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AbstractO
0

Twolhovel [parti cleCswarmCbpti mi zation[{ PSO) O
algorithmslarelusedioltrack LandCopti mize[HB-[
dimensional ] parabolic benchmark function
whereltheloptimumOocationthangestandomly
andOithhigh$everity.[T helhew@ gorithmslare
basedlon@nl@nal ogy [of (&l ectrostati clenergy [wvith[d
chargedOparticles. OForCcompari son, Othedsamel]
experiment i sUperformedDwithOallconventional [
PSOL& gorithm. dt[IsHoundihatfhebest[strategy [l
forD thisO particulard problemd involvesd all
combi nation(of [Aeutral [@nd[chargedparticles.T

O

10 INTRODUCTIONO

Particle[Swarm[Opti mi zation[{PSO) lislalpopul ationbased ]
evolutionaryllechni quelappliedoldpti mization[problems.O
[tOdiffersCifromUother Opopul ationCapproachesCIsuchOas
geneticCal gorithms, Chy[thelldnclusi onCof (e solution[{or]
particle) Ovelocity, JwhichOmovesthe[positionCof Cthed
sol utionlinheSpacelof [l (possi bl e[$ol utions, Mather [Than]
relyi ngConrecombinati onCof Cexi stingCsol utions.CLinear
springorcesigoverniheldynamicsiof Eheljbopul ation{or]
swarm); CeachCparticleld sCattracted ol tsCpreviousChest[]
position,Candiolthel gl obal Chest[position(attai nedbytheld
swarm, Owherelfitness[i sCquantifiedCby [(the[val uellof Call
function(@t[hat[position.Theselswarmshavelprovenibbell
very[successful lin{i ndingldl obal [optimaliniVariouslstaticl
contextssuchlas[thelbpti mizationlof LtertainCbenchmark]
functions(Eberhart@nd($hi[20014).0

Thelreal Oworl dOisOrarel yCOstati c, Dhowever, DandOmany O
systemsCwill OrequireCf requentCre-opti mi zationCduedto]
system@nd/or[énvironmental [¢hange.[T helprobl em(of [He-

scheduling[$ystemtesourceslisLanimportantCéxampl elof [
this.0 Oneldimportantd andd implicitd constraint[isd the[
requirement[tolbal anceltheldesi redCerror[of (the[$olution
withfhelheedbbelpreparedibiespondiriapi dlyibldhange.[
ForCéxample,olachi eveladlowlérror Dvill tequirel@llarge]
numberCof iterations/generations, JandOwill Ol eavellthed
evol utionarypopul ationiwel | [Adaptediblthat Situation.But]
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systemland(énvironment[dhangelrnay [0ccur@n(sShort (i me-
scal esland[imay (helargelénoughoeavelthelpopul ation
ill-adaptedOtoOtheldnewproblem,dsothatCallsol utiond
consi deredlgoodlénoughCimay helhardEo i ndluvithinihisO
time-scale.rd

ThisOwvorkCaddressestheseld ssuesCvith[the[uise[bf (twol]
novel Bwarm(@l gorithms.[T hesel@l gorithmsarelfiested@nd
comparedCwviththetonventi onal CPSOLCAl gorithmForCanOd
extremelsearchCproblemvherein(theCbptimumdocationd
(solution) O sCrandomi zedCwithinCalCbox CrepresentingCthed
entireldynamiclrange.r]

200 BACKGROUNDI

Eberhart@nd[5hi [{2001b) thavelapplied@heltonventional [
PSO[al gorithmfiolSomeldynamicl$earchland[opti mization
problems.dn(theirC&xperiments, (Ehey[isel&i me-scal e[of
1000iterations, DandCchooseJasOa Jbenchmark Othed(3-
dimensional) Cparaboli clfunctionCand@hel$pherefunctiond
inJ 10-dimensions.O The optimum( locationd of O thesed
functionsiwvas[ioved(al ong@i nelbylincrementslaf [0.2%[]
and1%(of [theldynami clfiange, Wwithl@achldhangeldccurringd
atlJ1000iterations.O 1t was[d foundd that,[J under [ these[]
conditions,hePSOL&l gorithm(performed@tleast @Eshivel |
asCotherCevol utionarytechni ques[{Angeline[11997,[Back
1998).110

Oneldrawbackmoted Iy Eberhart[@ndShilisThelack [of (&[]
strategy (for[dealingtwith[@NvidelVari ety [of (thange.[Onel]
possibilitysfotandomi ze[he[$warmihen[& thangelis(]
detected.[Inhei riivork{2001b), Thelparti cle[positionsare
retai ned, Cbut[thelpersonal CandCglobal Cbest[positionsCare]
cal culatedCwi thCrespect [totheChewDoptimumCl ocation. [
Another[possibilityCwouldCbeltoltandomize the[swarm
when(a¢hangelisldetected.Inlgeneral ,[algoodStrategyfisC]
neededthat[canCaccount[For[thaoticlrather[thanCineard
change, Cand[(forthangelthat[isLtommensuratelvith(thell
enti relfangelof fheldynamiclariabl es, @ndmot[ustdimited]
toldnelper[dent[of fhi sifange.[]

ThisOworkinvesti gatesOthelcapabiliti esUof Otwolinovel O
swarmCal gorithmsiolbvercomelanCextremelproblemof ]
thisype.[T helfwolhew(@l gorithmsiivereloriginated by fhe
authorsCinOquitelaldifferentCcontext: CtheCproblemCof [
artificial O improvisedd musicOl (Blackwel | andC Bentley [



20024). thvasdemonstrated(that[parti cle[$warms[ean, [f
suitably[ interpretedd as[] music,[J generatel] interesting]
mel odies.C0Moreover,(OtheyOcanCal soli nteract COwithOanC
external Cimusi cian.CExternal CaudioleventsCarelinterpretedd
andCplacedlinthelsearchCspace, CandbecomeltargetsCord
attractorsforthe[swarm.[T heseltargets_maythangelon]
very[small [time-scal es,CandCbyargeCamounts.[T1tCvas]
founddinOthisOworkOthatOinter-particleCrepulsionCor
“collision-avoidance’ [balancestheliarget[&ttractions[and]
| eadsfolanléxtendedSwarmthatfoll owslthi sichangelwel l.[]
V ariousfleatureslof [thel2l gorithmhavebeenfeportedin(a]
subsequent[paper @ndihel3uggestionmadelthat Theyinay [
haveltelevancelfolbpti mization[problemsl{Blackwel | And(
Bentley,[2002b).00

TheOparticularCOf ormOof OtheOrepul sivelif orceCwellhavell
introduced(islidenti cal [folftheflamiliar(el ectrostati clinversel]
squarellaw[between(identically[tharged(particles.[In(ihi s
paper Owellconsider CtwolldifferentCswarms: CthefirstisCI
composediéntirel y[of identical ly[charged(parti cles,[@ndthel]
secondChasCanCequal Chumber Cof (thargedCand O neutral’ O
particles.Meutral [parti clesldomotexperiencefheliepul sivell
force. [{Within[ihisCél ectrostati clanal ogy, [t[¢oul dibelsaid]
thatCtonventional C(PSOCalgorithmstoncernConlyCheutral O
particles.) T helidealisthatthelteutral [particlesiwil | [gather O
around(theldl obal (best[position{as(if [in@mnucl eus) tvhil st
theldhargediparti clesiwill [donti nuelfoléxpl orefhelsSol ution
spacelastheyorbit(thelhucleus.CHencellhere[Will Cbelall
bal ancelbetweenl&xpl orationCandCéxpl oitation.[T hisiypell
of Bwarm¢oul dibelfermedClatomic’ [$i ncelit[hasimuchn
commonCwithCimodel sCbf [theCatom. A sCsuch, [itCmoves]
away [from(iheloriginal (deal of (Anlinsect[$warmlor[Avian]
flockvhi chinspi redimuchof (heléarl yQivorkonparticle]
swarms.[l

30 THEPROBLEMU

Theldynami cproblemlinvesti gatedlinihi stivor klisfodind
thelgl obal (i ni mumii(0) [of SomeHuncti onti(X-X ) vhered
XoptHISEhelopti mumCocati on. [For Lélynami cLsearch, Ko, 0
Xopt(t), Blvherelilisian(ikerati onl¢ounter (@l thoughlit[doul dbe]
altimelvariabl e[ las determined by thelactual Cdynamicll
environment.Eberhart@nd$Shi [[2001b) Mol d Xy fixedfor 0
100lterationslatLalfi me, Land Xy WVari eslinfincrementslof [
s1,0whereL00sCthelunitCvectorCnCh-dimensions{linear]
change) for[SZ[0.1[@nd[SE(0.5.T heldynamicliangelof [thed
variableslikl[}-50,50] ihiéachidimension.[]

411 PARTICLEDYNAMICSO

WithinthelPSOUnethodol ogy,[Thelparti cleltlynamicslare]
determinedCbyCan[update[fuleCwhichCimodifies[particlel]
velocities.[New[positionsCarelthenfoundCbyaddingthel
updatedCvel ocity [totheCcurrentCposition. T he[particlel
updatellal gorithmOused i nCithi sCiwork O sCgi venCby Cthed
appli cationlof Threeldimpl elsteps: [T

O viIEI—MNi B@lrl(pr‘i E-@i)EFEZrZ(ng-Xi) O (1)|:|
O |fmq]/,| >Nmax)[|1}i|:«l—ﬂ/maxm:]]/i| )Vlmﬂ]]]]]]]]]]]]I(fQ)D
O Xi@—&iﬂ‘mm 0 0 0 (3)|:|

I n(heseliul es, [ilis(&parti cle(label (and[@ach(parti cl elhas[al]
positionx[@nd@ Vel ocity W{n-dimensional [Wectors).[The[d
i nertialvei ght v, Cand$pringCtonstantsLe, (andle,[areltheld
adj ustabl eCparametersof [thellal gorithm. [y nandCr,p Cared
randomChumbersCdrawnfromhelunitCinterval [, or,cE0
[0,1]. Xy, isCihebest[positionlattai ned by [parti cl edlznd O
thelgl obal est [bcati onX 4, [iSThebestpositionlattai ned By [
any(particle.fll

Rule[{1) (xddsthelparticlelaccel erationsdromihelspring
forcestoCal dampedCvel ocity Cwv;. [Rulel{2) Ctlampstheld
vel ocity[Holiheldynamicliangel-Vmax, Vmax] , (Wvhich($erves
tollimitthelpositionlincrement@ppliedihRul el(3).MNoticell
thatOourOruled(2) Oimplementsdspherically symmetricl
velocity [&lamping, (Wvhereaslother IPSO@ gorithmsLtlampO
thelvel ocity (o[ box. [5incelthefoll owingCexperiments]
involvelqualitati velobservati onsionthelSpatial [di stribution
of CparticlesCatCanyliteration,[itlisChecessary[tolpreservel]
spherical Symmetrylihtheldpdatelrul es.]

Tablell:[Search@gorithmO

Initialize@Ewarm x, ¥} 0L, ..M, vith3 E[0,Kma]™
andmi em'vmammmax] "

Set(@l| [Personal Best(PositionsToR,y, ; o X;
t«—00

do:O

[for (ZFA MO

(IR G0X (=X opt) [ (X, (=X o)

[MMMMMEhen My, j«—Xin

(LTI (X pp i =X opt) (£ (X gb~Xopt)

(I hen By —Rop,t]

([Iendfor [

([T [(t%100=0)

(M en Rop & D(Xmax/ 2)-L /2, X/ 2)+L /2] 10
[for (ZFA M O

([IITTA ppl y (parti cl eldpdateld gorithm({1) FH{(3)
[Iéndfor [

(MHk—t+10

until Stopping(Griterionliset"”

O

Thislelampi ngisi@Lconstrai nt[onlglobal [éxploration.[Thell
bal ancellbetweenthisCland [l ocal Cexpl oitationCof COgoodd
solutionsCi s[givenCby[(thel nertial Owei ght.CdnCkheChon-

dynamicldaselit(isladvantageous(ibreducelWwfromA[down(]
tolhear (Zzerolduring@hel¢ourselof [Hrai ningiun, [$incelthisC
allowsdfull O exploitation of O possi ble[1good sol utionsC]
(Eberhart[and($hi[2001a).[However,[inEheldynamicltasel]
itléannotBelpredicteduvhetheréxpl orationlor [éxpl oitation
istheeded@t[any [gi ven(di me. (With@hesefactorslininind,J
Eberhart[andCBhi [{2001b) [used[AVal uelof[1.494For thel
springleonstantsiand@tandomlinertialivei ght v&=(1]0.5,00
1].00T heselval uesOvere[thoseniolagree, Lonthelaverage, [



with[Clerc’ sfanalysisfor[convergencel{Clerc[1999),[andC]
toO providel] al balancel between] exploration] and(]
exploitation. I

ThePSOLa@l gorithmfior [Theldynami clproblemlinvestigated]
herelisdivenlihifabl e1.[

InCorderRolintroducelthelhotionCof [tharge3-CandChenceld
collisionCavoidance[3-[H | [that[heeds ol bedonelis tol]
modifyXhelrulefor[particlelaccel erations,fulel{1).[Thed
groundsfor[ihi sféxtens on,andCaFull CdescriptionCof (hed
effectslof [The[Variousparameterslonparticlelinotion,arel]
given(in[{Blackwell,[2001) (and({Blackwel | and[Bentley,]
2002b).01n0those0 studies,J andadditional Daccel erationd
towardslihelswarmltentrelivaslal solimplemented, but{hisC]
isinotisedfere.

Thell necessary[] amendment (] to[] the[] particlel] update[’
algorithmlis@n(extralparticlel@ccel eration(d; [divenby ]

QiQ;
a =z
J=l r”

pcore< r” < p D D (4)['

whereld ij E30'¢ G—&J Dmij ES [lDti E-ij |®nd @aCthJartl clelhas@O
chargelof (magnitude[ ;. (INeutral [parti clesCarelassigned(al]
chargel@;[Z0@ndSolwill otldontributebthelSumlin(4).0
Alchargediparticlelilwil | havel@ > 0@ndwvil | [éxperiencel]
theliepul siveléffectsTiromiall [other [@hargedparticlesiZ. 0
Repul sionlistonly[éxperiencedfor [$eparati onsivithinfhed
shel | [Pore 1 [t (< [p. [T hellower [eut-of f [P iSBlSaf eguard ]
against[thelsi ngularity [of (thelinverselsguaredaw.0T held
upper CeutDoff CpLi sTaltunabl eparameter Cal lowi ngCithed
domai niof [ihfluencelodf theldepul sionbBeldontrol led. [

Theldharged(parti cl eldpdatel@ gorithm, vhi chirepl aceslthel
parti cleCupdatelal gorithmCwithi nCthellsearchCal gorithm(
(Tabled),lislgivenBy(repl acingloul (1) With: O

O viIZ-I—MNiH@lrl(pr,iEI-IXi)B}@er(ng-Xi)EI-Ei D(ll)D

ItOsOivorthChoti ng(ihat (s nce(thelparti clesarellipdatedinC]
turn{(i.e.cfromOG=CL0o0O M), Ceontributionstol&; [ tan[]
invol velhon-updatedparti clepositi ons{j (I3[l (Ashivel | s
updatedpositions{jx).T hisfasfoundiolgivelbetter]
avoidancelih[@arlier@xperiments.l

S0 EXPERIMENTSO

Thel experimentsC] were conducted] onJ thed parabolicCl
functionthB=3(di mensi ons, E(X-Xopt) F IX-Xopr) XX gpr) .

ThelibskisMadeldynamicBy(placingXq[IhaldubeldfSidel]
L [Andhenfandomly [fe-positi oningLitfio@nother [pointiinCl
thisCtubelevery[100(terations.[T helseverity (s thereforel]
variesfandomlyfromzerolLipto{V3)L.OWith(l [$et[tol]
2V max, [Ei I veslaSeverity [6f ip o2 3f mestheldynamicl
range.[Tr he[parameter (X« 50l el yCdeterminesthelinitial
di stributi onCof (thelparti clelsel ociti esCandCpositionsCand]
playsiolpart(inSubsequentWipdates@fter ThelfirstjumpinC
Xopt- (T helWal ues[of (EhelSpatial (parametersisetloutnT able]
2.1

Table2: [Spatial (parameters(]

LO

XmaxO

VimaxO

MO

640

1280

320

200

O

Thelval uesLof [Theld ectrostati clparameter sipeere, ([ANAQL]
arelSetloutin(Table3.0

0
Tablel3: [Electrostati clparameters]
Peorert pC] QU
10 V3Xmaxs | 160

0

Thelval ueslof [the[lPSOparametersiv, (¢, [@ndl¢,[arelfhose]
usedby[Eberhart[and[Bhi [{2001b).Thelinertialivei ght v
varies(tandomly[between[D.5[and[1.0, 3o that[thelimean
0.75s¢l oselfoldhelTl ercléonstrictionactor 0. 729[{Clercl]
1999). [T helSpringldonstantsia; [And(c,[arelSet [fb(1.494, @ so
in[@ccordancelWwith[Clerc’ slanalysis.(]

In(all fheseléxperiments, [B00pti mumjumpslarelmade, [lorC
50000iterati onsC]of Othedsystem).dInCadditionCtoltheld
numerical [atalproducedbytheselexperiments,Calthree]
dimensional Cani mati onOwassetOupCwhichCenabledOall
qualitati vel@ssessment(of [fhelfhreelSwarms.O

For[domparison, fouréxperi mentsiwerelperformed: [
| NeutralSwarm.O

Thel firstO experiment usesC] the[d conventional J PSOC
algorithm,[vhi chlisimplementedby(Settingfhelchargelon
all20(particlesbZerol{i .e.[8achlparticleliseutral ). [T

|1 [IChar gedSwarm.[]

I nThel$econdléxperiment, (3l | 20parti cles(¢arryThelsamel]
charge,1Q.C1nOotherOwords,Oall Oparti clesCexperiencel]
repul sivelflorcesfromitheldther(particles.]

11 AtomicSwar m.O

Thelthirdéxperi mentéval uatesihelatomi clswarm,vhere[]
10Cparticles[havel tharge[QCandtheltemainingChal f Cared
neutral .l

IV Neutral Swar m,[dneldptimumjump.C]

Thelfourthléxperi ment(iklidenti cal foExperi ment[1[eéxcept
thatOust[200(ilterati onshiverelal lowed. [T he[positionsiandC
vel ocities[of thelparti cl esiwerelSaved(ib(fil eflor [@nal ysi siaf [
individual [particlelmotion.]

il
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60 RESULTSU

ThelresultsTorEhel&xperimentsConthelheutral,[tharged [
and(atomi c[$warmslarelshownlnF gures1[{o[6.Inéachl]
case, [fwolgraphshavebeenlprepared, [pl otted@siafunction]
of [iterationlmumber {: [Thelbest Wal uefound by theSwarm,]
f(Xgon-Xopt), Bandtheaveragebest[val uellover Cthe 1500
problemCopti mumOjumpsC(i.e.,JaveragelbestOper 110000
iterations,@romloptimumjumpliioheliterationbef orefhe
nextOptimumiump).ID

6.10 EXPERIMENTI:MNEUTRALBWARMUO

Thelbestal uelattai ned(after [100[iterations, [ile.justbefore]
thelfi rstoptimumump, [slof Ghelorder [of (10°8. [T hislis&t0
| east[BwolordersCof (imagnitudelower ihan@helbest[Val uel
obtai nedinCtheIfirst 01000 terationsUof DanCequival ent
experimentJ(EberhartCand0Shi 02001bfigured1,0p98),0
althoughClcomparable[ltoJthellbest[val uesClobtainedJinl
subsequentd optimum( positions.[] Thel discrepancy isl]
presumably [ dueld toOinitial (0 conditions,d althoughO thed
sphericallySymmetricldlampi ngliul elfay [pl ay@part. [

However, (OthelresultsCdepartOsignificantlyOat Cthelfirstd
optimumOjump,ddueltodthelincreasedseverity.0Thell
remarkabl e(eaturelof OFi gure[1[sEhelsmal | ($pikes athed
optimumumpfollowedby&evelinglof (thelgraphfor(l
somelfiensLof [iterations, [3f ter (A short[Hal | .[T hi s[pl ateaulin[]
bestO val uesl sometimes then[d dropsU beforel the[d next™
optimumijump, Butdftenldoesiiot. [For[éxampl e, Therelisal]
runfromdE=2100{o25000Wherelfhelinitial ($hort{al | (s
not[improvedlipon. T helpl ot[of fhelaveragesiover fheH00
optimumCjumpsCshowsanCaveragelbest[bf (125 &t[11000]
iterations.T helsl opelatthislpoint(ik=3.2,ihdicatinglonl y &
slowimprovementJ(3%per Diteration) CwithOincreasing
iteration.[]

ThelBD [ani mati onsCshowedBLVery [linusual (feature.[For ]
thefirst[1000terations, [thelparti clestereltl umpedVery [
closelyOaroundCitheCopti mum. DAt CtheCopti mumOjump, O
however,[Thelparti clesimoved@ onglai nelinfhelgeneral O
directionlaf fhellewoptimum,[@ndthenbeganibloscillatel]
along(thi sli nef@bout@poi nt[él ose, but ot adj acent fothell
new optimum.] After( somel] tensd of [ iterationsC] theld
oscillationsiwoul di¢ease@ndthelparti cl esiivoul dbegi nfo]
swarmCtowardsthe[hew[optimum, &l thoughlthey[imight [
notreachCit[(heforeltheChext[j ump.OT hisChehaviorGvas
repeatedlinvariably@tléachloptimumijump, @ndlindepeats]
of thisléxperiment.]

6.20 EXPERIMENT:[CHARGEDISWARM[O

FigureBshowslihelbest[Val uesLbverThe5000Literations.[]
By[tomparisonithFigurel1, thel$pikeslarelhowllong,[
showinglantimprovedbest Val uelbyafactor [of (10°(after ]
justC@Hewliterationsiat [éach{ump.[T hellevelinglouthow
occursiat[amuchlsmallerbestVal ue, (A eaturelil lustratedd
inCFigure40wnhi chCshowsthe[CaveragelbestCval ues.Cn0O
Figureld,fhellowest[averagebestVal ueldbtai ned(is0.226,1
andCtheIsl opellat Cthi sCpoi nt i sC-2.10x 10" OshowingCanO
improvement(of 1%[per[iteration(athi sipoint.C]

Thelani mationslreveal ed(typical (swarmingbehavior: [t
eachloptimumjumphelswarmmovediowardsihehew(]
optimum,Withrregul arCmoti on[&bout[ihel$warmleentre.[]
After[alfewlliterationsihe[swarmlcentre[Was[ toincident
withheloptimumlandihelparti cl eloti onldonti nuedibbel
chaoti cland[$pherically[3ymmetriclabout [Ehi sCpoint, (vith(]
particleslamplitudeslof [Someldlensiof [Winits.[T heselpi ctures]
agreedith[previousSwarmléxperiments[{Blackwel I[and
Bentley,2001b).0

6.30 EXPERIMENTIII:[ATOMICBWARM.O

Oncelore, thelpl ot[df (bestVal ues, [Figures, [Shows(Spikes(]
atCeachCoptimumjump, CbutthelspikesHropolalimuchl]
lower (bestVal ue, [infhelfange[10™fo10 8 in49of the300]
jumps. [T helfigureldoeshot[showThelpl ateausihat [arela]
featurebf (F gures[ 11 Cand[B. 0T he[pl ot [of Caveragelbest[
values, [Figure6,[showsamuchlimproved(averagebest[at (]
100(iterationsof[1.12x10™, Wvith@E opeldf F1.21X 10> 6r0]
11%Cof (thelbestOval uelperCterationChatLthisCpoint. (T held
averagelglobal (best[ust bef orelfhelmext[dptimumumplisC]
at(east[BbrdersCbf Cmagnitudebetter[thanthe[heutral (1
swarmandabout (20001 mesbetter (thanthecharged
swarm.[]

I nCorder Holdli stinguishLe¢harged@romCheutral (barti clesford
thelpurposesiof Ehelani mation, Thelparti cleshivereldol ored
red({charged) @ndl uel{neutral ). [Atleachloptimumjump,d
theOani mati onsdi splayedCthelparti cl esCmovingUinOanC
irregulard swarmingd motiond towardsd the optimum,
followedbyalongperiodiwherefhebl ueltieutral [particlesC]
clumpedCaroundihelbpti mum, movingLéver [H ower (with(d
verysmall damplitude, OsurroundedOwithOald* cloud’ Cof
chargedUredparti cles,COmovingOmuchO i keCtheCchargedd
swarmldlescribednI.[T helpi cturelivasiVerydieminiscent ]
of [epresentati onsLof [An[Atomi clhucl eus[surroundedyan]
€l ectron(dloud.

6.40 EXPERIMENTIV:MEUTRALSWARM,[ONEUO
OPTIMUMIJUMP.O

Aflfurtherléxperi mentiwasldonductedionthelfieutral [Swarm
tolgivelgreaterJinsightCOonOthelllinear Onon-swarming
behavi or[of [Thelparticlesjlust[@fter Hheloptimumgump, [&sC
observedlinthelanimation.[JustCiwoChundrediterations(]
werellcompl eted,Jall owingCalJsi ngleCopti mumCjumpCtod
occur.[

At[1[=100,the[20Cparti clesCivereltlumpedDrerytightlyd
aroundX,, [dnd-moving(sl owly.BetweenfZF+100@nd I
120,31 EhelparticlesFol lowed[&very[&imilar[iraj ectory.O
For[thisteason,[someltesultsTor[ustCalsinglelparticle, [
particlelD,Will (belpresented. [T ablelAshowsX, [y [and(z(
componentslof theldptimum(location, [l obal (best Tocation]
and[positionlandvel ocity[of [parti cle[0&t [iteration99, [ust[]
beforelihel&ffectslof (Gheloptimumumplhavelinfluenced
thelparticleldynamics.O]
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O
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O
Tablel4: [Opt.,Dest& [Parti cl el0ldomponentsat [{=99. [

O Xou([00) O | Xg(100)0 | Xo(100)0 | vo(100)0]

x[J 95.7108901 | 95.710884L] 95.59210] | 0.614437640

yl 65.9820101| 65.982040 | 65.8735801| 0.528827370]

z[] 56.992935[] 56.992916[] 57.107887L] -0.58677804L]

O

FigurelZ(showslthelpositionsiof (particle0{circles) @ndthed
global (hest[{+' s)[forliterationsiF100i01F[120.[Thell
optimumQl ocationCi sCtepi ctedwithCatriangle.[Figure B
showsjlustfwolSnapshotsi@t fF114andEEF115.[Finaly,O
Figure[@showslihelpositionlof (parti cle[O@andLdl obal (hest(]
betweenliterations[110Cand[140.For [thelpurposelof the[]
subsequentfanalysi s, [ainelshowingihel$tabl elfraj ectory [
andlitsiend(pointhasbeenmarkedonthefigure.(]

70 ANALYSISO

Thel3trangelbehaviorlof (Hhelheutral (Swarmjlust@fter[hel]
optimum0 jumpC isO thed crucial O differencel] between(]
ExperimentsIiiandl.[T his@nal ysi si$ectioniwvil (Startwvith(d
alpossi bl eléxpl anati onfor thi siphenomenon.

Thelituationor@helheutral warmust[&t[and@fter[hel]
optimumjumpmust Belstudied, @ndTheldptimumGumplof O
Experiment0V Oslalgoodplace[folstart.[AtEE-100,Ghel]
closestparticle, [k, olfhelmew bptimumlocati onfvil | how(]
belatthelhewlglobal Chest. [(Particlel kWil CatthisCstaged
experiencelmolaccel eration,[@ndthereforelitsinextlocation]
1S (100) G [(99) (30w (99). [INoti celthat (EhelVel ocity (I
vi(99) LisOunlikelyOtoObelpointingOtowards X e, (100).0
However, [f [V, (99) thasCsomelcomponent[that ies A ongC
Xopt(100) O-(99) CthentheChew positionx,(100) Cwil |1 O
improvelliponfhelpreviouspositionandliay [évenbefhe
newLglobal CbestCivhenthe[LipdatesC &t thisliterationCare]
completed.0Supposedthisisdso.dThen,ObyOadsimilar(]
argument, X, (101) Cwill Oi e[l ongthelsameliraj ectory [k
(100) EX«(99). M eanwhil elthelother [parti cl es,whichluvered
atOtheirOpersonal ObestsOat(0t0=[199,Owill Oexperiencell
accel erationslfowards[(99) [of (inagnitudeld; M, | X, (99) (30
Xi(99) (LT hisOvil | Chot(hel@Targelaccel eration, but [t tvil 1
givethe[dnewOvel ocityOvectorJv;(100),0anUadditional O
component[& ongliheliraj ectoryldlefinedby X, [{100) 30
(99).[Atlihe[bextliteration,if (thelabovelscenari olisplayed
out, Vel ocity[Gomponentsal onglthelra ectorydf (particlek]
will[agai nibelfe nforced. I

Of [@ourselthereltnay livel | belSomeljostlingfor Meadership,d
but[dccasi onal ly[aleader (vill efoundiivhoseliraj ectory [
definesaine[of [yl obal Chests.(IT he[femai ningCparticled
vel ocitiesCarepulledCeverCmorelintheldirectionCof (this(
traj ectory[andthel@ccel erationsplacelfhemléver (¢l oser ol
positionsClal ongCithisCtraj ectory. [T helresul tCisCicol lineard
motionCal ongtainelthatlisLtl osingtbnX ., [outli sChot
necessarily[eoinci dent(vithX . [T hellleader shiplnay [Then
beléxchanged, but[moti on[&l onghi sl nelivill [l waysbe
reinforcedntil @i nal [gl obal hestpositi onlisfoundiwhich



i sChear (Yothepoi ntCof (el osest CapproachChetween[thed
traj ectory2thellend-point’ HandXqy. [A nimationslof [hany
runsCof (thelswarmCprovidel[empirical [&videncelthat[thi s
scenariolihvariablyldccurs.O

Thelstabl elfraj ectorylisiclearly[Seenlin(Figurel7. i gureB0]
showsiwol snapshotslthatlill ustratelthelattraction[of (the[]
particlesto0theltraj ectory. CAtCt =114, Oparticle00 sO
displaced@rom(iheldl obal thest[position. [T helaccel eration]
isCsufficientolpl acelitVerylel oselfioCky,(114) Bt EEF115,0
butthegl obal ChestChasCnowmovedal ongthelktabl el
trajectoryiby,(115).0

Consider [mowivhat happensiivhen(theldl obal hest[ishear (]
toltheCend-point. DV el ocitiesperpendi cul ar (tol theltabl el
traj ectoryWill elrery[Small [Sofhat[accel erationslfowards]
Xopt(100) Cvi 1 Cl soCbeltorrespondentlyCsmall.CM oreover, 0
theltli ssi pativeleffectsLof (thelinertialvei ght (Wil l (Al solbel]
progressively 3l owingparti clelmnotionldown. [T helfesul t (s
that[it (may [fakel@Tongdi mefior fhelSwarm{olmovelaway [
fromdheléndlof (Thelstabl elfraj ectory,[Andtheldl obal (hest
willhardly improvelinfhelemai ningliterationsbeforelfhel
nextoptimumump. [T helparti cl elinoti onlisimow@Spring-
likeloscillation(al onglthelstabl elfrgj ectory, [denteredon(thed
end-point.0 Thell stable(d traj ectoryd and] end-point[] arel]
depi cted[in{Fi gure[@0vhi chishowsThelpositionof (particled
0[@ndIgl obal estBetweenliterations110E@nd140.0]

Thisl@nalysi sidanbeldppli edfbfhelriesul tsiof Experiment 10
(Figure1).[T helpl ateaulshow(thattheldl obal best[Scarcel y
improveslover[Somelfenslof [iterations.T hisflslduefolihe]
collinearCmotionfollowed[by[oscillation[&boutthelend-
poi nt[of fhelStabl elfrgj ectory. Mnfact, Therelis@particul arly
badrunCbetweenlterations[121000and[2500CwhenCthe[d
particlesCneverdimprovelonOtheir Oglobal Cbest, OwhichO
correspondsioCanCoptimumval ueCobf (1L000. T hisis110]
ordersbf Cmagnitudefromthelbestthat(the[lswarmis]
capabl elof finding[{10°®). Mt isfheselhi ghval uesthat[push]
uplihel@veragebestiVal uefound{Figure2).

ThelthargedbwarmU sl ess[bffected by thispathol ogy [
sinceld thed collisionO avoiding accel erationC will O pushd
particles] away [ from( the stable[ trajectory.[] In0 fact™
ani mations[pevershow(inear[¢oll apse; [ihstead, thelSwarm(]
mai ntai nsi@hear [Spheri cal ($hape, [inuchinorelfeminiscent
of [@nlinsectSwarm.However, [thi s[al solhaslitsldrawbacks.[]
FigurelBldoesshowsomelthorizontal [portions, forldlobal (I
bestsCinthefange10 [tolll. [T heltepul sionsChowwork ]
agai nstléxpl oitation[$olihat (hetter [$ol utionsihan(thi sCarel]
found(ih(only[7(af theB00ptimumiumps.O

TheOatomicOswarmJalsoddoesInotOsufferdfromOthel]
pathol ogy Cof (thelheutral Cbwarm. T hethargedparticles
alloworast[fargeting, @fter (ivhi ch@helheutral (parti cles]
canlCkonti nuelsearchingthesol utionCspacelinCtheCheard
vicinity[of [fhelgl obal hest.[Indeed, @t[The100thliteration,[]
thelFrate[bf (i mprovement Cof ChestCval ueli s 11.1%, OwhichC
shows[that[&ignificantmprovement[tan(&till Coccur.[Thel
correspondinglriatesfor fthelheutral [Swarml@andthelcharged]
swarmlarelB%[and1 %, [indi catingtonl y[$ owlprogressiis]
possible. I

80 CONCLUSIONSU

Thishwork[presentsiahewparticlelSwarmlal gorithmbased
onUanCanal ogyClof (el ectrostati cCenergy. Ll nCaddition, Jal]
dynami c[Searchlproblemhasbeenformul ated(that isimorel]
representativelof [real -worl dCproblems. [T helexperiments
consi deredherelsuggest[that @tomiclparti clelSwarmsiinay (]
offerCJal]goodOstrategy Cf or(dealingOwithOsuchCOsevered
dynamiclbpti mizationCbver[Bhort[timelkcal es.[Tertainly
thi sthasbeeniheltaselfor [Theldynamicihreeldi mensional (I
parabolicTunctiononsideredhere,Owherethelaveragel
bestWal uelbbtai nedfover (50[optimumGumpsivas, by Hhel]
100th(iteration,[1.12x10™. [T hisl@omparesiveryvel | With[]
thelequival ent[figurelbf (1125 for (theltonventional C(PSOO
algorithm.

ThelpoorbehaviorCof Cthellconventional [(i.e., Oneutral ) O
parti clelSwarmSeems(iobelduelfolalduriouslpathol ogy[of [
‘linear(tollapse’, [ustafter (problemloptimumump.[ThisC
waslobservedlinlani mationslandl@nal ysi siSuggestsithatfhel
causelilstheléstabli shment[of (& near [firaj ectoryhat i nksC]
global Chest[positionsCandservesLasLanlattractor [forthell
swarm.CAt[theCendCof (thi sCstabl eltraj ectorylisCal Stabl el
global (hest[position, (WhichCtanCbelsomelay[from(thell
optimumOlocation, DanddfromOwhichOtheswarmOhas(]
difficultyimprovingpon.

ThelthargedparticlelswarmlChastheladvantagelthat[thel]
particlelfraj ectoriesiareld ways@round@niéxtendedSwarm
shape, [l lowinglgoodLgl obal [$earch.[T heliai ntenancelof [
an(extended(Swarmiwasthelreason(fior theltiselof [Gollision]
avoidancellinOtheOearlierOworkOonOimprovisedOmusicl
(Blackwel |Cand[Bentley[2002a,b). 0 nlthisCtontext, Ot s
desirabletollhavedallveryf astUswarmresponselJtollall
changingCaudiolinput, yetClindesi rabl eforthe[swarm(tol]
cluster[fooltl osel y[@round@target[3-thistvoul deadiol]
dull Omel odiesOandOparody. (0T he(Jdownsi delli sCthat Cithel
particlelrepul sionsCpreventdetail edCexpl orationCof Cthed
searchisSpace.Il

However, CexperimentsCsuggest[that A swarmCbf Cheutral [
andCchargedparti cles{reminiscent[toltepresentationsof (1
thelatom) [doeslnot[Sufferfromlinear(dollapse,[@and@ waysl
allowsIfor[(detail edCexpl oitation.[IT he[Cladvantagelof Clan(]
atomicCswarmloverrandomizingCEtrategies {e.g.,Ciwherel]
thelparticleCpositionsCarelfandomizedWhenCanCproblem
optimumishiftlisthoti ced) [islonelaf [$implicity. INo[further
analysi sliseededbliel | justiwhenf@lchangelhiasidccurred, ]
andfiow[thelSwarm(shoul difespond(ib(thi sléhange.
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