renewal operation, we may modify slighe basic
PSO algorithm of particle position, speed and rezidiearmula to make the solution suitable for diserspace
model:

VOS*™ = w0 VO$SOf[ 4I1( gBedt '\ O[ ,E( pBestY (6)

Pk = Pk O VOS*(7)

4.2 THE ALGORITHM IMPROVEMENT AND IMPLEMENTATION ST EPS

The self-adaptive variation particle swarm optirticza algorithm (AMPSO), introduced with a variatioperator,
on one hand may enhance the algorithm’s searcHiegteon the other hand it may maintain the indual
difference of the community to prevent the occureenf precocious convergence phenomenon and hejptta
globally optimal solution.
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(1) Granule initialization.

The assembly/disassembly sequence question's asvoligi a feasible sequence matrix AS of remote fiagdl
maintenance, and simultaneously AS is composed dmponents sequence AP, direction sequence AD, tool
sequence AT and connection type sequence AC, ithwAiC may be determined only directly by AP. The
stochastic initialization creates the sequencedAfetermine the most optimal sequence AD and AT.

(2) Initial sufficiency computation.
The formula (5) may directly calculate various ftioe value of granules sufficiency, and determihe nitial
individual optimal sequence and the initial globptimal sequence.

(3) Inertia weight computation.
Inertia weight @ takes value according to the equation (8):

w=mx C, +n (8)

Where,“)D[O’l], this paper takes m=0.6, n=0.§dt is the object distance factor and takes valuerdatg to the
equation (9):

1f,2f,
Cp=14|f, — T4 9)
Q, fop < fq
d
Where, oo has been found the global optimal sufficiency fiorc value of remote handling maintenance

sequence, andfd is sufficiency function expectation value of glbbatimal sequence.

(4) Particle renewal.

Components sequence AP renews according to theufar(@) and (7), but direction sequence AD, toajusnce
AT and connection type sequence AC will renew after renewal sequence AP. Sequence AD and AT are th
optimal sequences after the renewal of sequencé@BRan be determined only directly by AP.

(5) Sufficiency renewal.
Formula (5) renews the sufficiency value of a p#tswarm, and renews the individual optimal seqaeamd the
global optimal sequence of various particles.

(6) Multiple factor renewals.
Taking the standard varianc€ of the population sufficiency value as indicatofgopulation diversity according
to the equation (10):

o= [E(1- 1) (o)
ni=
sufficiency of

Where, n is the particle number of particle swarf; is the ith granule sufficiency;, is average
particle swarm:

>
f,=2— (11)
n

(7) Variation.

In order to avoid algorithm premature to be pdstiaptimal, variation operator will be introduceal take variation
to the global optimal components sequegBest(i.e. to change stochastically operation successider of several
component remote handling maintenance). The forimiariation probability p,, is as follows:
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k,o<og,, f, > f ,i#run
pmz{ d db d (12)

0,otherwise

where, k[J[0.1,0.3] , o, is population convergence critical standard démmatwhose value is related with
actual problem and generally far smaller than tlimum value of 0 ; f
the current iterative frequencwn is the biggest iterative frequency.

4 Is the expectation optimal valueis

(8) If i<run , change to step 3; otherwise turn to the step 9.

(9) Output optimal sequence gBest which has beemndio

VERIFICATION

The radiation equipment to simulated is shown aBigure 1. The equipment is composed of 29 partls wilated
information as shown in Table 1. In order to vetifg algorithm validity in this paper, This papewvh carried out
the simulation of assembly and disassembly operaplanning for the radiation equipment by the ps®mb
algorithm, genetic algorithm (GA) and the basictigl swarm optimization algorithm (PSO), and coneglathe
results to prove the superiority of the algorithm.

Fig. 1: Some radiation equipment

Simulation experiment environment: 2.0GHz PC, 2GBrmry, Windows 7 systems, Matlab. Parameters of
AMPSO: ¢=10, ¢=0.2, G-0.3,¢=0.3,c=0.2,=0.5, 6=0.5,064=4, k=0.2, sizepop=150, run=800For assembly
sequence planning, then optimal sufficiency exgertafunction value §£6; for disassembly sequence planning,
f;=4.6. Parameters of genetic algorithm and basic PS@rl&uping probability of genetic algorithm take8;the
variation probability takes 0.1; inertia weighk? of basic PSO algorithm takes 0.6; other paramete¥rghe same
as those of AMPSO. The repeat operation frequesad0ito find the mean value of sufficiency functiglobal
situation extreme value and mean value of suffyefunction value standard. This example's AMPS@suhe
variation operator to treat the global optimal jgéetwhich has been found at present as a stochaastiicle.

Figure 2 and Figure 3 are the simulation resultd®P, and Figure 4 and 5 are the simulation resdlBSP. Figure
2 and Figure 4 show the ability and convergenceedp® the three algorithms to search the globaiyinoal
solution. Figure 3 and 5 show the change tendeh@ppulation diversity along with the iterative duency of the
three algorithms.

Results of Figure 2 and 4 may represent; the cgevee speed of genetic algorithm convergence isltiveest, and
the precision is also the lowest; but basic PS@ralgn, although the convergence speed is quickasy to fall
into the partial optimal solution; the AMPSO aldgbm convergence speed, the same as basic PSCtlatgocian
find the better globally optimal solution, moreovlee precocious phenomenon is not easy to occur.

It can be concluded from Figure 3 and 5 that theupation diversity of AMPSO algorithm always maintacertain
level, which may guarantees that in the large filegarequency situation a better globally optirsalution can be
found in the algorithm. Through the above simulatiesults, it indicates: The AMPSO algorithm comesrce
speed is fast and precise, better than GA and$it &lgorithm in the performance of assembly sequetanning.
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Table 1 Related information of assembly/disassemblyptimization model

Component Component name Tool  Connection ty|
1-4 Nut washer assembly 1-4 T1 C1
5 Hydraulic cylinder T4 C3
6-9 Pole 1-4 T3 C2
10 Strut 1 T4 C1l

11-12 Nut 1-2 T1 C1l
13 Nut 3 T1/T2 C1l
14-15 Bolt 1-2 T1/T3 Cc2
16 Pin 1 T3 Cc2
17 Nut 4 T1/T2 C1
18 Pin 2 T3 Cc2
19 Central pin T3 Cc2
20 Back plate T4 C3
21 Strut 2 T4 C1l
22-25 Nut washer assembly 5-8 T1 C1l
26 Axis T3 C2
27 Hydraulic pressure scissors T4 C3
28-29 Hydraulic pressure shear blades [L-2 15 C3
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CONCLUSION

On the basis of particle swarm algorithm, the pletposition, speed, renewal operation of the gartrelocity and
the position are redefined in this paper. Moreoveznhances the algorithm through the introducti@miation
operator of genetic algorithm to jump out of theéimal solution. Furthermore it proposes an optitiaraalgorithm

of the product assembly sequence planning metha@db@mn a self-adaptive variation particle swarme Th
simulation results show that compared with the gersgorithm and the basic particle swarm alganitbontrast,
this algorithm has advantages of fast convergemcke hagh precision to improve the efficiency and lgyaof
radiation equipment remote handling maintenanceesscg planning.
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