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W& gesat a roved simuatiion aooritth kaesad an apaEnirg a fraeaian of rdecatiaHinitgrng
iNEradia s t© accdaate tte puoesss of daainiryg uoandated equllilkriun afigaatias of
iNnEeradias far a fractian of saf-essodatirng gaos cetanrrired by aldesirg field h. A ruvioer of
indcHoa ot afigayatias (gdicas) with overlisggairng Hanrilorian distrilbutia s in e eqoearced
(NVTh) esaride with ast=tN VT oot differert bissirg fidds, fonrirg adrein of Harilariars,
weare simudated in pardld with accasia | attaots o edaoe e redicaes assaodatsd with
adjacat fidlds Eadh fiddd hFed an assodated distriloution of avppaaed inaadia s, aaaoe fractian
of aTpaad inaadias, ad sinuotura deocardatian tine Tarpanirg caavstas (unloer of
redicas, fidds, ad edaoe frearades) vveare doean to daotain e hidest effider oy insadirg
ecpuilitrium afigaatias of a safaessodatiaon pdyrrer sdution kesad an shat seria sinudatian
rus ad a siatistical nocH. Ogoadirng an e stragh of tre rdaatiaHinmitng insadia s,
tan avatasea caaoical Ssmudatiaon ad is syoaria t© anatiac | aypaature paalld

tErpairg ©2005 American Institute of Physics. DO 101063/1. 1979934

. INTRODUCTION

IN simulatia s of sef-essodatirg systas stinucurda et
aoga Eity éGan acd tayachls condexity to sendirng acany
fiouratia | g Suoh systanTs dien hesne cade< aagy
laacbBmgoes with dscaoTyedted lonvrvaaygy states alonirng
aafigaatias 1© beoare tagoed in local minina For seif-
assodatirng ndeouar sysats (g, sufadats aoras
ad bdodk agodvrers) this anregooos 1o tte farratian of
eraercetically stede dovairs (eg, dusters, miadlles, nmula-
dets a miagdes=s). In ada for striuourda rdlasatian ad
sandirg of uoardated ecpilikriumm cafiguaatias, o
alles muset /e a ttagatan frfam aoe aaeosaticaly stade
cdhvan o adta, bypocally recunrg tre ndeaddes to visit
laxrger tre bottlaaedk this pocess is o stiuourda rdaesatian in
te saEam Shilar s es have lbesan raticed eaxddier inda e
paviTrer nEts gandassss, ad sypoacodaed licpics: Garer-
atirg ucardated eqpililkrium afigaatias of sudh sys
‘s with canvetia el simuation nretihocks s a fanricede
=k Inrecatyeas, severd aoaithirs have beendadgoed
1 overaae this pddan Saore of te tet
wae endoed ae mutcamrical sangdirg & Ik
Ssn’]jur’g:g J V\dklrg45 emntfd e’m"rﬁaG srnje
tE’\’FE’:rZ_:ls G’ﬁ’QSCTEn’FE’IFQ eralial BWIZE’:I’Q
laVe-crec-t- || Iern:s1rg14 ad redica edaoe (Moo=
e qﬁﬁb iNn sSmuatrng cx:rrrﬁs( SySaTs ®£h =S

patices, "'t daee pdviver nElts spndeaessss"  lattice
“Electronic mail: chak@eiig.utah.edu
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gEetum dyarodyrarics ((QOD),2l'2 s paraoded liquics
a5 wdll as sinrde nocHs like tho-dnasiad (@D) sErd3
ad LavadJdaes4 fluics \&ahias sides wErng trese
nethocks haave duocesed dese bdavdar in Layad-Jdaes

Pardid—tEparirg nethocks typoically imvohve aodilg
imncboacat redicas (redizatias of tre sane physica sys
=) simuated ax Hid iy differat cadiias, aadiled by
aettler ae a noe \aiades The caoadlirng caransser Gcan
e aypaature as inaTpaaure padild avpenirg den-
Al posata as in hyoarpadild taypairg a ddac-dizatian
[Ba’ras‘,asinﬂ’e’\—ju’njrgl\/bﬂlec}srldg netocda ary
tadby fonrirng adain of Hariloriars,. NaEidoarirg repli-
Gs dlag tte dain are accasa = lly snggoed 1o alovw eedh
redica o \isit differat caaodiias, this alonilng eedch reo-
lica t© eqdae tte dese gace assadated with eedh Harril-
tTrian To gdy padid tanpeairg suocoesssfully e dese-
te dain met haae suffidat oerigp Moeower, this oer-
rias @ d thar aamatredices) mustasure ttet tte saich-
ing of redicas leechk to araachmwvalk of eech redica in e
edaoBEd \ariade goeos, 1.e, aag tte dan of Harilo-
rnas To g aatee an effidat rarchmvwnalk e pdaeality
ad castart alag tte atire dain

The effidacy of tte pardld taperirg agoaitnmwill
dgoad antre rurioer of redices avydojed ad te narer

© 2005 American Institute of Physics
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FIG. 1. (@) A single telechelic chain with eight-beads. Attractive beads are
represented by black, (b) Formation of clusters in a canonical ensemble of
1000 chains at 7=0.1.

N vwhidh te redices are goecad i canfigaratiaon gaece In
te e of avypaaure padld Eypairg ae of te s
dest o indayat ad nost aymmaoly erndoed variatian
ae asichaad faor sngparg tre afigayatia s As e s
tEnsze imnmeeess, e widih of e distrilbutiaon of e aerges
@ any adre gogogaoiate ajucete pgoarty o tte caoa-
ling paanes) cayeaed its aaace \aee becaorses re-
lat oerigayarg of dese goece will be laga. Rredesau
et al,B hae daeEnrired tet tre effidacy of apasue
rerdld tErpaEnirg Maote Carlo nretihod for dassical carai-
A sstaTs deaeesss raturdly o zZ230 with imnaeesairng sys-
Enagze

Hare e desailce armovd pardld sglectinve taypoanirg
saride simuatias of caee saensd Unlike tre aonvenr
tia e padld taypairg tedriogees whare dll ineradtia s in
te systeam ae aypaad smultaready, e taxoet goedfic
iNEradtias et are resooside for slovwstiuctura r|lesatian
ad avppaer aly afraction of trese ineradtiia s 1IN cas= of
s=Hifessavidirg paymer sdutia s it is doviacs et e re-
lecatian of e atire srudiLre is candlied by iInasctas
al=o iNnesticate e effect of e Caranssas of te parald
aagatarce prdoahility for redica exdaroes on e effida oy
of e agxitn Qainda caansEs ware doean by sys
tT=rdatic inesticatian imnoiving pcarffanrieg nocHd PST mrus
Leg asatistical nocH pesated in this ogoas This nocd
recpires aily ot pgoviced by ot seria snmudatan rus
parfarred inNnNVTh asaride at differat \dues of tre aonr
tdling paraneter h. The effida oy of tte PST agaitm
was avparad 1o avppaature padild apenirg (TP). We
a=o inesticate e effidacy of tre PST nettod as afuo
tan of systemnsize ad aypaature

II. MOLECULAR-DYNAMICS SIMULATIONS OF SELF-
ASSOCIATING POLYMER SOLUTIONS

A. Simulation methodology and system description
Smulatias wware pafanmned an an asayide of 1O
t=Haeddic dars of agt beecks eech wheare dain aos ae

tEemis illiicstrated IN [Ag 1L This systamis ideatcal o e
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t=ledrdlic sdutias siLded in ar pavas wark33' P Noe
tet e poata Lteed in this peavdacs vwark is icertical
tet gven here adircx as podigded in et vwarkk This fam
of the potartial wWas arigirslly Lsed in the work of Khelanr
et al?l M axr simuatias al beeck inaace vda a sinfde
Weads-Oada—Ar okl (WCA) poata (oudely el

(aln12- @/r)b+—— r =rQ
u(r). (D

O, r2:;:o

whrare )==16This potertid repesats tte e-duced vdurre
iNEradtia s lbetwnean ary twmo rnmaotbooed partides aad is a
good nocH for apdyrer dain immmasad inagoodscha e
IN acditiaon o teWCA insradian, tread-ga os Stid<ers)
iIN=sSact via a sasaed atractive CGoudayb poeatal of te
fam

B-[l —@rrea= r<rc
Uc(r) m r

)
0,

with asoeairglagh'! (= 2 Baod laglswae astrared
tia = rigdity vwas imntradlced by albad poeata of trefam
Ub(r) = kb(A - A 0)2, 3

where kb= Q=B ad tre edpililkrium bad aarde (AQ of
173, Al pgoarties cesailoed in this ogoar ae eqaessad in
ra:Lca:lu’its,g’g iN @Emns of tte eaagy scae e lagh s=He
@. ad beed mass M, spedifically time Co/HT11%),
casty (p=ph3), mmpaaare (T=kBTHWs), ad fregeaoy
(EY)= [9/(THI2)]""1/2E7).

Ndeaula—dymarics (VD) asmulatia s nWwae pafarrsed
&t \arioLs Erpaatues (Q1-Q74A) with a castart da sty
Q3 adNVT acaditas A NosetHoed0dl tenrrose=
with atemostat frecpa oy of 25 wes enrdoyed o reguiate
twErpaaure in al ar smuatia s Infgally, trte ndeades
weare daced an a lon~dasity lattice. Simulatias nere car—
ried atinNP T ersaride far 1X D steps & Hdh tenrppaa
wre (O37) with a recLoed tine step of QAL Lager, NV T
sSmulatia s ware parfaned at 7—Q37 at ecpuilikriumnda sty
dasiredfranN P T simuatia s The sstamnmucbwnwat sews
ada huded r|lacatian tines (Gadlated framttedainad-
smulation Sulosaegatly e systas ware aoaded over any
Mﬂﬁmmo@@maam@
sity (O3. Equilibration rus vware parfarred for &t leest tno
rdacatian tinres at lonaer aypaaures ad savad rdasatian
tines at hich aTpaaurss eoaga faor 7—O1 whare ttrerdapc
aian tirre is aoox 2X KB (X 1B tne s, S
atian tnes a eedh taTypaature eaoagax for 71 ad
satistics ware adlected t© datain ecplilkrium pgoarties

B. Structure and structural relaxation

Stidkers tadto sgtf-essodate o famdusters (@s ssan in
Hg 1), ttes== duos distribitiaon, ad gceadrg of whidh is
dgoacat on e temodvranric caditiaos For eayde
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RG. 2. Probability to find an end group in a cluster of size m for self-
associating polymer solutions as a function of temperature.

tre duster size distributian, cefired s tre prdoetality P ()
ofidahcadgaop inadwser of szem, isdonasa
fudtaon of aTpaaure INHg 2 Hae aduster of sizem is
cefired as an aggecatian of ad-ga s inwhidh eech dain
ad gap is within adstaroe of 2 fiam et lesst ae ater
adga p inteduwsEr. Smilar to auar eadier sinmdatias of
micdlization (ggoeararce of adsouicer in duster size distri-
butia) et acudT= Q25 o T, badow whHdh ad-go s
aggaecete o famdustsasrs of pefasde size

Also asEstEa Tt with aur peviacs stiudeswe dscam et
te farmatian of dustas strady influerces e dvranrical
The tEanmrirda rdasatian tine as a fudian of EaTypaatue
dotaired by fitimng e daein edHo-ad vector autoocaordas
tan fuctiaon doairned fran VD sinéddatia s wWith astretddad
eqpoata ad insgatrng oer ting,

ot 4 C(D)dt= | esq—(tTAIdt @@
is o in Ag 3 Trhe dbecatian tines in te s=f-
assodatirg regirre (T< Tm) gdowvw an Aaterius dgeaca o

10

— O Termna(MD)
g ——e—— 1, (TPT) .
o a_. T (ST -
app //
6 - o Tclustcr(MD) & A
) -
a0
3
4 -
2 -
0 . ; . . . . .
0 2 4 6 8 10 12 14 16

MG. 3. Temperature dependence of terminal relaxation times (7AuiTinl) and
cluster life times (Ttjsar) of self-associating solutions obtained from MD
simulations. Also shown are the apparent relaxation times (ti|t) resulting
from parallel selective tempering (PST) and temperature parallel tempering
(TPT) algorithms.
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an |ETpErature with an ggoaat activation e |agy tret s
significartly hider ttentet dosened far T > T, The rdas<
atian tre 2t T= Q07 wwes esdrgodated kbesed an ArbeErius
beaviar &t hidaer aypaatures Soucturd r|dasatian i e
duster lifetinmée aurooaordatiaon fudian, cefired as

S

where tre sunrstiaon wWas parfanmed over every eir (1,j) of
adgams Hae tre fudian =l ifteadgarsi
ad] bdag o tte sanre duster =t tire t, atternise Hjj(t)
=Q The duster lifatine (fg 3 was daoaired by fiting BEgp
O v astaded eqpoata ad insgatrng oer tine [sse
EO @] As inaax pgeadas sidesvwe an s=s= inFHg 3a
dcoee anesooch e betwnwean e duster lifetile ad te
adHo-advedtr rda-atian tine of tre taled dic dairs

AN inmpootart casegpa e of e darstic imeeee in
tre tenvird rdavatian tine of e taleddlic dEirs with ce-
adgapdesas fo (T<Tn) is tet daainirg ecpilibrium
afigyatias LEg aanvertia s VD simuatia s auiddy
lbeoaes infeeside with deaesesirg Eaypaature Toataoce
te stucural deocardation pacess In ttese sgifaessogatirg
pavirer sdutias a padld ssHective tavpeeEnirg netihooda-
agy desailoed i Sec 1 Fes lkbean aydoyed

Ill. THE PARALLEL SELECTIVE TEMPERING (PST)
METHOD

A. Ghost particles

Qur sugooatian is et daoainirg e equdlikrium aany
figuatian of andeauar systanaan be geatly fadlitaeed by
tEpeEnirg asdoset of inaeadias tret is regooaide far te
sonirg conn of dvarrics if rese ineadta s ae konna
priori. N ceee of tre sdf-assodatirg poyrrer sdutian ce
sailbed iN Sec. 11, stnucturda r’lasatian s linrited by e alail-
ity of sgfessodatirng go s o leeave aduster adjon aler
dusters, apocsss ttet can e mnaoitaoaed taugh rdlasatian
of tre pdyrear dan edHo-advecor autooaordatiaon fuo-
tan To fadlitate rdacatian, e atractian leedirng oo fama
tian of these arergatically stetHe dustars (dasatiaHirritirg
iNEractias) éan ke ater redloed by a scdlirg facton) o
arTdetsly dimirated In eter e sdfaessoaatirg e
tides are dloned o noe inoarmadyasica geEce inwhidn
tair inEractian with atier partides es lkbean nodified Eech
“dlonslde’ partidei is assiged afidiioLs soece coadirete
degoadirg an tre aurat inaeradaiaon state Andue of “O” far
tHis coadirets, jda) =9, irdicates tret dl ineradias de ©
ﬂ’ispa'tideaeirdl.@\/\l’a’eesﬂ-(/)zl reaesats a e
tide wheee ineradia s ae nodified A sstemntret Fes dal
pertides with the faurth coadireee ss0, &=0 , ipesas e
Emnis gvan by

H(x,x4) = U(x,x4). 6)

The posatia aaergy dgoa s roe aly an tre red gae0= o
adiretes of al partides, gven by X, lkax a=so anjcAa as Ea—
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ﬁcEsvdth)@(J)=1 hae nodified insraaias with e re-
maEnirg pertides.
The runioer of dlonalde partides is foed ad is soedfic
o te ssamuce dlddy For eeande in tte caee of s=if-
lonsde partides. The pdoedility of traxrsitian of a partide
fram M(/)=0 o >)=l ad vice va= is s et © tre
1, AH ==0O

/X =0<=>M()) =1):
M) =0 <==M() = 1) - N

AH > O

@

wrae AH is tre dacoe in tre Harilorian [BEg. 0)] sssog-
atedwith the @EapoEd) tarsiion Gis 1kBT. marsady,
apsrtidev\ilh.\z(/)=1 es ro ro oo inEeradias with
any adler partides. Ha e te=e parides \Wwill e refared 1o
honeer, ttet e booBed inaadadas aod ad bad in

B. Extended Hamiltonian and external biasing
field
The eqpilikrium runroer of ot parides dotaired imna
syatEam with a Hariloian gven by Egp (6)cr:hk:eccr1—
tdled by goahirg akbssirg field h tret goarates aly an
H(h,x,x4) =U (x,x4) + NillkmMef 4h , 8)
W‘E‘ei\é%:sﬂ’ennts‘ofallo/\ekﬂepﬂﬁd@ard4is
te fractian of dlonalde partides \with .\4(/)=:L The assod-
ated partition fuation for teNVTh easaide is

U(NVTh) =

Xesqd—0U (x,x 4)lesqof— PN.lIlkmMef 4h]. (9)

It can be stsigtfowardly onrf? tet in e NVTh e
savide tre fluonatia s inf 4 ae gven s

(10)
wheare tre field susogatilblity is gvean by
J #4
> dh - (11)

adf 4 is tre asaride aa=ce off 4.

Ran g @)m@mﬁ@ﬂﬁmirminﬂ’e
field Will perdize partides with >c) =1 ad hawe will re
st in adcegesse inf 4. Govasaly, a dsaesse In e fidd
will fau':atdsv\:th)(é{/):l ad will res it in an in-
aeesee IN/4 The inootace pare o redize is et fao agven
alLe of tre fractian of g ot partidesf 4 is cetenrired by
te field ao= equililkyrium is reeded Furtremase, Egp A9
raesls ttet durirg asilémndatian inteNVTh asaride @==
Sec. 1l D for simdatian detEils) f 4 fiucietes with tine
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I-'IG. 4. (a) Terminal relaxation times (rminil) obtained from serial NVTh

simulations as a function of average fraction of ghost particles (/4) at T
=0.1. (b) Schematic illustration of “cluster hopping" mechanism.

tibue ©f 4 vary with tine Bernally, dl dlonslde pa-
tides @ uid) paridesete in tarsatan fran red t©o dost
(mdhyaca) geEce advice vasa

C. Role of ghost particles on relaxation dynamics

We haae faurd tet tte sinuctuda rdaxatian i te
Micelle-fonring poyrer sdution cesailced in Sec. 11 B is
daesly rdaed 1o e adHo-ad veotor rdecatian of incl-
vidlel dairs In aler vwads, ad-ga p dusters kbestap
ard refaman tre sane tinre scale as tre tarmird rdecatian
of indidLael deirs Thre e r’dasatian tinre Tanimib
dotaired by fittirng e dain eadto-ad veotor autoocaraa:
tan fudtian o astraded eqooata ad insgatirg oer
tine [see B0 @)] is o as afudian ofl 4 &£ =01 in
Hg 4A@). Thare is agsgificat redlLctian in tre dain rdasc
atian tinre as e aaace fractiaon of g ot partides imnoeesss,
whidh in twum can bbe caoadlied by tre stragh of e godied
fieldh.

W& inesticated e nedernisanmucerhirng tre danstic
reclctian in drEin rdasation tinres asf 4 inoressss for ttese
s=ifaessodatirg pavnrer sdutia s The dain aobs with nmus
e atradtion aggecete to fam dussasrs As adain ad
ga p @lonsde partide noes framnm real gace o gost
g v)=0 =)=l ., it rolacer isboudtoany duster
ad is firee o traa=e tte inestital riega s betwnwean e
distEars AL a llater tine, as e d ot partide nakes atran
sition beck o tre real soeoe, > =1-"x 4(i)=0, itislikely 1©
jain a dfferat diser. For eande, aaf4=al ad T
=1, e do=enve thet 886 of e tinée vwen ad ot partide
isdaoedto areda patide it jarns aduster tret is adiffer-
at duster tten it as in befae it taxrstaed ino adost
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FIG. 5. Schematic illustration of parallel selective tempering (PST). Appli-
cation of field h drives particles from real space to ghost space. Different
shadings in double-sided block arrows indicate swapping at different times.

partide This dustertooarg nedaniam [sse FHg A))
saTs o pday te dcorvirert rde in tte deaees=e of dain
deoardatiaon tines ad imeesad effidacy in stuctuda

cbeoondatian asf 4 inoesses

D. Parallel selective tempering scheme

A pardld arpeErirg tedrigee uilizing e Hamrileaian
gven inBEg @) hes bean cevdsed wheren 1 irchoa ot rep-
licas (dysical redizatias) of assgEamae snmulated in e
allal. BEadch redicawvias sinuated at apparticular e<dard fiedd
(h@>hl>h2>hj> >h, _D. \aAues of tre edard fidds

ae dosan auch et f 4 inoeeses maooaricaly with field
ince<i. Moeower, eedh fidd is assadated with adein re-
la>atian tinre Tanilld tet dgoaobs anf 4.

1. Replica exchanges

at reguUlar inends with aadoaiaility cetanrired by e fol-
loning Vetgoodis rue,
AH ==0O

P{hj =hM )m (12)

eq(—r34), AH>0,

wrereAH =-N .dllowMeA f4Ah, Afd=f7r |- 14, f" | isteirstay
t=reas \aue off 4 far the redica eqoerieadirg fidd h i+l e
the tine of e shitchirg, f 4 is tre irnareEreas \aue off 4
far tre redica eqoariadrg fieddld hj ad A= hM -hj. Afier
ing fidd | is simuated uda edard fidd hj+ ad redica
peviasly with field hM  is simrdated uder field hj. B
daoe of afigratias a ay patialdar irstaxt ae a&=
aped in an atemraee feslHan with (§i=1,3,5,..., o i
==.,1,6,.... Pictoria rgaesatatiaon of tre redica edaoe
saeeisillutstated inNnHg S5

2. Particle moves

AX eech field, e coodirates in red goece (V) vware o
ceEed utilizing VD simruatias inteNVTh asaridewitha
Harrileorian gven by U (X,x4) utilizing atinre step of QAL
After yocetirg tre real coaodiretes, a partide was sdected
rachoriy framtie dlonsde partides (@2 Sec. 111 A) ada
NMaoe Carlo nove far yookee of its exdarobed aoordiresex 4(i)
wes parfanred at eedh tinre stiepa Soedifically, partides nowe
fran dost goece 1© rea goece ad vice vasa suigect 1o
aiteria esteHisred by Ecp (7)) with AH =AU +Atijhh wvrere
Ac—= Tor M) =0—=Ad() =1 ad Ax—=—1 for MiD=I
—>x4(i) = 0.
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MG. 6. Probability distributions of /4 and the corresponding acceptance
probability obtained from actual PST simulations using 20 replicas at T
=0.1 and 0j=0.008. Desired probability (0.6) is shown by dotted line.

E. Algorithmic parameters

During PST, eedh redica (n rirndpple) gssaos tine a
eech field The edat of dain @d soucorda) dscordatian
far eedh redica dgoa s yoon e anourt of ine ssat by
tet redica at eedh field, siree te dain @ d haoe stnuc-
wral) rdesatian tinre Tanimik ceaeeee asf 4 inoeeses, =s
sovnn in Hg A4@). Hownever, eedh redica catrilbutes stinuc-
wral caa @atistics) aly while residing in e first edanns=
fiddd (h0) vWhoee aaregoodirg eaplibrium struchre dossly
resayides et of fre uparturled s stam ie, Fres zZmo a =o
sruore (e, duster size distriibutia) of e systan Qot-
thair assodated fields, e edaroe fregrea oy lbetvnean reo-
lices ad tre freguear oy of attaped partide noes thet al-
lons ucardated eqplikriumm cafiguatia s o e podloed
adsarnded et h 0 as effiderty ss posside

1 External fields

The pdoekility of suocess in swagarg reigd-ioonirg reo-
licas, ardhae the rate st wWhidh redices can irigate ypard
conn e dain of fidds, Wil ke detanrired by treedat of
owerigp in tte distrilbutias of te \auwe of e edxaoEed
Hariltorian [BEo. G)] betnean reigoairg fidds If esch
redica is simuated in aNVTh asaride uoe te sane
paature ad dasEy), tte snaaarg praoedility is gven by
B0 (12 adtre rdewat dstribution is the fraction of gost
pertides f 4 a&t ary partiadar fidd As an eande, Fig 6
shons tre distributian off 4 for adaein of fidds far aPST
aofigration faor ar E"Heddic sstam (@ Sec 1) & T
=01 cargisad of 20 redicess. Also shonn is tre redica
eda o acogaa e doadility aregoodirng o ttese
owrigos (S22 Sec ). It is dear et e significaart oerigp
in tre dstributias for reigHooirg redicss is recpired t©
dotain reeearelde edaroe acogaar e praaekality.

The ddice of startirg fidd h Q dgoa ok yoon thre effect of
d=t partides anttreshnucture of ttre syastam Icedlly, aeles
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O doose this paanster inanaTe tet smuatia s ae this
field ppovicke afigratias ttet resayide tte uatrosed
satEam WWith ro d ot partides). Honever, it is posside to
aaxsicerh0 schtretf 4(hQ + 0 bt svall e dgh e sinc
wre is uartuioed ttadsby “daotairg’ tre laeah of te
drein of fielcs recuired t© reech a Hohf 4 ad hace fest
structural decanrdlatian Note also et e width of tre dis-
trilbutian inf 4 cegesses dranraticaAlly as/4—=0 @@= FAg. 6)
d.e o atgdc reeea s Sirilarly, e wicth of tre distribour
tian inf 4 deoesses a5/4—=3 (ot Sonn in te figre). Ac-
aess o these regas of dese goece raguires daosaly gaecad
fielas to daoain suffidat oerigp (edaoe doediliy) ad
is bt aadded if posside By pafarnriyg e sarsitivity
arshsis of d ot partides on stiuctiure, aean fixte st
ing field at a\aue et povces minind taypairg of te
sSnoure

IN ade faor aredica to pafamarachmvynalk tyaugh
te dein of fiddks it is rnecessary o heve uifaoMmaocogatEar e
xdostality lbetnean arny o adacat redicas The effidacy
of e agoxityn dgoa s oo tte daice of e acogaaoe
rate, Whidh is cetenriredby e overlgp in e distrilbbutian of
f 4 lbetwnean reig-oarirg fidcs (@ Fg. 6), aswndal asinte
loner acogtar e rate lbetwnean ary twhwo particdlar redicas
resUits in albotlaadk et adversaly affects tte effida oy of
tre nattod Haoe, tre fieddlcsh f muet ke dssan o povice a
a st acosatEr e rate for edaoess dag tteatire dain
of fidcs

2. Number of replicas (nr)

Inbesesirng tre runioer of rncgoaoet redicss, ie, te
lagh of tte dain of fidds, dlons te nadnumi 4 ©o ke
iInyees=d faor foed redica edaoe acogaarce gdaaality.
Honeer, as e laegh of e dain (uber of redicas)
inOesesss at acao sat acoeatace pydosklity, eedh redica in
the dain recuires noe tine o taase Viaamacomwnalk)
e atire dain of fielcs Acditia=lly, as natiaed aoe
aaoess to\very largef 4 reglires dassly gaecad fidds. There-
fae tae will ke a finite runoer of redices e gves an

3. Replica exchange attempt frequency (co)

Qe tte edaoe of redicss is suooessful, e redicas
ae smuated at revv \aues of tre basirg fiedld To redlce
unnantEed bedkjup caardatias, tre redicas ae alloned t©
eqpilibate t© thair revy fielcs befae aottar attayexe of ex
daoe is nrack I tre attaT e is nacke soon after asuooess
ful edaoe ttadoy rot dloning redicas to saarde differ-
at aayy geEoe, tte suooess of a cassautive attaee Wil
figuatias juTp kbed< ard farth lkbetwnean thwo adiacart fields,
fadrng tre redices o sannde tre ssne dese geceadthis
recLaoig tre effidecy of tre agaxitm Bren tocghasg
nificart oerigp iINn dese gaace (Overisp in distriloutian in/s/4
s=s=Hg 6) is essartid far afinte \aue of acoegpatarce pdo-
adility, e suooess of e agaxithn dgoaos o auidfam
rarcbhnwvalk of redices taugh tte dein of fields. Thus, if
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tefregeroy is o lon tre diffteian of redices intedsain
of fidcks is redloed, tesby deaaeesirg e effidaecy of te
PST dgait Thos, trergdicaedaoe attay frecreroy
rasch 1 ke gatinriz=ed for a patiaddar systanmad tte ta-
nodyaric cadiias a whidh tre sy stamis sindated

4. Attempted particle moves

As natiaed in Sec 111 D, e coodiretes of partides
iNnred goeos X, wware yoobkted viaa VD simudiatias aad e
edsaced farth coodirete X4 wes yoobhted teirng Maoe
Carlo (VO nowe The VD siméuatian tine stepwas dosan
iNn suchawvay et te sssteMmnM taas=ss te dese gEc= s
fest as posside with miniméa enas doe o insegatan The
daice of fracpea oy of VC noes must asure afast ecpdli-
ratian of runrioer of doet partides et ary partialdar fieldh t.
Tharefas, a reesaelde dadce vwauld ke attaypotirg a V.
nowe at eech VD simuatian tine step an a partide sdected
raciorly franmtre pod of dlonside partides. Additia=lly,
a&t evary VD sinénudatiaon tine sien tre VC attan s an ke
parfarred an muliige partides seqertialy aloning tef 4
1O reech tre eqpilibriumialLe far a partiadiax field

IV. STATISTICAL MODEL

It is edrardey diffiauit to enp@rically agatinrize tre tam
Perirg caanstas desailbed albove kbesad an acn |l pardild
taTpEirg sSmuatia s Thasfae e have cevdgoed a st
tistical mocH wtlizing inooe framnm ot s=ia snmudatas
o redicaeda o) pafanseadoer avice raaroe of fidds
tet dlons us to gitinrize e apoairg caansas tet an
e s s ety utlized inacttel PST nus (S22 Sec VD).

A. Input parameters

AL aghven field staghh the fracian of g ot partides
flut etes araurd an eaulilkriumnm aaace \ave cetamrired
by tre stragh of tre field, as d=sass=d inSec. 11 B. Tre
distribLtiaon of e fraction of ot partides /74 like ary
dier emochraric goaertity, can ke fit toaGassan The
=) ETpasue, ad sragh of tre fidd [see B A0
Kegaing tre apaature aad tte s== of tesstaenca stiaat,
e meen \aue ad tre widih of tre distrilautian will ke a
fudtian of sraghofte fieldaase asdown inSac 1 B.
Also, a5 natiaed eaddier in Sec. HIE, tre strucurda rdapc
atian tinre |aninal dgoa s anf 4 wwhidh intum dgoarcs yam
e stragh of tre dasirng field Tharsfae,

h =w ,T),

wHXC.UNMS T ) =xIIN\f4,nN7jruk,

a3

Atterminal “k'rmmali/*~1- -

Note et XAaQvdsie G ar Gcees= adgam is pggoao-
tiada © te a ruryioer of partides In te syt ad
hace is aneeaue of syseMn sz ot saia Ssmuatias
ithot redica edaoe) NNVTh asaride an ke pa-
farred et casarte AModiead T © daanf 4(h), corf (14),
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ad Tanani/4) for dsaete \aues of h. The draeradteristic
\alLes (F4 oy, ad Tenind =t any fidd can be dosired by
iNnEpodatirng fran te aues dasired fran ot sania
smuatias at dsaoete fieddds NNV Th asaride

B. Random number generator

If Oy adfé4 a any patiadar fidd h ae konan, tre
distribbutian in/4(31berr¢1ﬁej@mﬂq&r’gﬂ’e&s§aﬁ
rachm rurvioer ggaaa. The Gaossian rarchom rundoer
oFarstr is essily dasired by erdoyirg Bo<Mulled3 al-
ot to e uTfoM racomruroer @ee gves adistri-
butian of arcbmrunoas ranmO© 1). The distriloutian of
Ga ssian archmirunioas this daaired will have a rmeen
aue of O ad a wickh of |I. The dstribitian was futter
modified to dotsin adstributian with aneenalue off 4 ad
awidih of o/ @e tre Aooacix for further eqdarstian).

Qreteruroerofredicasn (@& Saec 1 B), testaxt
irg field (h(j), adte acogoace praoatlity betneen adiar
cart redicss are foed, thel 4 ardhj for redices /=2 ©NT
— 1D tet onve ws e desired acogataoe pdoahility can ke
datzired by sohing iteratively startimg frantre hf). Asst of
SO0 rarchmrunioas vare gaaated initally et care
gocsoanesmnaie of 4 (hf) adawicah of dstribuian
oy (hOQ. Later, adifferat st of rarchmirurioars ware gar
aated et caresoo ol o adistriibutian with anmsan\alue of
14 () ad awiah of dstributiacn oy (), whareh < h (). The
rachmrunioas ae tren sgdeaed sequertaly frantte o
s adVC noes are attarted The acogoarce praoekal-
ity wwas cetenvivred wag B (A2). This ppooadlre was re-
pested by dargrg h (<70 uil e cesired acogoace
praoatility was adrieved Qe trevale ofh| wes adHieved
e anvaged vaue of h), tre paooedure was reoested for
tre rest of the fidlds hj. The deraderistic \alues of oy ard
TeanEa ot e fidds hj) ae ten inapdaed fromtre wales
dotaired fransgat seria simuatias inNVTh asavidead
thaeir dgoacbhdes av/Aa

Tre il atias dosenved in/ 4 &t eech field by enrdoys
iIng atypoical Gasessian rarchmirurioer gaaataor will fdlowv
the Ga essian viniteq1dse stligtics;, i e, suooesshe \aues of
| 4 ae roe cardlaed I—blx&ﬂ,ﬂ"&ﬂﬂﬂidﬁih/4(d&'y
aer temadyaric geertiy) of ared systemmin NVTh
asarvide ae ardated in tine ad adaeadernistic tine is
dften imnvohed in suoh ardatias. In ader o reflect: e
flucnstias of rea systEMmMin ting it is essata o iIinoaeo-
rate a rachom runnioe gaaaseax et accomockEess tese
ardatia s Thesfae, e haave eardojed acardated rany
dhmrunroer garaaar kkessd on eact tinre daovain nettod
by Pacwd (See the Agpardix for formuation). 4 In this
nmethocdagy, tre tinre cardatia s can ke imnaopooasted oesrg
a pectired andation segpaoe (StY in e Agoadid.
These cardated rarchmrunioas ae a=so essatd in o
twrirg tre effect of redica edaoe attanx fregeeoy an
(s,J° In formuation can tren ke directly datsired frante
aucooEation fudion off 4 framshart serid simuatias in
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NVTh ersaride aaaged oer statistics framsimuatias a
is gven by
At) ="

0—+p dd

a3 —ALACD) ~ fil)

C. Model PST simulations

Qe tre fidds hj far a particular st of Eaparirg aonr
diias ("unroer of redicasMads, the acogoace prdoesllity,
adteedacoe freopean) ackonn aGassan raackhm
runrioer anesoodirg t© tte dstrilbutia s at eedh field vwas
dtaired An edaoe of afiguaatiaon kbenean adaecat
tEapeeEnirg sindatian fdloning B (A2). The pgoocsdlre wses
rgcested ad after every failed atta ot of eedaoe of reigh
bairng redicas, a revw raacom runoer et wwas aanrdated
with e pevias rarcbmrunoe (Es= Sec IV B to daain
aardated rarchmirurioer segpa ) was teed for e redt
atta ot o edaoe e sane regdicaes QO ee tre redices ae
edaoed they aoouire revwfidds ad te raachomrunioer
g aatan aresoa dirng o trese distributias in/4 rae
atta et Was ot aanrdated with e previals rarcomirurnrioer
sree e redices vware edaroed ad siméudated ae arnevw
field). This puocadure was rgoested urtil 10D dsconrdaated
struchures have lbeen daaired In aese of nmocd PST nus
te decardatian in stiucture in a redica vwwas nressured by
te tne sat by et redica in eedh field BEach fidd is
assoaated with ardepatian tinre Tanmnik aad tre tota dsoo-
nelation of stiucture in aredicaa is e sumof dsoondatian
adhieved at eedh field (ces=d on e tine goat a tet field
ad tre aregoaodirng rdacatian tine). It is inmnpotat ©o
e et the statistics (oA rdaation tines) nwae aly col-
lected wWWren a redica visits tre fied hf) @e equilikrium
smucture at this field rigpaesats et of e uparturoed sys-
=7). It is posside et aredica can uchop nae tenase
rdavation befare it revsits tre field hf) dgoadirg oo te
tinée gEat a eay adaer field

Savera indhgoa et sats of nocH PST rus ae pa-
farmed by dagrg tre intal sesd tret g aaess e care
lated rarchmsen B e 1 dosin tre romrse distributian off 4
at eech fidd Satistics are adlected ad aaeraged oer A
soh indhgoa et s=ts at a partiadlar ==t of algaxittrric any
dtias P{hj<">hi+|) adtew]. The effidacy oftte PST
aogoxittrm (CPUMIVCPUPT) at a patiadlar st of caditias
is cefired as e ratio of oAl CPU tine @umof CPU anall
CPU tine recuired teEirng anvertia e VD simdatia s The
doaired Tharefars, it is essatia o dat e effidacy oftte
aoxithm as afuaian of rurioer of rcgoacat descare-
lated stinuctres dataired

Thus e nocH PST rus éGan ke parfamned at differat
\aues of P (hji<=>hi+i), 10 ad  The efidecy of tre sgo
rithm vwes caladiated by avaragrg over 100 ircgoacat
uUs at eech s=t of aToairg caavdaas ad te g
alues for paansatas wwae daairsd
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RG. 7. Characteristic curves obtained from serial NVTh simulations at T

=0.1. (a) Average fraction of ghost particles (/4) as a function of external
field (h). (b) The width of the distribution (at ) of fraction of ghost particles

as a function of average fraction of ghost particles (/4).

V. APPLICATION OF PARALLEL SELECTIVE
TEMPERING TO SELF-ASSOCIATING POLYMER
SOLUTIONS

A. Optimization of tempering parameters

1 Serial runs

It is evidat ttet e iNeadgias regoaoaide for s=tif-
assodatian will ke rdasatian limitng Haoe an dovas
dadice for tavpairg wauld e trese ineradtiia s (Cetneaen
26 (A000 patides) of tte Al parides in e s,steam
The=se ad gao s vare dloned to noe framred gece o
doet goece advice varsaa Serial simuatiao s (oeda o)
were pafarned N NVTh esarde a& varias fidds ac T
=01 for 2X Kb steps with tine step Q0L Besed on trese
oatrus/ 4(/)), oy4(/4), aaxdTterminal(/4) wvweare daarsed (S==
paocedlre in Sec TVA). Hgue 73 illustrates e effect of
field an/ 4 & 71 In Fg 7)), oA is datted agpiret /4
The wickh of the distributian irnoreeses a4 iroresses Uil it
reedes amadnumnmale ad tten deaesses as/74 1L The
iNfomration dosired fram Fg. 7 dlag with Fig. 4@) wWas
fad ino te statistical nocH desailoed in Sec V. The staxe
irg field h 0 was dosen auch teA4=0a00L This very aonr
senative dace of h) mears tret equilibriunm statistics Wil
e adlected for aarfigratias thet Feve an aarace aty 2
QOOL X 200 d=t partides. The influerce of h0 an te
effidercy of PST is d=sacssed later inn Sec VA The auo-
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Speed up ratio (CPU,,,/CPU,.)

RG. 8. Hfficiency of parallel tempering algorithm (PST) predicted by sta-
tistical model at various acceptance probabilities (0.1-0.9) using 20 replicas.
Abscissa indicates the number of collectible independent equilibrium
configurations.

aordatiaon fuctian of d st fraecian, gven by B (AD), was
calaUiated framtre fiuch stias off 4 in serial rurs NNV Th
asarvide At 7—Q1, trecaralation tine caladiated by fittirng
Eag (A9 © te staded eqoata ad insgatirg over
tnewss foudtoloe 882 The aaraatiaon tine thus dasired
wes avaeraged over statistics datairedfrarNV Th simuatias
at disoete \alues ofh.

2. Model PST runs

NMocH PST rus vare then parfamred for varials rum
bar of redices 200D, acogaarce pdoahdilites Q1--Q9
with inends of 0.1) ad tre redica edrarge attanx fre
gavy QOOB-09 betnean rediooairg redices The
nooH PST rus vwae carried at util vwwe dataired I ine
dgoacht deconrdated afiguaatia s (cefired eaxdier inSec
IV B). Typically 10D rus wWare pafarred (LaEirng irncEoany
dat intia sssdfor cardated rarchmirunrioer g aaeoy) far
eedh s=t of Eapairg caavsEtas in ade © daain good
statistics adara bas

The nocH PST nus reesled tret e efidacy of e
licas (kespirg acastart rutioer of redices). Figure 8 gons
the effect of acogoarce prdoatality an e effidaecy of te
doxitlhnm The effidacy is Sdonn as a fuaiaon of acosgo-
t=arce ardoedlities rargrg fram QL © Q9O faor adain of 20
redicesfidcs adanedaoe freaa oy of QAR It isdo
vias framtrefigue tet te PST sdene is irsfidat if te
dgective is 1© daain aly a few equlikriumm suoures
Honeer, tre gossd pratio (@ Sec IV O imeesss as tte
recpired runrioer of decondated systan afigaatias do-
twEired imnmeesss. AN aatinral acogaarce prdoekdlity for riego-
lica edaoe is Q7 for ar dosan aiteria of 10D dsocaore-
lated aorfiguratias fram 20 redices

The effidaxcy of e PST dagaittin as a fuctan of
runrioer of redicas smuated (mocH  PST nurs) at regoedtine
atinuMmMaccediarce adaaality is o imnAg 9@). It s
deax et tae is arar e of runroer of redicas ret cangnve
factor tole aasicked is tte tta vaall dodk tinre recired o
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6 replicas (0.2)
8 replicas (0.3)
——0o—— [0 replicas (0.5)
———— 20 replicas (0.7)
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FIG. 9. (a) Efficiency of PST predicted by statistical model for various
replicas (6-40) at their optimal acceptance probabilities, (b) The wall clock
and CPU time required (in days) to obtain 100 decorrelated configurations
as the function of number of replicas. The CPU time=wall clock time X
number of replicas.

adHieetegdA @g. 100 ircgoa ot decoralated aorfigr
ratias). Figure 9P illustrates tre rurioer of CPU ard wall
dodk ciays recpired o dasin 100 irceoa et arfigaatias
Laing 20 redicas. The runvioes vvare lkbesaed an AVD AtHlan
XP ZXD+H(—1800 MH2) CPU. CPU tinre isjust the podlot
ofwall dodk tine adrunoer of redicas. The CPU tinelbes
a gdlon rmririnum 2t 10 redices aasisat with e
goead p ratics o in Hg 9@).

We al=o eqdaad ttre effect of e redicaa edaoe a=
et frecre oy ontte effidacy by pafarmiyg nocd PST
rus faor 20 redicas at gainuMm acoeatar e ardoekility Q7).
Hogue 10@E) illustates e effect of edaoe frecreoy o
te goead pfadar. As saan frantte fioue teefidaxy is
vary sargtive o tte edaoe e oy, In FAg 1), wWwe
rctice tet tfreqaind vaAlvefaoredaoefragaoyisaant
acs faor 20 redices.

B. Validation of statistical model

IN ade o \dicate tre statistical nocH we pafarnsed
tre aci|dl PST simuation 2t T = 0 .1 using 20 redicss ot ac-
aeptarce prabostility of 0.6 betnean tre reidHoorirg redices.
eary QOB The satirg fidd (hQ aaonegooos t© aaue
tret caregocs 1ad4=0.001 \wraess the lest fidd (D o=
resoooh to/4=0085 In FAg. 6 tre aoogaaroe pracetilites
letnean adjacat redicas inaci|e PST sinédation aafecam
pared 10 the predided \aues far tre PST statistical mocH.
The effidaty (esdp ratic) of tre acid PST method is
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FIG. 10. (a) Efficiency of PST predicted by statistical model as a function of
replica exchange attempt frequency (b) wall clock time required in days as
the function of replica exchange attempt frequency for 20 replicas with 0.6
acceptance probability.

avTeared o tte paeddias nacke by e nocH PST sinue
latias in AHg 11 As saan fran Hos 6 ad 11, ecdlat
ageaTathbetnean tte nocH PST sindation adteaon
PST sinémuatian is da=ired

VI. EFFICIENCY OF PARALLEL SELECTIVE
TEMPERING METHOD

The ad-ga p duster size distrilbutian & =01 calar
lated after 75 deconrdated aafiguratia s dataired frannm PST
sSmuatias is illustrated inFg. 12 Also sonn far copeeEnd—

12

Speed up ratio (CPU,r/CPU,;)
(=}

41 B ®  Actual PST
3 —O— Model PST
2 -
0 r ; r ;
0 20 40 60 80 100

Number of independent decorrelated configurations

FIG. 11. Efficiency of actual PST simulation and model PST simulation for
nr-20, 0.008, 7=0.1, and acceptance probability=0.6.
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RG. 12. Cluster size distribution of self-associating polymer solutions at
7=0.1 from conventional MD and actual PST simulations.

= is e duster size distributiaon dataired frama caonvenr
tia=e WMV/TIVD sinmddation et re sanve aypaatue The wnall
dodk tinre for tre canveartia el VD sinnudatian, yWwhidhyialas
atgeaary thet is ot ten e stnucturda rdasatian tine
at this aypaaure aregoooh to tet of te PST simula
tan \e dosene a dardtic inlnooarat in satistics fram
te PST asmuatian Most rotade is e dsggoeararoce of
large dustears (in— 60) et are ggoarartly an axtifect of e
roecuiliriumnmsandirg intttecaovatiasa VD siméudatian

It is deax et e PST dgaitm geatly acodaatss te
ggaatan of equlliiiun afigryatias of te ==f
sSmulation In te aaee of sdf-assoaatirg dilue sdutia s &t
7—0O1, tedgxitmis at leest an ader of nagitcke fastar
than te canvertiaal VD simémudatian The gaesd p dgoa s
ad tre fields hes lbean d=sassad i Sec. V. Heare we ines-

A. Choice of starting field

As e parides noe franm red gace o rmadyyadd
g testruture is patuioed The edat of this patuatos
tian resch e dearly uchstood Inader o fixtestatirg
field for PST simuatia s Since tte partides et aae e
paed ae tte stidy ga s ttet fam dustas, tese stidy
ga s iNn doet geoe ae free o nowe in tre inesstigal
ragas betwnean duestears Qee ey ke tar tar=gtan
iNno real scece \Wren all treineraecias aacttnaed an), tey
attech to aaraotter duster. This nedrerisnof hooadrng of e
tide fram ae duster o adtter is regoosaide for acodler-
ated stmuctural  rdepatian daaired with PST. It is evdica
franthis pgoucsss et e patulation insruocre d etote
artides in g ot o= éGan be nessurad by calauiatirng e
distribution of free stidky ga s [dustars of size | induster
sze dstribitia). In FAg 13 te runoar of firee stidy
g s ronrdEiz=ed by oAl runioer of stidy a s is datted

acEiret tre aarage fraction of g ot partides. Atf 4 =0a0i,
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MG. 13. Clusters of size 1 (free end groups) of self-associating solutions at

7=0.1 for various values of average starting tempering fraction [/'MA))].
Also shown are the corresponding efficiencies of PST at these fractions.

aregaodirgoteh (| teedin tte PST simuation disacesed
asove, the fractian of free stidky a s wWas alooe QAO8 iIn-
dicatirg ttret e infllerce of ETpeEnirg on siucture Wes
fractian of free stidy atb as d o in FHg 13 we ceta~
mired et an ygoer linit of /Z4770—00175 (this vaue a-
respooh 1o the fradion of free stidy ats e 0 0]) ve
far treadga s daared at thiswvale o tet for treur
tarpaaed saam

Hg IBas afudian of /40 as doaired framnocHd PST
sSmulatia s Besad an tte definiion of effidacy inar cee
(CPUN/CPUG), e can s=e thet e effidaecy of e PST
n’ﬂj’“cddspa"dspmﬁﬂ(/ﬁ.ﬂds imneeee iNn efidaxcy is
d.e o the intrirsic soeed_p of dyrerrics at fidd hf) @Ean by
the red dtian of rianimg] 2t h fj &8 we ceaesse hfj furten). For
Ao=0a1= tre na<drumaccepisde value, mocH calaur
laias dovwthre PST nretihod o e 25 tines nae effidax
tren for tre nae aoresenativeray =90 001.

B. Influence of temperature

The effect of aTypaature an tte efidacy of te PST
aloxithm wes dosenved by simémudatirng seifeassodatirg sdue
tas at varials aTpaatures LEIg e statistical nocH. In
acHitian o sinudatia s a& 701, e pafarnred sinmdatias
a 77013 ad 7/—Q07. In ade t© uilize tte satistical
NnooHd & 7013 tre inout caansEas o te nocd ae
e edusated &t et Eapaature daot s=Eriad rus vnae
al=o parfamred at 7—0 13 o investicate deracteristic dgoany
cades AW, o, ad teas) of e sgam The
staxtirg fiedld hf) vwes dosan © daain a anegoadirg
Ayo=0a sirrilar otre inesticgtia s e 7=01. Qatirre
EransEEas ad te hidest effidacy a tret apaature ae
dotaired sublosegratly by pafaonriyg e nocH PST rus

o teeqoatd ineese In rdaatian tines Thasfae, in
acdcer 1 smulate LEIng tre statistical nocH ae 7/—Q07, e<
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pacvhdes ae edxgodated kesad an e \dues at hider
TEapaatures Later, tenocd PST ruswae pafanedad
effidacy ae raed The efidacy of PST at differat an
paatures is datted in Hg 3 in s of ggcaat rdasatian
tines The ggoaat rdecatian tine at ay patiadlar am
paature is cefired as e dein adHo-advecor rdasatian
tne dsaneaed in VD simddatian et tret aypaaure tiness
te goesd p dsanveaed dle o e agaxittm The ggoaat
rdacatian tines framm PST ceviate imesesirgy franm te
AbeEnics bahaviar ssen franmN VT VD simuatia s as we
Fyacaedh loner avpaaturces, irdicating et e agaxitmmis
rittm at 7—007 is 150 tines nae effidat tan a 72—l
adaoot 153D tnres noe effidat ten a 7Z—013

C. Size effects

gErtity sudh as a|aygy scaes ss A /2 Whaess e aaace
sHes s (N refars o sgamsize). This poses apartiallar
pddenfor parald aparirg netiocks et rely oantte ovar~
fielcs iNn et as e s s sze imnoeeess e runvoer of rige
licas recired t daain reesaelde overlsp imreesss. Inader
1O inesticate tte effect of N an PST effidacy wwe hae
pafaored nocH PST rus on varas saam szx=s The
dreracteristic dgoa o des of e sy steamae daaired in e
fdloning maTa:. Smilar © ay aa tenmmocharic
g-aEtity, e ronraized wickh @ eE wickih ronrslized by
te ssEem size) of tre distributian inf 4 sHes as Alonstde
[E=e B A0 ad (3] Thaefas,

~><nowubie.T) =a u (U N Mombk,, T) ¢ s

\-""allowable/

as

where is ttes= of trerevwws,stem I\t:leﬂ’a‘/ll(/i)

ad erwdlA), ae ircgacat of saEm size The ooy
cdades (tesed on e revwsasansa=) ae laer fed ino te
NnocH ad tre Higest effidacy is daaired et gainsa g
ranveEs frantrte nocH.

The gsesd p daaired frannoocHd PST rus ass afucoc
tan of ssEMm sze a 7=01 is illustrated in Fg 34 All
Qele’nsizsaermrdimj@ﬂ’ebafgaﬁnofzoooa—
lonsde partides. As e imneese tte s== of e systan) we
dosene et tte effidacy of PST is daaessad Honeer,
d.e o inrirsicaly lagax gsed pdaared in PST, ae an
edadte lint of smulated sygaemn sze fat e, partiadladly
at loner 72Q0%).

D. Comparison with temperature parallel temperature
(TPT)

Resuits daoared firamn PST ae aTyppaaed © actter
aconrdllirg caranster is tre tapoaature \Vaioos redices ae
simulated uchr similar caditias (N,V) bt differing in
Erpaaare (7). Inace inestigae tre effidecy of TPT,
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FIG. 14. Hfficiency of PST and temperature parallel tempering (TPT) as a
function of system size. The abscissa is normalized by the number of sticky
ends and TO is the temperature of the first replica in TPT.

noocH TPT rus vnwae pafarnmed at warials aypaatues It
is inNpotEate © dosene et e deracteristic dgoachades
tet are reguired far e statistical nocH differ franmtte PST
dogxittrn Soedfically, tre inpotarte dgoa o des in TPT

ae

V= V(T,N),
= YT,N) = [KhT2V]irde
terminal — ~terminal > (16)

wrae V is tre potatial eaaygy of e st inNVT e
sarvide Pnimipis e tamrirel rda>atian tinre &t aypaature
T ardayV is tre stardad ceviatian in filcetia s in potatia
aayy, adN is tte sagamnsize These devadcteristic dgoany
cdades of e sstaem ae daaired fran VD simlédatia s &
arious avpaatures The rdasatian tines franm VD sinuda
tas wae doaired by caladatirng dain adHo-ad vector
eqoatia adintsegatirg over tine [see B (@) Todaan
te effidaxcy of TPT a eech tavpaatue nocd TPT rus
ransEEs ttet influerce tre effidacy of TPT ae tte staxtirg
tepaaure (TQ, te runoer of redices, redica edaroe
acoetar e ardoedility, aad ttre edaoe frecreaoy, Qatirnre
EanEtEas ae do=an by inesticatirg tte effideacy (e
finred in Sec. 1) for variacs cadiias At eedh s=t of algo-
rithhn caoditias, 10D icgoaoht sas of nocHd TPT rus
were pafaned ad tte stiatistics wwae adlected util we
dazin 100 indgpadiat decondated carfiguaratians (Sirrilar
1 iINnesticatias pafaned with PST aogaitm ae 78Q0).
Acarat rdacatian tines, cefired i Sec. VI B, ssafuoc
tan of aypaatue for TPT aeadso domnm inFHg 3 tis
eicet frantre figue et e TPT pafarnrs bt tente
anertiasa VD asmulatiaon Honever, it is inferiaor to PST
@Es s franttre figre) adtte adat=ece of PST over TPT
is sigificatly ataoc=ed at loner apaatures Inar an
iMoo acoourt tre adility of tre TPT nretihod 1o povce statis-
tics for dal Erpaatures teed in e dein of redices
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We futher aypared e effidecy of TPT o PST asa
fudtian of s st siz2 MocH TPT rus were parfaned ae
differat systamn s=z=s by dagrg e dexracteristic dgoany

V'= VN'IN,

av(T,N') = av(T,N) * (N'/N)-u\ @a»

whrare V' is tte poatia aaygy of sstanwith | pertides
The efidaecy thLs daoairned e varials systamnmiazes (onmra-
ized by tte lkese systa) is avpared o tte effidacy of
PST (E==Hg 14. e doceene et aswe imeese tre s,atam
sze it beocares nae effidaett t© deoade e trgectaries in
TPT adrmun irmgoacat afigayatias @aregoa s o ra
o CPUMDYCPUR—I).

Basad an tte inesticatia s nracke an s=gif-aessodatirg so
lutias, it is evidat tret this rnowda pardald ssectinve e
ing algaittn can ke effectively used 1o redlLce e tine re-
ouired t© daain eqplikriun afigayatias of caoryrdex
saEas The dgaitm bes an ecte over te anmat &
raature padld tahpairg ggacedn With e aid of e

VII. CONCLUSIONS

We hae cendgoed ad indarate=d a revw paraild
tTaeanrg algait kbesaed an EapaEnirg a fractian of irner-
adtias regoaoaide faor sloning conn e dyrarrics i tte
sSstEam Sructural r|asatiaon tines ae rdated 1t e fiactian
of tapaaed partides (Oor interadia s assodated with ta),
te hider te fracian, te ardHEla te daatan tine A
dain of inngoadat redicss s ttan simdatsed u e e
edtacbed VTh) esaride Goesias=Ely, tre adacat o
licas are snagoed by enrdovirng ttre Metgodlis rue. Acosp-
t=roe pdoekdility of sngaarg is dgoa ot yoon te edat
of overigp of a gy distrilbutia s of redicas. Thus, inader
etears (unroer of redices, edard= fidds assodated with e
es tole aatinrized VW\e have cdevelgoed astatistical nocH 1o
icetify tre effects of these paranetas an tte efidacy of
te dogaitm addoose tte agatinsa \auies

We andoyed this rowd algaxit for simudatirng s=if-
assodatirg paymer sdutia s ard cavpearaed t© VD simudas
taon ad dtrer pardald aypenirg (TP nettocks The ago-
tTErpaature padld apoeEnirg et loner ayppaatures Thaee
wes aggificat imneeee in e dyrarics of tre ssstamnmby
ETpeEirg aly a freaiaon of insradias in canast with
daain a sinmilar imeeee in dvranrics Thos, PST pafans
ettt &t loner EaTpaaures (e Eaypaatues of inssesh).
Also, d e totre inrirsic efidecy of PST, e.ento.ohte
s=lirng behaeviar of PST s sinmilar o any aler padld e
rerrg nettocdages, ae acan edad te linrits of s,agam
sz This dlgxitmones ts assstartia inmppovaTatoer
TPT an late sygars
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APPENDIX: GENERATING CORRELATED RANDOM
NUMBERS WITH EXACT TIME DOMAIN
METHOD

Let Wq,... WN'i lbe asst of N ircgoadat Gaesian
F0=abh, e gga=te N — 1 ranrsirirng anrdated sades
recusively via e fdlonirng ecpretia s

f

Y, = "2<f>IJYH +W ,(7,.t= 2.
M

N - 2

The as adip), ae dasired by settirg a==0Y adrear=
sively caarputirg fort= 4,... ,\N —1 by

si.r—2 »,
fijj ~ N =£/=£2 1,
cr,2: cr?_, ﬁ —(fg%),\

where s, Y is tte paedefired autooaordalation ssag.aoe The
aardated sandes Y ’sdasired by re alove e atiashave
ZZzonmneaEnadunt\ariace They éan futer ke nodified o
doasin tre rarchmrumioas with anaaage (N ) adheriarce
S by

Y,= Y, *S + (N).
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