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リングネットワークにおけるページ移動について

松林昭

金沢大学大学院自然科学研究科電子情報科学専攻
〒920-1192金沢市角間町

概要ページ移動問題とは，ネットワーク上でページと呼ばれるデータへのアクセス要求を発行する
ノード系列に対して，ページを動的に移動することにより要求に対するサービスコストと移動コストの

総和を最小化する問題である．この問題に対しては，木，一様ネットワーク，およびそれ'らのCartesian
積を除いて，４未満の競合比を持つ決定的オンラインアルゴリズムは知られていない．本稿では，ペー

ジサイズが１に限定されている条件の下で，リングネットワークに対する決定的な２＋Ｖ百(＝3.4142)‐
競合オンラインアルゴリズムを示す．このアルゴリズムはリングの木とトーラスにも拡張できる．さら
にページ移動問題の競合比の下界として，一般のネットワークに対して3.1639,リングネットワークに
対して3.1213を与える
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AbstractThepagemigrationproblemistocomputedynamicaUocationofapageonanetwork 
fbragivenseqUenceofnodesissumgrequestsfbrtheｐage・Ｔｈｅｇｏａｌｉｓｔｏｍｉｍｍｉｚｅｔｈｅｔｏｔａｌ

ｃｏｍｍlmicationcostsofservicesfbrreqUestsandofmigrationsofthepage・Wedidnotknow
anydeterministiconlinea1gorithmwithcompetitiveratiolessthan4brnetworksotherthan 

trees,unifbrmnetworks,andCartesianproductsofthosenetworkssofar、Ｉｎｔｈｉｓｐａｐｅｒｗｅｇｉｖｅａ
２十Ｖ百(＝3.4142)-competitivedeterministicaugorithmonrings(withedgeweights)fbrthesetting
thatthepagesizeis1．ＷｅｃａｎａｌｓｏｄｅｒｉｖｅａｌｇｏｒｉｔｈｍＢｆｂｒｔｒｅｅｓｏｆｒｉｎｇｓａｎｄｔｏｒｉｗｉｔｈｔｈｅｓａｍe 
competitiveratioandwiththesameBetting・Moreover,weshowanimprovedlowerboundof3､163９
fbrgeneralnetworkBandalowerboundof3.1213fbrrings・Ourlowerboundfbrrmgsisthefirst
resultwhichgivesanexpUcitlowerboundgreaterthan3fbrringB,togetherwithanexpncitproof 

lntrOdUCtiOnmanagementcostfbreadldatamigrationγ １ managementcostfOreaChdatamigration，which 

isthemigrationdistancemultipliedbythedata 
size、Therehavebeenstudiedmoregeneralset‐
tingssuchasﾙｰpagemigration[31,fileallocation 
problem,ｅ9.,[1][4][9],anddatamanagementon 
dynamicnetWorks,e､9,(2)[5][6I 

Fbrgeneralnetworks,a3-competitiverandonL 
izedalgorithmagainstanadaptiveonlineadver-
sarywasgivenbyWestbrook[l01Thealgorithm 
istightSinceBartaLFiat,andRabani[4]showed 
thatnorandomizedalgorithmhascompetitiveraF 
tiolessthan3againstanadaptiveonlmeadversary 
fbronelinknetworks．Ａrandomizedalgorithm 
withcompetitiveratioagainstanobliviousadver‐ 

sarywhichtendsto2号直＝26180asthepagesize
Dgrowslargewasglvenalsoin[101.Optimalran-
domizedalgorithmsfOrtreesandproductoftrees， 
includinggridsandhypercubes，andfbrunifbrm 

networkswithcompetitiveratio2＋完againstan
obliviousadversaryweregivenbyChrobakLar-
more,Remgold,andWestbrook[81andbyLund， 

TheproblemofcomputingefIicientdynamicallo‐ 
cationofdataobjectsstoredinnodｅｓｏｆａｎｅｔ‐ 

workmIesponsetoreqUeStsissuedbynodesfOr 
accessingthedataobjectscommonlyarisesmnet‐ 
workapphcationssuchasmemorymanagementin 

asharedmemorymultiprocessorSystemandPeer‐ 
toPeerapplicationsonthelntemet・Thisproblem
lsgenerallycalledthｅｄａｔｃＢｍａｍＬ９ｃｍｅ"オpmobJem
andhasbeenextensivelystudiedsofarSinceitis 

notfeasibletoknowthefUtureaccessesinadvance， 
onlinealgorithmsfOrtheproblemarepracticaland 
interesting・

ＩｎｔｈｉｓｐａｐｅｒｗｅｆＯｃｕｓｏｎｏｎｅｏｆｔｈｅｔｒaditional 

settingsofthedatamanagementproblem，called 

thep叩eｍ”ｍｔｉｏｎｐ7℃Ｍｅｍ,inwhichonlyonecopy
ofadataobject,orapage,isallowedTheobjec‐ 
tivefUnctiontobeminimizedisthetotalsumof 

theservicecostfbreachreqUest,whichisthedis 
tancebetweenserverandclientnodes，ａｎｄｏｆｔｈｅ 

－３５－ 



Reingold,Westbrook,ａｎｄＹａｎ[9]，respectively 

Thetightnessofthec･mpetitiveratioof2＋命
againstanobliviousadversarywasｓｈｏｗｎａｌｓｏｉｎ 

ｌ８]byprovingthatnorandonzedalgorithmhas 

competitivemtiolessthan2+命againstanobliv‐
iousadversaryfbronelinknetworks 

Asfbrdeterministicpagemigration,BartaL 
Charikar,andlndyk[3}geuvea4086-competitive 
deterministicalgorithmfOrgeneralnetworks、Itis

mentionedin{10]thatanaivedetermimsticalgo‐ 
rithmwhichmovesthepagetotherequestingnode 
aftereachreqUestis2Ｄ＋２－competitive,whichis 

betterthantheresultof[3]ｗheｎＤ＝１．Black 
andSleator[7]gavea3-competitivedeterministic 
algorithmlbrtrees，umfbrmnetworks，andprod 
uctSofthosenetworks,includinggridsandhyperと
cubes・Besides,a3-competitivedeterministicalgo-
rithmonarbitrary3-nodenetworksfbrthesetting 

ofD＝１wasgivenin[8lThetightnessofthecom-
petitiveratioof3fbrdeterministiCalgorithmswas 

firstshownin[7]byprovingthatnodeternnistic 
algorithmhascompetitiveratiolessthan3fbrone 
linknetworks・Fbrlowerboundsofdeterministic

algorithmsfbrnetworksotherthanonelinknet-

works,alowerboundof等＝31481fbrgeneral
networkswasgivenin[8lItwasalsomentioned 
in[8Ithatthelowerboundfbrringsisgreaterthan 
3,butneitherexplicitvaluenorwrittenproofwas 
glven 

lnthispaperweconsiderthedeterministicdata 

migrationonrings・Wegivea2十Ｖ百(＝3.4142)‐
competitivedeternnisticalgorithmonringsｆｂｒ 
Ｄ＝ＬＴｈｅｓｅｔｔｍｇｏｆＤ＝lisoftencalled 

un`/brmmodcLWecanalsoderivealgorithmsfbr 

treesofringsandtoriwiththesamecompetitive 

ratiofOrtheunifbrmmodeLMoreover，weshow 

animprovedlowerboundof3・l639fOrgeneralnet-

worksandalowerboundof361213fbrrings、Our
lowerboundfbrringsisthefirstresultwhichgives 

anexpliCitlowerboundgreaterthan3fbrrings， 

togetherwithanexplicitproof 

ｏｆＬ－(９－p)．EachnodeO≦びく〃corresponds

麗孟鰹i(順守謡鮒と)'二1男f蝿
spondsto[汀(u),汀((Ｕ＋1)modn)ＩＦｂｒｐｅ[0,Ｌ)，
ｱiSp十号ifｐ〈；,ｐ－；otherwiseWedenote
thelengthofanintervalIbyJ(1)． 

Thepagemigrationproblemis,ｇｉｖｅｎａｇｒａｐｈ 
Ｇ，anodesoofCwhichinitjiallyholdsａｐａｇｅ 
ｏｆｓｉｚｅＤ，andasequencec1，…，ｃ片ofnodes
ofGwhichissuerequestsfbraccessingthepage， 
tocomputeasequencesl，…，ｓｋｏｆｎｏｄｅｓｏｆ 

ＣｔｏｈｏｌｄｔｈｅｐａｇｅｓｏthatthecostfUnction 

ElL1djst(s`-,,q)＋Ddist(s’-,,s`)isminimized 
Wecallnodesso,…，ｓ化ａｎｄｃ,,…，ｃ脂seruersand
clie"ts,respectivelytAnonlinedatamigrational-
gorithmdeterminessdwithoutknowinga+,,…， 
ckfbrl≦ｉ＜AWedenotebycostA(び)thecost
ofadatamigrationalgoritｈｍＡｉｂｒａｎｉｎｓｔａｎｃｅ 

ぴ＝(G,so,c1,...,ck)．Anonlinedatamigration
algorithmALGisDcompetitiveifthereexistsa 

valueaindependentofAsuchthatcostAL･(◎)≦ 
pcostopT(◎)＋αfOranoptimaloHlinealgorithm 
OPTａｎｄｆｂｒａｎｙｍ 

sA1gorithmfbrRings 

lnthissectionweshowthefbllowingtheoremby 
constructingadesiredalgorithm： 

TheoremlTﾉｶe…蜘sa2＋Vローcompe槻mMe‐
terminj蝋ｃｄｑｔｑｍ忽伽ｊｏｎａｌｇｏｍｔｈｍｏｎｒｊ…/ｂｒ
ｗＤｉ/b7mmode“・ａ,Ｄ＝１．

3.1Definition 

WedescribeouralgorithmUNIFoRM-PAGE-

MIGRATIoN-oN-RINGs（UPMR)．Fbreachedge 
ofagivenring,ＵＰＭＲｈａｓａｃｏｕｎｔｅｒｗｈｏｓｅＶａｌｕｅ 

ｉｓＯ，１，or2Allthecountersareinitiallysｅｔｔｏ 

ＯＬｅｔＸｏ＝[汀(so),汀(so)IAfterdeterminings‘
(jZ1)ＵＰＭＲｐ逆eservestheconditionthaMllthe
coｕｎｔｅｒｓｈａｖｅＯｏｒｌａｎｄｔｈａｔａｌｌｔｈｅｅｄｇeswith 
countersoflinduceasingleintervalXiwithan 

end-point7i(s`)andwithlengthatmost；Ｌｅｔ 
β＝２＋Ｖ面UPMRdetermmessi(ｊｚ１)after
servingtherequesMromqasfbllows： 

LAssumewithoutlossofgeneralitythat7T(si-1)＝ 

Oandm,＝10,ｍに[0,号Ｉ

２１f所(q)≦；,thenincrementthec・unteIfsof
edgesin[０，打(α)]ｂｙ１．

３１f汀(α)〉；,thenletgbethelengthof
［0,汀(q)],i・eJ,汀(q)．

ZPreliTninaries 

GraphsG＝(V;Ｅ）consideredherehaveedge 
weightsu”Ｅ→Ｒ＋・Ｔｈｅdistancebetweentwo

nodesuandU,denotedbydist(Ｍ),isthemini-
mumsumoftheweightsoftheedgesofapathcon-
nectinguａｎｄｕ・Wedefinethatann-noderj叩is

agraphwiththenodeset{0,…,、－１｝andedge
set｛(Ｕ,(Ｕ＋１)ｍｏｄｎ）｜Ｏ≦ｕ＜、}・WMlso
modeltheringasaclosedcurvewithlengthL＝ 

EeEEuj(e),orahalfLclosedinterval[0,Ｌ)whose 
end戸pointsOandLcoincideWedefinethatfbrO＜

P＜９＜Ｌ,[9,P1is[9,Ｌ)Ｕ[0,P]andhasthelength 
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（a)Ifz≦ｐ(Zノー；),thendecrementthe
countersoftheeｄｇｅｓｏｆＸｄ－１ｂｙｌ,ｉｅ.， 

ｓｅｔｔｈｅｍｔｏＯ,andincrementthecoun-

tersoftheedgesin[，rい),O]byＬ

（b)Ifz〉Ｐ(Zノー：),thenmcrementthe
countersoftheedgesi、[0,而低)]byL

4・Movethepagealongalltheedgeswithcoun-
tersof2,andsetthecountersoftheedgesto 
0. 

5.LetXdbetheintervalinducedby行(si)and
alltheedgeswithCountersofl． 

⑩(piqX)一

二冠二二
pU2 

pU2-dist(p,x） 

(p-1)dist(pJ(） 

二型2二
Ｏｐ ご冗扁病汽一ｑ

disl(pⅨ） 

(a)Ｘ＝ＭｗｉｔｈＯ≦ｐ≦麺≦；
①(p,qiX)－ 

とうTUiiiili三二
,、／、、

pU2 

pU2-dist(p0x） 

(p-1)dist(p〆）

３．２Correctness 

UPMRiswelLdefinedbythefbllowinglemma： 

ＬｅｍｍａｌＵＰＭＲﾉmsthe/bllouﾉﾉ叩pmper"es/ｂｒ
ｉ＞１Ｊ 

計フモＦＰｑ
－グ

ヌＵ２、ア
ー

Ｏｐ 
‐disI(ｐｌｘ 

(b)Ｘ＝ 
aｎｄｚ－ 

に,p]withＯ二ｐ≦；〈錘くＬ
ｐ〉；

①(p,q,x)----

}11=lrLiL二Jす？！
．Ａ従ｒＳｔｅｐ１汀(s`-1）ｑＭａﾉﾉｫﾊＣｅ“Ｇ３伽ｵハｐＬ尼

pU2-dist(p,x） 
COU，､ｵｅ７Ｆｑｆ２ｊｎｄ皿CeaSi叩Ｊｅｊｎｵe７Ｍ噸ｈα〃

ｅＭｐｏｉｎオオ(s`-,)．
（p-1)dist(p,x） 

．Ａ此ｒｓｔｅｐイ,汀(s`）ｑＭｑｌＪｔｈｅｅｄ９ｅｓⅧh
counte7Uq'１ｍ“ｃｃｑｓｊ叩叱ｊｎｔｅ７Ｕａｌ伽肋

ａｎｅＭｐＯｍｔ汀(S`）`刎伽ｵﾊﾉewｵﾉＭｔｍＯＳｔ‐disi(p'x）
Ｌ 

（c)Ｘ=＝ ２． 

ａｎｄｚ－」
PmqfWeprovethelemmabyinductionoMAsa 

basecase,wecanobservethatXo＝[汀(so),汀(so)］Figure
satisfiesthesecondpropertyofthelenmna．Ａssume 

thatthelenmnaholdsfbrj-1('三１).Thus,befbre
Stepl,汀(s`－，）andalltheedgeswithcounterstoO・since[O
oflinduceasingleintervalX`－，withanend-：＋；－ｍ≦； 
point術(s`_,)andwithlengthatmost多Assume

withoutlossofgeneralitythat汀(s`-1）＝Ｏａｎｄ３．３Ｃｏｍｒ
Ｘｉ－Ｅ[0,号I

IfsdisdeterminedviaStep2,thenalltheedgesLemma2UP 
withcountersof2induceXt-1n[0,行(q)],andallp7bq／Wepro
theedgeswithcountersoflinduceeitherXt-1-
[0,7r(c`)]ｏｒ[0,汀(c`)]_Ｘ`-,．Thenthepageisequality
migratedinStep4alongXi-1n[0,汀(q)]andallthe costUI 
countersoftheedgesinXi-,ｎ[0,打(α)]aresetto
O・SincebothXd-1-[0,汀(q)]and[0,汀(α)l-Xj-1wherM＝２＋
havelengthatm・st；byinductionhyPothesisandFbrME[0,L
th…sumptiontham(q)二号;thelemmaholdsⅡ9,Ｐ１Ｕ胴otI

Ifs`isdeterminedviaStep3a,thenalltheFbrp'９Ｅ[０，j 
edgeswithcountersoflinduce[汀(q),Ｏ１ａｎｄｎｏ〃'９，Ｘ)＝￣l
edgehascounterof2・Sincel7rい),O}haslengthdefine①(p，州

ａｎｄ９ａｒｅｔｈｅｓ Ｌ－汀(c`)〈：,thelemmaholds
respectivelylal 

lfＳｆｉｓｄｅｔｅｒｍｉｎｅｄｖｉａＳｔｅｐ３ｂ，thenalltheedgeswithcou 
edgeswithcountersof2induceX&_１andallthe⑪intermsof9 
edgeswithcountersoflinduce[0,汀い)]－Xi-1・ofstraightline
ThenthepageismigratedinSteP4alonｇＸｉ－１ｔｈｅｖａｌｕｅｓｆｂｒ（ 
ａｎｄａｌｌｔｈｅｃｏｕｎｔｅｒｓｏｆｔｈｅｅｄｇｅｓｉｎＸｉ－１ａｒｅｓｅｔ 

－３７－ 

ｑ 

(c)Ｘ＝MwithO≦Ｐ≦；〈ｚ〈L
andm-p三号

Figurel：Plotsof⑪iｎｔｅｒｍｓｏｆ９ 

too・since[０，汀い)]－Xi-1haslengthZノーgc＜

:＋；－ｍ二号,thelemmaholds． □ 

３．３Competitiveness 

Lemma2UPMRis2＋､/Zcomp醐蜘e・

P7bq／Ｗｅｐｒｏｖｅｔｈｅｌｅｍｍａｂｙｏｂｓｅｒｖｉｎｇｔｈｅｉ､‐ 
equality 

COStUPMR(び)＋①≦PCOStOpT(◎)，（１）

wherM＝２＋価andのisapotentialfUnction、
Fbrp,９Ｅ[0,L),let駐qbeIp,9]Ｕ炉,可ｉｆ９ｅ胆河，
[9,ｐ１Ｕ胴｡therwise,andlet駄,＝[Ｍ)－１瓦q
FbrP,９Ｅ[0,L)andanintervalXon[0,Ｌ),let 

撫賑茎慨鮒Ｊ１`1F:/}１１(獅認6難
and9aretheserverslocatedbyUPMRａｎｄＯＰＴ， 
respectivelylandXistheintervalinducedbythe 
edgeswithcountersoｆＬＦｉｇｕｒｅｌｓｈｏｗｓｐｌｏｔｓｏｆ 
⑪intermsof91tshouldbenotedthat①consists 

ofstraightlineswithslopes-p，０，ｏｒｐａｎｄｔｈａｔ 
ｔｈｅｖａｌｕｅｓｆｂｒ９＝Ｏａｎｄ９→Lcoincide． 



since①isinitiallyO,wecanobtain(1)byob-
servingthaMbreacheventof 

･ｓｅｒｖｉｃｅａｎｄｍｉｇｒａｔｉｏｎｂｙＵＰＭＲａｎｄｓｅrvice 

byOPT,ａｎｄ 

●migrationofOPT 

fbreachrequest， 

△COStUPMR＋△⑪≦Ｐ△COStOpT， （２） 

where△costAisthecostpaidbyanalgorithmA 
lbrtheevent,ａｎｄ△⑪istheincreasedamountof⑪ 

bytheevenLFbrtheeventofmigrationofOPTof 

lengｔｈ入,(2)issatisfiedbecause△costupMR＝０，
△①≦ｐ入,ａｎｄ△costopT＝入

Intherestoftheproofweconsidertheevent 

consistingofserviceandmigrationbyUPMRand 
servicebyOPT・Ｗｅｆｉｘｌ＜ｊ＜Aandsuppose

thatZノー汀(c`)andｐ＝汀(s`_,)．Wemayassume
withoutlossofgeneralitythatp＝ＯａｎｄＸｉ－１＝ 

[IMC)=[0,;｜ 
ＩｆＵＰＭＲｄｅｔｅｒｍｉｎｅｓｓｉｖｉａＳｔｅｐ２ａｎｄｐニ

ツニｚ，ｔｈｅｎ△costupMR＋△ｑｂ－Ｐ△costop⑪＝
2dist(p,ｇ)+③(Ｍ,[ﾂ,､])-③(p,9,[P,⑳])-pdist(9,9)， 
ｗｈｉｃｈｈａｓｓｌｏｐｅｉｎｔｅｒｍｓｏｆ９ａｓｄｅｓｃｒibedbelow： 

Thus,ｗｈｅｎ９＝ｐ,△costupMR＋△⑩－ｐ△costopT 
hasthemaximumvaluedist(2Ｗ)＋(β-1)dist(p,Z/)－ 
(p－１)dist(p,z)－pdist(ﾂ,p)＝－(P-1肱≦0.1ｆ
9-通く;,then△costupMR+△①-p△costopThas
slopeintermsof9asdescribedbelow： 

｡、Ｚ，９万Ｌ
､￣ 

ｐＺノ

｡(p,9,[9,pl） 
-①(p,91p,⑳]） 
－pdist(Ｗ） 

total 

０
β
印
’
０

－１０ 

Thus,ｗｈｅｎ９＝ｚ,△costupMR＋△⑪－ｐ△costopT 

hasthemaximumvaluedist(p,ﾂ)+p:-dist(p,ｇ)－ 
(p-1)diSt(p,z)-pdist(ﾂ,z)＝p:-(β－１)錘－１０(ツー
⑳)＝ｚ－ｐ(zノー;)≦ｏ

ｌｆＵＰＭＲｄｅｔｅｒｍｍｅｓ８ｉｖｉａＳｔｅｐ３ｂ，ｔｈｅｎ 
△costupMR＋△①－β△costopT＝dist(Ｍ)＋ 
dist(’1,m)+⑩(z,9,[Ｚ,Z/])－｡(P,9,[P,錘])-PdiSt(Ｍ)，
ｗｈｉｃｈｈａｓｓｌｏｐｅｉｎｔｅｒｍｓｏｆ９ａＳｄｅｓｃｒibedbelow： 

Ⅱｐ可ｐ、

①(96,9,[⑰,zI） 
-｡(p’9h,zD 
-pdist(9,9） 

total 

０
ｐ
胡
’
０

－ｐ 

｜|ｐｐｚノｚ
￣￣￣ 

Thus,ｗｈｅｎ９＝Ｐ,△costupMR＋△⑪－ｐ△costopT 

hasthemaximumvaluedist(p,ﾂ)+dist(P,錘)+崎一
dist(z,Zﾉ)－(p－１)dist(p,z)－pdist(3M,)＝-(β－ 
１)(L-g)－(ｐ－小＋p;－(ツー〃)＝(p－２)(Zノー

:)-(’-3ﾙｰ(ル3)(濃(ツー:)-露)=(’-
3〃(９－誉)－麺)〈０□

Therefbre，ｔｈｅｐｍｏｆｏｆＴｈｅｏｒｅｍｌｉｓｃｏｍ－ 

ｐｌｅｔｅｄ． 

｡(v,9,[z/,の]）
-｡(p,9,[p,zD 
-pdist(ｇ,9） 

total 

や
ｐ
ｐ
ｌ
ｐ

－P －Ｐ 

Thus,ｗｈｅｎ９＝り,△costupMR＋△⑩－１０△costopT

hasthemaximumvalue2dist(Ｍ)+(ル1)dist(9,z）
－()０－１)diSt(P,Z)＝－(P－３)ツニO

IfUPMRdeterminess`ｖｉａＳｔｅｐ２ａｎｄｐ≦Cu＜ 
Z/,then△costupMR+△｡-β△costopT＝dist(p,g)＋ 
distj(p,錘)+○(Ｚ,9,[⑳,ｇ])-⑪(p,9,[P,〃])-Pdist(Ｍ)，
ｗｈｉｃｈｈａｓｓｌｏｐｅｉｎｔｅｒｍｓｏｆ９ａｓｄｅｓｃｒibedbelow： ４Ａ１goritllmsfbrneesofRings 

andlbri ｜|ｐｐｚｚノ
ー--

｡(⑰,9⑭,21） 
-｡(p’9〃,＄]）
－l0dist(Ｗ） 

total 

イ
ｐ
ｐ
ｌ
ｐ

AnyDcompetitivedatamigrationalgorithmona 

classCofgraphscanbeextendedtoa′competitive 
algorithmfbrCartesianproductsofgraphsinC[81． 
Thus,wecanimmediatelyObtainthefOllowingthe 
oremfromTheoreml： 

TheoremM1he…鮒sq2LH/面占compe鰄妙cde‐
te7wDimsticdqtqm麺、伽几吻ｏｒｉｔｈｍｏＭｏｒｉ/Ｗ

ＷＤ腕mDmodcJ,‘.e…Ｄ＝Ｌ

Ａ舵ＣＱ/rd叩sisagraphobtamedfromanun‐

derlyingtreeTbyreplacingeachnodeuofTwith 

acycleqsothatnodesua､duofTareadjacent 

ifandonlyifO0`ａｎｄｑｓｈａｒｅｅｘａｃｔｌｙｏｎｅｎｏｄｅ 
ＷｅｃａｎｅａsilyextendUPMRtoanalgorithmfbr 
treesofrings． 

－Ｐ 

Thus,Ｗｈｅｎ９＝ｚ,△costupMR＋△①－１o△costopT 

hasthemaximumvaluedist(Ｍ)＋dist(p,⑰)＋(β－ 
１)dist(Ｚ,ｇ)－(p－１)dist(p,⑪)－pdist(Ｗ､)＝－(p-
3ルニ０．

ＩｆＵＰＭＲｄｅｔｅｒｍｉｎｅｓｓｆｖｉａＳｔｅｐ３ａ，ｔｈｅｎ 
△costupMR＋△①－Ｉ,△costopT＝dist(p,g)＋①(p,９， 

k',p])一○(Ｍ[p,錘])－pdist(Ｍ)Ｉｆｇ－麺三；，
thenithasslopeintermsof9asdescribedbelow： 

｜|ｐｇｐ墾
一一一

｡(p,9,[ｗ'１） 
-｡(p,9,[p,剣）
－pdist(9,9） 

total 

０
β
胡
’
０

－ｐ 

－３８－ 



Theorem3Z腕meez紬α2＋VZcompe施伽c恥ＬｅｍｍａＡＦｂｒ｡"Zﾉdetemz蝿s"CO"Ji"edatqmi-
termin純ｃｄａｵａｍｉ抑"ｏｎα⑭ｏｒｉｔｈｍｏＭｒｅｅｓｑｆ９ｍ"ｏｎα功０両ｵ伽ALG,仇e形ezjstsα〃i"３tα"Ｃｅヮ

卿sﾉｂｒｕ"腕『wBmodc“e,Ｄ＝Ｌｓ翅ｃｈ伽tcostALo(。)二等costopT(｡)〉Ｏ`ＭｔＭ
ｂｏ仇ＡＬＧｑ?､ｄＯＰＴｐ伽ｔｈｅ２Ｗｅｏ〃ｵﾉｔｅｈｓｔｃｌｉｅｎｔ

Ｐ７℃q／OuralgorithmUPMTRontreesofrmgsis伽a
definedasfbllows:LetＧ＝(Ｖ６,ＥＣ)beatreeof 

ringswithanunderlyingtreeT＝(吟,ＥＴ)．ＦｂｒＬｅｍｍａＢ川Ⅷdeterm伽stjcolMi"cdqtqmi‐
ｐｅＶｂａｎｄＵＥ吟,letｐひｅＶｂｂｅｔｈｅｎｏｄｅ抑"ｏｎα幻０両ｔｂｍＡＬＧ,縦ｂｅ泥ezisｵ8｡〃伽stance
ofqnearesttop・Fbragiveninstanceグーヮ…MmtcostAL｡(ﾜ)どpcostopT(び)＞ＯａＭ伽t
(G,so,Cl,…,ck)，ＵＰＭＴＲｐｅｒｆｂｒｍｓＵＰＭＲｏｎＭｂＡＬＧｑＭＯｐＴ”肱剛ＣＯ〃ｔｈｅJ`zsMie"t
eachcycleCMbrtheinstanceびび＝(Ｑ'’88,Cf,…，航ヮ，ｔｈｅ，Ｍﾉje花ezisｵｓｑＭｎｓ伽Ce◎'ｓ似ｃｈｔＭ
ｃ１:).ThecorrectnessofUPMTRcanbeshownbycostAL｡(び')三pcostopT(ぴ')＋α/b『｡"ZﾉaMepc形
observingthefbllowingpropertieｓｆｂｒｉ＞１： 。e"ｔｑﾉｵﾉbenum6erqﾉｵﾊe剛uestsれび'．

●AfterSteP3ofUPMRisPerfbrmedoneveryLemmaAwasprovedin[8]bygivinga4-node 
Cycle,sd-1andalltheedgeswithcountersofringandanadversary'sstrategywhichsatisfythe 
２induceasinglePathwithanendPpoint8j-1・conditionsofthelenⅡna・Wemodifytheringand

・AfterStep4ofUPMRisperfOrmedoneverythestrategyof[8]andobtamthefbllowinglemma：
cycle，ＢｉａｎｄａＵｔｈｅｅｄｇｅｓｗｉｔｈｃｏｕｎｔｅｒｓｏｆｌ 
ｉｎduceasinglepathwithanendpoint8か Ｌｅｎｍｍａ３ＦｂｒｃＢ"Z/ｄｅｔｅｒｍｉ"is〃ＣＯ『､!‘『Oedcutqmj‐

gmzBtio〃aJ9o両腕ｍＡＬＧ，the泥ezi8tsqnjlzstanceび

ThesepropertiescanbeobservedbyinductiononsucMmtcostAL･(ぴ)三3.1639costop団(ひ)＞ＯａＭ
ｊ、Ａｓａｂａｓｅｃａｓｅ，ｔｈｅｐａｔｈｏｆｌｅｎｇｔｈＯｗｉｔｈｔｈｅｔ恥ｔＭﾉｊＡＬＧｑＭＯＰＴｐｕオ仇ｅｐ叩ＣＯ〃オハMZLst
end-node80satisiiesthesecondpropertyThein‐ｃ"entれび．
ｄｕｃｔｉｖｅｓｔｅｐｃａｎｂｅｓｈｏｗｎｂｙＬｅｍｍａｌ,bythefact 
thatUpMRincreasesthecountersoftheedgesofPmqfVVedefinea5-nodermgR1andastrategy 
apathbetweenS:L1andci/fbrue吟,andbythefbranadversaryADvtogenerateclientsonR1as
factthatanytwocｙｃｌｅｓｉｎＧａｒｅｃｏｎｎｅｃｔｅｄｂｙａｓｈｏｗｎｉｎＦｉｇ．２.ＷｅｓｅｔＤ＝１andtheinitial 
umquesequenceofcycles、 ｓｅｒｖｅｒｔｏｔｈｅｎｏｄｅａ・ThestrategyisUlustrated

B,｡伽i･川`…Ⅲ…h帥竪皇欝猟臘Wlli9IlHiIilil｝磯i揺鷲
costuPMTR(ひ）＝ＺＵＥ時costuPMR(ぴび)・More‐andeachnoderepresentsaclientchosenbyADv、
over,ｓｍｃｅａｎｙｔｗｏｃｙｃｌｅｓｏｆＧｓｈａｒｅａｔｍｏｓｔｏｎｅ／Ａｎｅｄｇｅｗｉｔｈｍｏｒｅｔｈａｎｏｎｅｓｅｒｖｅｒｄｅｎotesthat 
node，theservlcesandmigrationsPerfbrｍｅｄｂｙＡＬＧｐｕｔｔｈｅｐａｇｅｏｎｏｎｅｏｆｔｈｅｓｅrversAchent 
analgorithmOPTonGcanbedividedintoalibllowedbyaplussigndenotesthatADvrepeats 
gorithmsAUoneachCycleCbwiththeinstancetherequestsfromthecnentuntilALGmovestｈｅ 

鍋:鷲９Ｗ揺念dIWgi;TｻﾞiiAitr澱騰JisJl:9｡;雛,暴鵬魏駕綴鰡
lowsthatcostoPT(ﾜ)＝Ｅ・鋤costA化｡)･There-andADvproceedsalongapathfromtheunique
fbre,wehavebyLemna2thatcostupMTR(ﾜ)＝ 

z…｡航…(｡｡)≦乙蜥{(Ｍ)．､帥M蝿)澱騰毘皇謡時霊孟磯臓撚t：
＋α}＝(2＋Ｖ回)costoP唾(ひ)＋α|W5wl．□ofALGandOpTfbreachpathexceptthepaths

precededbythenodesαα＋,whichclearlyincrease 

５LoweⅢBoundfmGeneどal:瀧鯛:龍;鯛.患蝋し:j:M:Ｗ･苫
NetWOrkSByLemmasBand3,wehaveTheorem4 

ThepreciseedgeweightsofR1areobtained 
lnthissectionweshowthefOllowingtheorem： fiPomtheconditionsthatthefburcostratiosfbr 

Theorem4Tbe泥ez伽s〃odeter伽"枕cp-com-ALG'sservers(ADv，sclients,resPectively)ααααc
pc鰍ＵＭａｔＱｍ麺Ⅷ｡、α,,｡戒ん、/ｂＭ…､,Ｍ＿（qMc+)，…6bｅ（ｑＭｃｅ+)，ｑａａＭｅ（ＱＭｅｅ+)，
⑩０７ksがＰ＜3.1639． aQa6eed(qMedd+)arethesameandthatdist(｡,c） 

lsexactlyhalfofthetotalweights,maximizingthe 
Alowerboundofthecompetitiveratioof霊＝costratiofOrALG'sserver…ααc(ADv'sclients

31481fbrgeneralnetworkswasgivenin[8]ｂｙｑＭＣ+)． 
showingthefbllowinglemmas： 

－３９－ 
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６LowerBoundfbrRings 

TheproofofTheorem4requiressulficientlylarge 
tree-ofLrings-hkenetworksduetｏＬｅｍｍａＢ・Inthis

sectionwegivealowerboundfOrringnetworks 

Theorem5The形ezisｵsnodetermjnjs〃cp-com-

pet伽edqtqmj9mtio7zqborjth、/brrd叩sがβ＜
3.1213. 

isthealgorithmperfbrmedbyALGintheith 

phase,ａｎｄｕｊｉｓｔｈｅｎｏｄｅｏｎｗｈｉｃｈＡＬＧａｎｄＯＰＴ 

havethepagejustbefOrethephasebeginsLet 

m＝(R2,,MXL｡`).Thetheoremisprovedbyob 

sewmgtM慧護鶚i骨三3m3ByMe2，
ａｌｌｔｈｅｓｅｑｕｅｎｃｅｓｏｆｃｌｉｅｎｔｓｉｎｔｈｅｐartialstrate 

giesyieldthecostratiosgreaterthan31213except 
fOr6αα＋，ｃ６ＱＱ＋，ｄｔＬα＋，ａｎｄｅｃＬｑ＋、Assumethat

thereexistsj〉１withUje{6,c,`,e}andXXLcjE
{6αα+,ｃ６ａａ+,｡αα+,ｅｑＱ+}・Ifthereexistsnosuch
j,ｔｈeMhetheoremisimmediatelhble3shows 

Pmq／Weshowthatfbranydeterministiconline 
datamigrationalgorithmALG，thereexistsan 

instanceひwitharmgsuchthatcostALo(ぴ）三
3.1213costopT(ﾜ)＋αfbranyaindependentofthe 
numberoftheclientsofaIbshowthis,wedefilie 

a5-noderingR2asshowninFig3andastrategy 
fbranadversarｙＡＤｖｔｏｇeneratearbitrarilylong 

sequenceoMients｡､R,suchtM鶚鶏≧
3.1213withanarbitrarilylargecostopT(o)．The 
strategyconsistsofpartialstrategiesSQ，８６，s6, 

811,ａｎｄ凡(Fig.３)．Byanargumentsimilarto
theproofoｆＬｅｍｍａ３，togetherwiththecostra戸
tiosshowninlhble2fbrthepartialstrategies， 
ｆｂｒｅａｃｈｎｏｄｅｕｏｆＲ２ａｎｄａｎｙｏｎｌｉｎｅａｌgorithm 

A,thereexistsasequenceXXofclientssuchthat 
costA((R2,ＭX)）三３costopT((R2,u,XX)）＞Ｏ
ａｎｄｔｈａｔｂｏｔｈＡａｎｄＯＰＴｐｕｔｔｈｅｓｅｒｖｅｒｏｎｔｈｅ 

ｌａｓｔclientofXX・AsdoneintheproofofLemna3，
weomittoconsiderthesequencesbeginningwith 
UU＋ｉｎａ,、

ＷｅｓｅｔＤ＝１andtheinitialserverofびto

thenodecLADvgeneratesclientsinphases：The 

jthphase(i三1)isdefinedasXXL｡`,whereALGi

■■ 

that ＞a１２１３ｆＯｒｅｖｅｒｙ － 

９２＄し０Ｆ ９己UＪＯＰ

possiblecombinationofXXiL｡,andX温_』ending
withUj＋JTherefbre,ｗｅｈａｖｅｔｈｅｔｈｅｏｒｅｍ． □ 

ＴｈｅｐｒｅｃｉｓｅｅｄｇｅｗｅｉｇｈｔｓｏｆＲ２ａｒｅｏｂtamed 
hPomtheconditionsthatthefOurcombinedcostr針

tiosfOrALdsservers(ADv，sclients,respectively） 
αqqQGccc6α(a6dC+-のαα+),Qaa66e-eeeα(ｑＭｃｅ+‐
Ｃａａ+)，ｑａａＭｅ－ｅｅｅａ（＠ＭＣｅ+‐ＣＱα+)，…eb-b66Q 
(αＭｂ+－６αα+)arethesameandthatdist(α,c)is 
exactlyhalfofthetotalweights． 

７ConcludingRemarks 

OuranalysisofcompetitivenessofUPMRistight： 

ForrepeatedpairsofalternatereqUestsissuedfrom 

the伽､。｡…tad蝿nceof鶚苧:(E〉O）
fromtheinitialserver,，UPMRdoesnotmovethe 

pageandpaysthec●圏tof苓i等ﾃﾞLfbreachpaiⅢ
oftherequestsOntheotherhand，ａｎｏｐｔｉｍａｌ 

－４０－ 
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Tnble3:CombinedcostratiosfOrthe(j－１)standjthphases 

22:差;諾t+二子鵲:筈第+;212
(407.167＋144.432)/(120.163＋48.144)＞3.277 
(561.836＋144.432)/(168.307＋48144)＞3.262 
(230639＋144432)/(72.019＋48144)＞3.1213 
(174.432＋144432)/(48.144＋48.144)＞3.311 
(71.625＋144432)/(15.969＋48.144)＞3.369 
(240.483＋144.432)/(64113＋48.144)＞3.428 
(232.577＋192.339)/(72.019＋64.113)＞3.1213 
(63.876＋192.339)/(15.969＋64.113)＞3.199 
(384915＋168.621)/(118.226＋56.207)＞3.173 
(546.025＋168.621)/(164.433＋56.207)＞3.238 
(224828＋168.621)/(56.207＋56.207)＝3.5 
(266.452＋168.621)/(80.082＋56.207)＞3.192 
(499.818＋30)/(150.558＋10)＞3.299 
(326.927＋30)/(104351＋10)＞3.1213 
(196.37＋30)/(56.207＋10)＞3.419 
(40＋30)/(10＋10)＝3.5 
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