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CHAPTER 1

Introduction

<o*3uting is *oving into t6e *o!ile era. A6e nu*!er o5 *o!ile users is increasing

and note!oo& sales reect t6is trend.

• SartnerJ a researc6 and advisory r*J re3orted in 2EE2 t6at dHetKeen 1``[ and *idR

2EE2J *o!ile :<s increase t6eir s6are o5 t6e glo!al :< *ar&et !y over \E 3ercent.

For every 5our :<s s6i33edJ one is noK a *o!ileJ and t6is s6are is set to rise 5urt6erJ

a33roac6ing one in t6ree !y 2EE]e f1]g. Mn Va3anJ *o!ile :< s6i3*ents already

outnu*!ered t6ose o5 des&to3 :<s.

• 8uring t6e rst 7uarter o5 2EEZJ +33le s6i33ed ^11JEEE #acsJ FE 3ercent o5 K6ic6

Kere note!oo&s. A6at Kas t6e 6ig6est 3ercentage ever 5or +33le u3 to t6at 3oint f1\g.

• Mn t6e s3ring o5 2EEZJ according to I:8 Srou3J retailers *ade *ore *oney selling

la3to3s t6an des&to3s 5or t6e rst ti*eG :orta!les accounted 5or \F 3ercent o5 #ayhs

nearly i\EE *illion in :< sales f^Fg.

#o!ile users !ring neK c6allenges to distri!uted le syste*s. 8ue to *o!ility o5

t6e le syste* clientsJ netKor& cost !etKeen t6e clients and t6e servers varies. +not6er

1
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3ro!le* is t6at t6e client *ac6ines are o5ten unavaila!le and cannot !e accessed 5ro* ot6er

6osts due to no netKor& connectivity. A6e client *ac6ines are also unrelia!le !ecause

t6ey are vulnera!le to !rea&age and t6e5t. We consider eac6 c6allenge in t6e 5olloKing

3aragra36s.

FirstJ t6e netKor& costs 5or *o!ile clients to reac6 t6eir 6o*e servers vary. W6en a

le syste* client travels aKay 5ro* its 6o*e serverJ t6e cost to reac6 t6e 6o*e server

increasesJ !ecause 6e needs to 3ay t6e KideRarea netKor& cost to reac6 itj t6e latency and

congestion along suc6 3at6s i*3ose a su!stantial 3er5or*ance 3enalty. For instanceJ a

si*3le test Kit6 ping utility s6oKs t6at latency increases !y t6ree orders o5 *agnitude

K6en a *ac6ine at t6e Bniversity o5 #ic6igan 3ings a *ac6ine in )orea co*3ared to t6e

case in K6ic6 it 3ings a local *ac6ine. Mn s6ortJ it is o5ten costly 5or *o!ile clients to

access re*ote servers.

=econdJ *o!ile clients are less availa!le. Ua3to3s can !e unreac6a!le 5ro* ot6er co*R

3uters due to t6e a!sence o5 netKor& connectivity or i5 in a sus3ended *ode 5or 3oKer

savings. A6ere5oreJ data *ay !e unavaila!le 5or ot6er 6osts i5 it is stored only at clients.

A6irdJ *o!ile clients are unrelia!le. Ua3to3s are 6ig6ly susce3ti!le to !rea&age and

t6e5t. =a5eKareJ an insurance co*3anyJ re3orted t6at in 2EE1 f][gJ o5 t6e total o5 2.F

*illion losses o5 co*3utersJ over `]k Kere related to la3to3s. _5 t6e total la3to3 clai*sJ

accidents suc6 as dro33ing t6e la3to3 is t6e nu*!er one causeJ accounting ]Ek. A6e5t

Kas t6e nu*!er tKo reasonJ accounting 2]k. =ince le syste* clients are unrelia!leJ it is

not sa5e to store data only at clients.
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<urrent le syste*s do not address t6ese c6allenges ade7uately. <urrent KideRarea

and *o!ile le syste*s e*3loy tKo tec6ni7ues to reduce t6eir use o5 t6e re*ote server.

A6e rst tec6ni7ue is caching. W6en Kor&loads 6ave good locality and in5re7uent s6aringJ

cac6ing can avoid *ost le 5etc6es 5ro* t6e server. HutJ cac6ing *ay !e li*ited 5or *o!ile

clients since t6ey are resource 3oor relative to static *ac6ines. A6e second tec6ni7ue is

optimistic concurrency control f\Zg. <lients de5er t6e s6i3*ent o5 u3dated les until ti*e

and resources 3er*it. +lt6oug6 de5erring u3dates i*3roves 3er5or*anceJ it 6ar*s sa5ety

and visi!ility. Mn ot6er KordsJ clients can de5er s6i33ing u3dates to avoid 6ig6 latency to

access 6o*e serversJ !ut t6is leaves neK data vulnera!le and increases t6e ti*e 5or u3dates

to reac6 ot6er 6osts.

1.1 Thesis Statement

Ao address t6e c6allenges descri!ed a!oveJ Ke designed and i*3le*ented a 3rototy3e

o5 a distri!uted le syste*J called Fluid Re3lication. A6roug6 t6is syste*J Ke de*onR

strated t6e 5olloKing t6esis state*entG

A distributed file system can provide safety and visibility to file updates over the

wide-area with performance comparable to the local-area.

+n u3date is safe i5 it survives t6e t6e5tJ lossJ or destruction o5 t6e *o!ile client t6at

created it. =a5ety re7uires t6at t6e contents o5 an u3date reside on at least one ot6er 6ost.

+n u3date is visible i5 every ot6er client in t6e syste* &noKs it eTists. Visi!ility re7uires

t6at notication o5 an u3date reac6es all re3licas in t6e syste*.

Fluid Re3lication is a distri!uted le syste* !ased on a clientRserver arc6itecture. HeR

tKeen t6e server and clientsJ inter*ediate serversJ called WayStationsJ are 3laced to 3roR
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vide i**ediate and ineT3ensive safety 5or clientsh u3date data. ?ac6 client c6ooses a

near!y Way=tation and 3ro3agates u3dates to t6e Way=tationJ !ut not to t6e server. A6is

6ides KideRarea netKor& cost 5ro* clients and 3rovides u3date performance t6at is co*R

3ara!le to t6e local case. M5 t6e netKor& condition to t6e current Way=tation degradesJ

t6e client ada3tively c6ooses a neK Way=tation t6at is closer. Way=tations 3artici3ate in

t6e consistency 3rotocol 5or re3licas on !e6al5 o5 clients. Way=tations aggregate clientsh

u3dates and send t6e* to t6e server 3eriodically t6roug6 reconciliation. 8uring reconR

ciliationJ Way=tations send only t6e &noKledge o5 u3dates Kit6out u3date contents. A6is

*a&es cost o5 reconciliation ineT3ensive. A6us Way=tations can reconcile 5re7uentlyJ reR

sulting in !etter visibility.

1.2 Structure of Dissertation

Mn t6is dissertationJ Ke 3rovide solutions to t6e c6allenges intrinsic to t6e *o!ile clients

o5 distri!uted le syste*s. A6ese solutions 3rovide sa5etyJ visi!ility and 3er5or*ance to

KideRarea u3dates t6at are co*3ara!le to t6e local case. A6e dissertation is organiPed as

5olloKs.

We start Kit6 !ac&ground and related Kor& in <6a3ter 2. A6is c6a3ter consists o5 t6ree

sections. =ection 2.1 covers related Kor& on netKor& esti*ationJ K6ic6 is t6e &ey co*R

3onent in c6oosing a near!y Way=tation. We discuss netKor& !andKidt6 *easure*ent

*et6ods and ltering tec6ni7ues to s*oot6 individual netKor& *easure*ents. =ection 2.2

descri!es related Kor& on distri!uted le syste*s. We discuss !ac&ground on o3ti*istic

concurrency control and survey distri!uted le syste*s t6at use it. =ection 2.Z 3resents

related Kor& on *anaging u3date datalK6et6er and K6en to trans5er data 5ro* Way=taR
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tions to servers. We descri!e 3re5etc6ing *et6ods and t6e uses o5 5eed!ac& controllers to

3redict 5uture le accesses.

<6a3ter Z 3resents t6e overall design o5 Fluid Re3lication. =ection Z.1 3resents t6e

overvieK o5 Fluid Re3lication. Ao *a&e t6e syste* tolerant o5 KideRarea netKor& costJ Ke

introduce a collection o5 inter*ediate serversJ called Way=tations. <lients send u3dates

aggressively to a Way=tationJ 3roviding i**ediate sa5ety. Way=tations disclose t6e* to

t6e server 3eriodically t6roug6 reconciliationJ 3roviding visi!ility. =ection Z.2 3resents

our &ey design decisions and descri!es 6oK t6ese decisions colla!orate to *eet our design

goals. =ection Z.Z introduces t6ree *ec6anis*s needed 5or Fluid Re3lication. FirstJ a

client needs to c6oose a near!y Way=tation. +5ter c6oosing oneJ it *onitors netKor&

conditions to t6e Way=tation to detect 3er5or*ance degradation along t6e 3at6. M5 it occursJ

t6e client c6ooses a neK Way=tation t6at is closer. =econdJ Way=tations need to 3artici3ate

in t6e consistency 3rotocol 5or re3licas. 8uring reconciliationJ Way=tations noti5y t6e

server o5 u3datesJ !ut do not send t6e contents o5 u3date les. A6is se3aration *a&es t6e

reconciliation cost loKJ alloKing 5re7uent reconciliation 5or !etter visi!ility. A6irdJ u3date

data s6ould !e 3ro3agated 5ro* Way=tations to t6e server e5ciently. =ending t6e* too

aggressively Kastes netKor& resourcesJ K6ile t6e o33osite *ay 3enaliPe clients K6o s6are

data. Mn =ection Z.FJ Ke discuss 6oK use5ul t6e *ec6anis*s o5 Fluid Re3lication could !e

Kit6out t6e 3resence o5 Way=tations.

<6a3ter F 3resents tec6ni7ues 5or esti*ating netKor& conditions to c6oose a near!y

Way=tation. + client discovers a set o5 availa!le Way=tationsJ and *easures latency and

availa!le !andKidt6 to t6ese Way=tations in order to select t6e nearest one. A6e c6allenge
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is t6at t6ese individual *easure*ents are noisy and c6ange constantly. A6usJ Ke need a

lter t6at detects 3ersistent c6anges in netKor& conditions 7uic&ly !ut ignores transient

ones. Mn ot6er KordsJ t6e lter s6ould !e agile K6en 3ossi!leJ !ut sta!le K6en necesR

sary. We develo3ed a lter t6at consists o5 tKo eT3onentially Keig6ted *oving average

(?W#+) lters Kit6 a controller t6at selects !etKeen t6e tKoj t6e controller is !ased on a

tec6ni7ue 5ro* statistical 3rocess control. We co*3are t6is lter Kit6 t6ree ot6er ada3tive

ltersJ including t6e KellR&noKn )al*an lter.

<6a3ter \ descri!es t6e consistency *ec6anis* 5or Fluid Re3lication. 8uring reconR

ciliationJ Way=tations send t6e server u3date noticationsJ and t6e server returns invalidaR

tions. Ai*esta*3s are used to su33ort o3ti*istic concurrency control. W6en a Way=tation

re7uests a leJ t6e server rst c6ec&s t6e Way=tationhs ti*esta*3 against its oKn to see

K6et6er t6e Way=tation 6as *issed any invalidations. A6enJ t6e server returns t6e *ost

recent version &noKn to t6e server.

<6a3ter ] 3resents t6e Kays to 3ro3agate data 5ro* Way=tations to t6e server. 8urR

ing reconciliationJ u3date *etaRdata is sent to t6e serverJ !ut t6e data trans5er is de5erred.

We consider *ec6anis*s to decide K6et6er and K6en to trans5er data 5ro* Way=tations

to t6e server. AKo si*3le sc6e*esJ KriteRt6roug6 and onRde*andJ are too eTtre*ej t6e

KriteRt6roug6 sc6e*e is too aggressiveJ sending too *uc6 data unnecessarilyJ and t6e

onRde*and sc6e*e is too 3assiveJ 3enaliPing clients K6o s6are. We develo3ed a 6eurisR

tic a33roac6 t6at is !ased on t6e o!servation t6at u3dates t6at invalidate cac6ed o!Qects

elseK6ere are li&ely to !e s6ared. A6is *ec6anis* is co*3ared Kit6 KriteRt6roug6J onR

de*andJ and tKo ot6er sc6e*es over traces ca3turing live le syste* uses.
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FinallyJ <6a3ter ^ su**ariPes t6e t6esis and outlines t6e directions 5or 5uture researc6.

Fluid Re3lication success5ully *et our design goalG 3roviding sa5ety and visi!ility to u3R

dates over KideRarea Kit6 3er5or*ance co*3ara!le to localRarea. A6e directions 5or 5uture

Kor& include auto*ating client *igration using t6e netKor& esti*ator as a !ase co*3oR

nentJ eT3loring securityRrelated 3ro!le*sJ and getting *ore eT3erience Kit6 Fluid Re3liR

cation !y de3loying it in a real environ*ent.
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Background and Related Work

A6is c6a3ter introduces !ac&ground and related Kor&. +s clients *oveJ netKor& conR

ditions *ay c6ange constantly. A6is *ay !e due to to3ology c6angesJ vertical 6ando55 or

Kireless 5ading and s6adoKing. 8ealing Kit6 t6ese c6anges in netKor& conditions is i*R

3ortant 5or clientRserver le syste*s. Mn =ection 2.1J Ke discuss netKor& !andKidt6 *eaR

sure*ent *et6ods and ltering tec6ni7ues to s*oot6 individual *easure*ents. +lt6oug6

le s6aring is rareJ distri!uted le syste*s need to 3rovide a consistency *ec6anis* 5or

re3licas. Mn =ection 2.2J Ke 3rovide !ac&ground on o3ti*istic concurrency control and

survey distri!uted le syste*s t6at use it. A6e goal o5 3re5etc6ing data is to i*3rove read

3er5or*ance in distri!uted le syste*s. Ao do soJ data s6ould !e 3ro3agated 5ro* one

node to anot6er in advance o5 re7uests. Mn =ection 2.ZJ Ke descri!e 3re5etc6ing *et6ods

and t6e uses o5 5eed!ac& controllers to 3redict 5uture le accesses.

2.1 Network Estimation

+da3ting to c6anges in netKor& conditions is i*3ortant in *any areas. For eTa*R

3leJ a content distri!ution re3lica can !e selected !ased on clientRinitiated netKor& *eaR

sure*ents f`g. A<: congestion control can !e i*3roved using availa!le netKor& !andR

[
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Kidt6 f^]g. _verlay netKor&s use netKor& in5or*ation to decide K6en to sKitc6 5ro*

one overlay netKor& to anot6er f2[g. Ao do t6eseJ t6e rst ste3 is to esti*ate t6e netKor&

conditions.

#any researc6ers 6ave !een Kor&ing on *easuring 36ysical and availa!le netKor&

!andKidt6. :6ysical !andKidt6 is also re5erred as !ottlenec& lin& !andKidt6. A6e !otR

tlenec& lin& !andKidt6 is t6e *aTi*u* rate t6at t6e 3at6 can 3rovide to a oK in t6e

absence o5 congestion tra5c. Mt is an u33er !ound on 6oK 5ast a connection can transR

*it data. A6e availa!le !andKidt6 is t6e *aTi*u* rate t6at t6e 3at6 can 3rovide to a oK

Kit6out reducing t6e rate o5 t6e rest o5 t6e tra5c f2\g. #ost 3rior syste*s 5ocus on nding

t6e 36ysical !andKidt6 o5 t6e !ottlenec& lin& rat6er t6an t6e availa!le !andKidt6 !etKeen

tKo end 6osts. W6ile t6ere are a33lications t6at can *a&e use o5 !ottlenec& lin& in5or*aR

tionJ ada3tive *o!ile syste*s are concerned Kit6 t6e !andKidt6 t6at is actually availa!le

to t6e* over ti*e.

Mndividual *easure*ents o5 availa!le netKor& conditions c6ange constantlyJ due to

cross tra5c and usersh *o!ility. =o*e c6anges are 3ersistent K6ile ot6ers are transient.

Ao lter out noise (or transient c6anges) and esti*ate true netKor& conditionsJ Ke need

a ltering *ec6anis*. W6en t6ere is a 3ersistent c6ange in netKor& conditionsJ a lter

s6ould detect it 7uic&ly and re3ort t6e c6ange to a 6ig6er level a33licationJ so t6at t6e

a33lication can ada3t to t6e c6ange. +t t6e sa*e ti*eJ t6e lter s6ould ignore transient

c6anges and save t6e a33lication 5ro* *ista&enly reacting to t6e*. Mn s6ortJ t6e goal o5 a

ltering *ec6anis* is to !e agile K6en 3ossi!leJ !ut to !e sta!le K6en necessary.

#ost o5 eTisting syste*s rely on active 3ro!ing o5 t6e netKor&G inQecting *easure*ent
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tra5c in addition to or instead o5 3assive o!servation o5 tra5c already 3resent. A6is is

li&ely to !e unacce3ta!le during ti*es o5 s6ar3 decreases in netKor& 3er5or*anceJ as t6e

3ro!e tra5c co*3ounds t6e 3ro!le*.

2.1.1 Bandwidth Measurements

Vaco!son rst noted t6e 3rinci3le o5 t6e !ottlenec& s3acing e55ect f2Zg. M5 tKo 3ac&R

ets are sent close enoug6 toget6erJ t6ey Kill 7ueue !ac&RtoR!ac& at t6e !ottlenec& lin&.

A6erea5terJ t6eir s3acing Kill re*ain sa*eJ and t6ey Kill arrive at t6e destination K6ile

3reserving t6e s3acing.

)es6av fZ1g 3ro3osed t6e packet pair tec6ni7ue t6at is !ased on t6e !ottlenec& s3acing

e55ect. A6e 3ac&et 3air tec6ni7ue sends 3ac&ets !ac&RtoR!ac& and esti*ates t6e !ottlenec&

lin& !andKidt6 using t6e s3acing !etKeen t6e ac&noKledge*ents. )es6avhs Kor& on oK

control 3rovides *uc6 o5 t6e groundKor& in t6e area o5 active 3ro!ing. )es6av discussed

t6e use o5 a KellR&noKn )al*an lter 5or netKor& esti*ation. A6e )al*an lter esti*ates

t6e state o5 a linear syste* Kit6 given noisy *easure*ents. M5 3ro3erly tunedJ it generates

an o3ti*al esti*ate o5 t6e syste* state. HutJ )es6av reQected t6e )al*an lter !ecause

too little is &noKn a!out t6e netKor& state s3ace to tune 3ro3erly. MnsteadJ 6e e*3loyed a

5uPPy logic esti*ator !ased on a 6euristic Kit6 a *ec6anis* to resist occasional transient

s3i&es. A6is *ec6anis* Kould not i*3rove 3er5or*ance in t6e 3resence o5 congestionR

induced noiseJ K6ic6 is ende*ic to crossRtra5c. )es6avhs esti*ator Kas designed 5or

rate-allocation servers t6at eT6i!it *uc6 less noise t6an F<F= routers. Bn5ortunatelyJ t6e

current netKor&ing in5rastructure consists 3ri*arily o5 F<F= routersJ a do*ain )es6avhs

Kor& eT3licitly eTcludes.
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Variations on 3ac&et 3air i*3rove its a!ility to generate esti*ates o5 !ottlenec& lin&

!andKidt6. Holot f\g uses 3airs o5 B8: 3ac&ets to eT3lore netKor& state. B8: 3ro!e

3ac&ets are sent at regular ti*e intervals and t6eir round tri3 ti*es (rtt) are *easured. A6e

rtt o5 successive 3ac&ets are 3lotted as rttn and rttn+1. A6e inverse o5 slo3e o5 t6e line is

t6e !andKidt6. Bn5ortunatelyJ t6ese active 3ro!es generate su!stantial over6ead.

<arter and <rovella f`g 3resent tools to *easure !ottlenec& and availa!le !andKidt6J

called bprobe and cprobeJ res3ectively. A6ese tools rely on !ursts o5 M<#: 3ac&etsJ

sent in several 36ases. +s Kit6 Holoths sc6e*eJ t6is re7uires su!stantial over6ead. A6ey

assu*e t6at netKor& conditions do not c6ange during t6is 3rocessJ li*iting t6e granularity

o5 c6anges t6at t6ey can detect.

Hot6 studies are !ased on *easure*ents *ade only at t6e sender. + 3ro!le* Kit6

t6ese a33roac6es is t6at t6ey cannot guarantee t6at a 3ac&et too& t6e sa*e 3at6 to and

5ro* t6e target. A6usJ a 3ac&et *ay 6ave eT3erienced di55erent !ottlenec& lin&s in t6e

5orKard and reverse 3at6s.

:aTson f]Eg 3resents receiverR!ased 3ac&et 3air (RH::)J K6ic6 ta&es o!servations at

t6e receiver. A6e receiver also uses t6e ti*ing 3attern in K6ic6 t6e data 3ac&ets Kere

originally sent. RH:: is *ore accurate t6an senderR!ased 3ac&et 3airJ !ecause it eli*inates

noise due to reasons including 3ossi!le asy**etry o5 t6e 5orKard and reverse 3at6s.

Uai fF2g develo3ed a 5urt6er rene*entJ called receiverRonly 3ac&et 3air (R_::). Mt

de3ends only on ti*ing in5or*ation ta&en at t6e receiverJ !ut a33roac6es t6e e55ectiveness

o5 RH::. Uai also incor3orates a *ec6anis* called packet windows t6at increases t6e

agility o5 3ac&etR3air sc6e*esJ !ut leaves t6e* susce3ti!le to noise and transients. Varying
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t6e siPe o5 3ac&et KindoKs can !ias R_:: 5or agility or sta!ilityJ !ut t6is siPe is c6osen

statically.

W6ile t6e 3ac&et 3air tec6ni7ue esti*ates endRtoRend 3ro3erties o5 a 3at6J t6e single

3ac&et tec6ni7ue 5ocuses on t6e c6aracteristics o5 eac6 lin& along a 3at6. pathchar f2Fg

is a tool t6at in5ers t6e c6aracteristics o5 eac6 lin& along a 3at6. Mt uses t6e ti*eRtoRlive

(ttl) eld in an M: 3ac&et. W6en a router receives a 3ac&et K6ose ttl 6as eT3iredJ it dro3s

t6e 3ac&et and sends an M<#: 3ac&et to t6e sender. pathchar sends a series o5 3ro!es

Kit6 varying values o5 ttl and varying 3ac&et siPes. Bsing t6e ti*e until t6e M<#: 3ac&et

is receivedJ it in5ers t6e latency and !andKidt6 o5 eac6 lin&.

8oKneyhs a33lication o5 pathchar f12g uses M<#: 3ac&ets Kit6 varying ti*eRtoR

live elds. Mt reduces *easure*ent tra5cj K6ile pathchar uses t6e sa*e nu*!er o5

3ro!es 5or eac6 lin&J 8oKneyhs a33roac6 starts Kit6 a s*all nu*!er o5 3ac&ets 5or eac6

lin& and increases t6e nu*!er o5 3ac&ets only i5 t6e esti*ated 3ro3erties o5 a lin& 6ave not

converged. Bn5ortunatelyJ it too su55ers 5ro* 6eavy !andKidt6 consu*3tion.

Uaihs su!se7uent Kor& fFZg develo3s a *ore so36isticated netKor& *odel t6atJ co*R

!ined Kit6 a tec6ni7ue called packet tailgatingJ esti*ates 36ysical !andKidt6 o5 eac6 lin&

along a 3at6J and t6e 3rototy3e o5 t6is a33roac6 is called nettimer fFFg. +s done in

3ac&et 3airJ tailgating sends tKo 3ac&ets !ac& to !ac&J !ut unli&e 3ac&et 3airJ t6e rst

3ac&et is *uc6 larger t6an t6e second. Hecause t6e trans*ission delay o5 t6e rst 3ac&et

is larger t6an t6e secondJ t6e s*aller 3ac&et 7ueues continuously a5ter t6e larger 3ac&et.

A6e larger 3ac&et is dro33ed K6en t6e ti*eRtoRlive eT3iresJ t6en t6e s*aller 3ac&et continR

ues Kit6out 7ueueing to t6e target. Aailgating generates *uc6 less active netKor& tra5c
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and *a&es 5eKer assu*3tions a!out router !e6avior t6an 3rior sc6e*es. Mt esti*ates lin&

!andKidt6 !y deter*ining t6e *ini*u* delay eT3erienced at eac6 lin&.

Hala&ris6nanhs congestion *anager f2g alloKs *ulti3le conversations !etKeen tKo

6ostsmincluding t6ose o5 3rotocols t6at nor*ally do not 3rovide congestion controlm

to e55ectively s6are !andKidt6. A6e congestion *anager uses a KindoKR!ased additiveR

increase *ulti3licativeRdecrease (+M#8) sc6e*e to *odulate trans*issions. + sender

3eriodically sends 3ro!es to a receiver. Bsing t6e res3onsesJ t6e sender in5ers t6e state o5

t6e netKor& and adQusts its congestion KindoK. HoKeverJ i5 it does not receive res3onsesJ

it uses eT3onential agingj t6e trans*ission rate is 6alved every t seconds K6ere t is dened

as t6e *ini*u* o5 all roundRtri3 sa*3les.

2.1.2 Filtering Techniques

=everal syste*s atte*3t to discover availa!le netKor& 3er5or*ance using staticRgain

eT3onentially Keig6ted *oving average (?W#+) lters. A6ese lters can !e tuned to

react to c6anges aggressively or conservatively. For eTa*3leJ t6e roundRtri3 ti*e esti*aR

tor in A<: uses a sta!le ?W#+ lter f2Zg. _dysseyJ a 3lat5or* 5or a33licationRaKare

ada3tationJ e*3loys a netKor& esti*ator using an agile lter f\]g. Bn5ortunatelyJ !ot6 o5

t6ese static lters su55er 5ro* t6eir !iases. A6e round tri3 ti*e esti*ator in A<: cannot

trac& varying 3er5or*ance 7uic&lyJ resulting in retrans*ission ti*eouts (RA_s) t6at are

too aggressive. Ao co*3ensateJ RA_s are increased !y a 5actor t6at accounts 5or o!served

variance. _dyssey su55ers 5ro* t6e o33osite 3ro!le*. _ccasionallyJ it is 5ooled into trac&R

ing transient c6anges in !andKidt6 and ada3ting too aggressively as a result. Mn _dysseyJ

a33lications are res3onsi!le 5or ltering out transient c6anges.
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2.2 Distributed File Systems

Mn ty3ical distri!uted le syste* Kor&loadsJ t6e degree o5 KriteRs6aring is loK. Hased

on t6isJ *any syste*s alloK reads and Krites in any 3artitionsJ detecting conicts a5ter t6e

5act. A6is is called optimistic concurrency controlJ and Kas rst 3ro3osed !y )ung and

Ro!inson fFEg in data!ase syste*s. +ll o5 t6e le syste*s t6at Ke descri!e in t6is section

use t6is *ec6anis*.

Mn syste*s using o3ti*istic concurrency controlJ all u3dates are *ade to local co3ies.

A6ese u3dates are not sa5e. +n u3date is safe i5 it survives t6e t6e5tJ lossJ or destruction o5

t6e *o!ile client t6at created it. =a5ety re7uires t6at t6e contents o5 an u3date reside on at

least one ot6er 6ost. B3dates are eTc6anged later !etKeen clients or servers and !eco*e

visi!le. +n u3date is visible i5 every ot6er client in t6e syste* &noKs it eTists. Visi!ility

re7uires t6at notication o5 an u3date reac6es all re3licas in t6e syste*.

+ll current syste*s needlessly co*!ine t6e &noKledge o5 u3dates and t6e contents o5

u3dates. Hy doing t6isJ t6e syste*s !ind t6e sa5ety and visi!ility o5 u3dates. A6is *a&es

t6e reconciliation 3rocess eT3ensive. A6ere5oreJ reconciliation cannot !e done 5re7uently.

2.2.1 AFS

A6e +ndreK File =yste* (+F=) f^Eg is !ased on t6e clientRserver *odel. <lients cac6e

les and directories at t6eir local dis&s and use a call!ac&R!ased cac6e consistency *ec6aR

nis* fZEg. Mn t6is *ec6anis*J servers re*e*!er t6e list o5 nodes K6o are cac6ing eac6 le

and send t6e* invalidation *essages K6en t6e le is u3dated elseK6ere. +ll u3dates to a

le are 3ro3agated to its server u3on closeJ K6ile directory *odications are 3ro3agated

i**ediately. W6en clients are se3arated 5ro* t6eir server !y a sloK netKor& connectionJ
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3er5or*ance su55ers greatly.

Huston *odied +F= to su33ort disconnected o3erations f21g. W6en a client is disR

connected 5ro* t6e serverJ t6e clienths o3erations are satised !y locally cac6ed co3ies.

A6ese o3erations are also logged and later re3layed to t6e le server K6en t6e client is

reconnected. Uogs contain !ot6 nonR*utating and *utating o3erations. A6e 5or*er is

used to detect stale reads and t6e latter is used to detect conicting Krites. Recording

nonR*utating o3erations *ay increase t6e siPe o5 t6e log 7uic&lyJ and re3orting stale reads

during re3lay *ay !e unnecessary since it Kould !e 6ard 5or clients to co3e Kit6 3ro!le*s

at t6at 3oint.

2.2.2 Coda

<oda 3rovides 6ig6 availa!ility t6roug6 server re3lication fZ`g. Hecause KriteRs6aring

is in5re7uentJ it uses o3ti*istic re3lica control t6at 3er*its reads and Krites in any 3artition

Kit6 a re3lica. A6is alloKs stale reads and conicting Krites.

?ven Kit6 o3ti*istic re3lica controlJ server re3lication cannot 6el3 i5 all servers cras6

or i5 a netKor& 5ailure isolates a client. Ao 3rovide availa!ility under t6ese situationsJ <oda

su33orts disconnected o3eration fZFg. A6is also alloKs stale reads and conicting Krites.

Bsing o3ti*istic re3lica control and disconnected o3erationJ <oda can eT3erience conR

icts arising 5ro* u3dates to 3artitioned re3licas o5 t6e sa*e o!Qect !y tKo di55erent

clients. Resolution o5 directory conicts is done using a logR!ased strategy. ?very re3lica

6as its resolution log t6at contains t6e entire list o5 directory *utations 3er5or*ed on a

re3lica. 8uring reintegrationJ conicts are resolved !y co*!ining eac6 resolution log and

a33lying *issed u3dates at eac6 re3lica.
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<oda also su33orts Kea&lyRconnected o3eration f\Fg to utiliPe loK !andKidt6 !etKeen

a client and its servers. 8uring Kea&lyRconnected o3erationJ <oda clients de5er u3datesJ

and s6i3 t6e* later t6roug6 a *ec6anis* called trickle reintegration. Aric&le reintegration

3ro3agates u3dates to t6e servers async6ronouslyJ relieving users o5 t6e need to 3er5or*

*anual reintegration. 8uring reintegrationJ clients send !ot6 t6e &noKledge o5 an u3date

and contents to t6e server. =ince t6is is eT3ensiveJ <oda de5ers reintegration o5 eac6 u3date

in t6e 6o3es t6at it Kill !e canceled !y later overKrites or deletions. A6is aging window

is set to ten *inutes to ca3ture an acce3ta!le 5raction o5 3ossi!le o3ti*iPationsJ trading

netKor& !andKidt6 5or *ore aggressive 3ro3agation.

2.2.3 Ficus

Ficus f1`J ]ZJ \[g s6ares <odahs goal o5 3roviding o3ti*istic le accessJ !ut uses a

3eerRtoR3eer arc6itecture. Mt alloKs u3dates as long as at least one re3lica is availa!lej

t6is is called single-copy availability. B3dates are 3ro3agated async6ronously to ot6er

re3licasJ so Ficus cannot !ound t6e ti*e re7uired to *a&e u3dates visi!le.

Mn FicusJ a reconciliation 3rocess runs 3eriodically. Mt co*3ares all les and directories

o5 t6e local re3lica Kit6 a re*ote re3licaJ sending *issed u3dates and detecting u3date

conicts. Ao avoid eTc6anging attri!utes o5 all les !etKeen tKo re3licasJ t6e dis& at eac6

re3lica is scanned to discover u3dates t6at 6ave 6a33ened since t6e last reconciliation.

A6is reduces netKor& tra5cJ !ut a dis& scan is a 6eavyKeig6t 3rocess.

8uring reconciliationJ re3licas eTc6ange !ot6 &noKledge and content o5 u3dates. =ince

t6is is eT3ensiveJ it is intended only 5or KellRconnected 3eersJ *a&ing visi!ility de3endent

on t6e *o!ility 3attern o5 re3licas.
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2.2.4 Bayou

Hayou f]1g 3rovides o3ti*istic concurrency control 5or data!ase a33lications. ?ac6

data collection is re3licated at a nu*!er o5 servers. + client can 3er5or* an u3date to

any o5 t6e serversJ and need not Kait until it is 3ro3agated to t6e re*ainder. Writes are

eTc6anged 3airKise a*ong servers. Hecause t6e eTc6anges !etKeen 3eers rely on netKor&

connectivityJ Hayou cannot !ound t6e ti*e re7uired to 3ro3agate u3dates.

W6en an u3date is acce3ted !y a serverJ it is initially *ar&ed as tentative. B3dates

are eventually co**itted !y t6e server designated as t6e primary re3lica. A6e 3ri*ary

co**its an u3date it receives !y assigning a commit sequence number (<=I)j t6e <=I

denes t6e nal total u3date order.

A6e Hayou syste* uses tKo *ec6anis*s 5or auto*atic conict detection and resoluR

tion to su33ort ar!itrary a33licationsG a dependency check and a merge procedure. A6ese

*ec6anis*s 3er*it clients to indicateJ 5or eac6 individual u3dateJ 6oK t6e syste* s6ould

detect conicts involving t6e u3date and K6at ste3s s6ould !e ta&en to resolve any detected

conicts !ased on t6e se*antics o5 t6e a33lication. ?ac6 u3date includes a de3endency

c6ec& consisting o5 a 7uery and its eT3ected result su33lied !y an a33lication. A6is deR

3endency c6ec& is a 3recondition 5or 3er5or*ing an u3date. M5 t6e server does not return

t6e eT3ected valueJ a conict is detected and t6e u3date is not 3er5or*ed. A6enJ t6e server

invo&es a 3rocedure to resolve t6e detected conicts.

2.2.5 OceanStore

_cean=tore fZ^J ]Fg advocates an arc6itecture 5or glo!al storage. Mt envisions storage

su33orted !y a loose con5ederation o5 inde3endent servers. Mt is a tKoRtiered storage sysR
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te*. A6e u33er tier consists o5 3oKer5ulJ KellRconnected 6osts t6at serialiPe c6anges and

arc6ive results. A6e loKer tier consists o5 less 3oKer5ul 6osts including usersh Kor&staR

tions.

_cean=tore alloKs client a33lications to s3eci5y consistency *ec6anis*s. B3dates

are re3resented as an array o5 3otential actions eac6 guarded !y a 3redicate su33lied !y

an a33lication. Ao u3date an o!QectJ t6e syste* rst c6ec&s 3redicatesj t6is is si*ilar to

t6e de3endency c6ec&s in Hayou. M5 t6e 3redicate c6ec&s are success5ulJ t6e actions are

a33lied to t6e data o!Qect.

Mn _cean=toreJ a neK version is created 5or eac6 KriteJ and it is &e3t 5orever. Hecause

an o!Qect is a se7uence o5 readRonly versionsJ t6e re3lication o5 t6ese !loc&s introduces

no consistency issues. HoKeverJ t6e *a33ing 5ro* t6e na*e o5 an o!Qect to t6e latest

version does cause a consistency 3ro!le*. Ao solve t6isJ _cean=tore assigns a primary

re3lica to eac6 o!QectJ as done in Hayou. A6e 3ri*ary re3lica is res3onsi!le 5or serialiPing

and co**itting u3dates. _cean=torehs consistency *ec6anis*J li&e t6at o5 Ficus and

HayouJ is !ased on e3ide*ic algorit6*sJ so it cannot !ound t6e ti*e re7uired 5or u3dates

to !eco*e visi!le to all re3licas.

2.3 Data Management

Mn Fluid Re3licationJ *etaRdata at t6e server is u3dated during reconciliationJ !ut data

trans5er is de5erred. Ao reduce client latenciesJ data s6ould !e 3ro3agated 5ro* Way=taR

tions to t6e server in advance !y antici3ating 5uture s6aring a*ong di55erent nodes. A6is is

related to 3re5etc6ing algorit6*s develo3ed to reduce le access latencies. :re5etc6ing is

a KellRstudied to3icJ !ut *ost o5 t6e 3revious Kor& on 3re5etc6ing les tries to 3redict le
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accesses 5ro* a single nodeJ K6ile our Kor& 5ocuses on 3redicting 5uture s6aring o5 les

!etKeen di55erent nodes.

2.3.1 Prefetching

Sri5oen f1[g develo3ed a 3re5etc6ing algorit6* !ased on a 3ro!a!ility gra36 K6ere

eac6 node re3resents a le and a directed arc re3resents access order. ?ac6 arc is Keig6ted

!y t6e nu*!er o5 ti*es t6at t6e target is accessed a5ter t6e source. Uei fF]g used access

trees to ca3ture t6e relations6i3s a*ong les. A6e access trees are *aintained 5or eac6

3rogra*j K6en a 3rogra* is reReTecutedJ t6e current access tree is co*3ared against t6e

saved access trees. )roeger fZ]g suggested a lastRsuccessor *odelJ K6ic6 3redicts t6at

eac6 le access Kill !e 5olloKed !y t6e sa*e le t6at 5olloKed t6e last ti*e. )uenning fZ[g

used semantic distance !etKeen les to c6oose K6ic6 les s6ould !e 6oarded 5or later use

K6en a *o!ile user is disconnected.

8istri!uted data!ases also 5ace t6e data *igration 3ro!le*J !ut 6ave very di55erent

access 3atternsma loKer degree o5 locality !ut a 6ig6er incidence o5 s6aring. #ari3osa

a33lies an econo*ic *odel 5or data *igration f^2g. ?ac6 7uery 6as a !udget allocated to

itJ and it tries to *ini*iPe eT3enditures. ?ac6 re3lica site can eit6er 3rocess a 7uery or

s6i3 tu3lesj !ot6 actions accrue revenue !ut cost resources. Hy atte*3ting to *aTi*iPe

revenue given Ted resourcesJ #ari3osa allocates t6ese resources e5ciently.

2.3.2 Feedback Control

_ver t6e 3ast several yearsJ a nu*!er o5 di55erent grou3s 6ave !een Kor&ing to a33ly

5eed!ac& control t6eory to 3ro!le*s in 3er5or*ance *anage*ent o5 co*3uting syste*s.

<6allenges eTist !ot6 in dening t6e control 5ra*eKor& 5or a 3ro!le* and in develo3ing



2E

a *at6e*atical *odel o5 t6e co*3uting syste* t6at can !e used to design and analyPe t6e

control algorit6*.

Feed!ac& control 6as !een a33lied to realRti*e sc6eduling 3ro!le*sJ ada3ting ad*isR

sion control to account 5or 3oorlyResti*ated eTecution ti*es !y su!*itted Qo!s f\EJ F`g.

?ac6 realRti*e tas& su!*itted to a server 5or eTecution 6as an esti*ated and an actual eTR

ecution ti*eJ and t6e syste* decides K6et6er a tas& Kill !e ad*itted. Wit6out ada3tationJ

t6e syste* Kill !e underutiliPed i5 t6e actual ti*es are s6orter t6an esti*atedJ and Kill

!e overloaded (and 6ence *iss deadlines) i5 t6e actual ti*es are longer t6an esti*ated.

Feed!ac& control is used to adQust t6e ad*ission control criteria !ased on t6e actual nu*R

!er o5 Qo!s t6at *iss t6eir deadlines. + s*all tolerance 5or *issed deadlines is assu*ed

3roviding t6at t6e server can !e nearly 5ully utiliPed.

+not6er a33lication o5 5eed!ac& control is in cac6ing 5or service di55erentiation f\1g.

A6e a*ount o5 cac6e s3ace allocated to eac6 class o5 Qo!s is adQusted !ased on t6e *eaR

sured cac6eR6it rates o5 eac6 classj a standard cac6ing algorit6* is used.

2.4 Summary

A6is c6a3ter starts Kit6 netKor& esti*ation tec6ni7ues. A6ese can !e grou3ed into

singleR3ac&et and 3ac&etR3air tec6ni7ues. A6e singleR3ac&et tec6ni7ue 5ocuses on esti*atR

ing t6e c6aracteristics o5 eac6 lin& along a 3at6 using t6e ti*eRtoRliveeld. A6e 3ac&etR3air

tec6ni7ue esti*ates endRtoRend 3ro3erties o5 a 3at6 !y sending tKo 3ac&ets !ac& to !ac&.

A6enJ Ke surveyed distri!uted le syste*s t6at use o3ti*istic concurrency control in =ecR

tion 2.2. Hecause t6e degree o5 KriteRs6aring is loKJ t6ese le syste*s alloK reads and

Krites in any 3artition. Mn Fluid Re3licationJ *etaRdata is sent to t6e server during reconR
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ciliationJ !ut t6e data trans5er is de5erred. Ao reduce latenciesJ data s6ould !e sent to t6e

server !e5ore anot6er node as&s 5or it. 8eciding K6en to s6i3 data is related to 3re5etc6R

ing algorit6*s develo3ed to reduce le access latencies. We discussed several 3re5etc6ing

*et6ods in =ection 2.Z.



CHAPTER 3

Design of Fluid Replication

Mn t6is c6a3terJ Ke 3resent a design overvieK o5 Fluid Re3lication Kit6 an eye toKards

se3arating t6e concerns o5 sa5ety and visi!ility. We eT3lain 6oK our decisions co*!ine to

*eet our design goals. A6enJ Ke introduce t6e t6ree *ain c6allenges 5or Fluid Re3lication

and outline our solutions.

3.1 Design Overview

Mn Fluid Re3licationJ K6en a client is close to t6e serverJ it co**unicates Kit6 t6e

server directly. W6en it *oves aKay 5ro* t6e serverJ increasing netKor& costJ it starts

using a near!y Way=tation. W6en t6e connectivity to t6e current Way=tation degradesJ

t6e client ada3tively selects a neKJ near!y Way=tation. We envision t6at Way=tations are

co**only availa!le. ?ac6 Way=tation can serve *ulti3le clients si*ultaneously. =ince

eac6 client *ay 6ave di55erent 6o*e serversJ Way=tations need to co**unicate Kit6 *ulR

ti3le servers. Figure Z.1 s6oKs 6oK t6e co*3onents o5 t6e Fluid Re3lication syste* are

connected.

Mn Fluid Re3licationJ a client sends u3dates i**ediately to a Way=tation. Way=taR

tions aggregate clientsh u3dates and send t6e* to t6e server 3eriodically. 8uring 3eriodic

22



2Z

Server 

WAN 

WayStation WayStation 

Client 

Client Client Client 

Server 

WAN WAN 

WayStation WayStation 

Client 

Client Client Client 

Figure Z.1G =yste* _vervieK

reconciliationJ u3date notications are sent Kit6out t6e contents o5 t6ose u3dates. =ince

contents are o5ten *uc6 !igger t6an noticationsJ *oving t6e contents is costly co*3ared

to notication. A6e contents o5 u3dates s6ould !e *oved only K6en t6ey are li&ely to !e

needed elseK6ere.

3.2 Design Rationale

_ur goal in designing Fluid Re3lication is to 6ide KideRarea netKor& cost 5ro* clients

K6ile 3roviding sa5ety and visi!ility o5 u3dates si*ilar to t6at availa!le in t6e local area.

A6e syste* also s6ould ada3t to c6anging netKor& conditions 5or good 3er5or*ance. Mn

t6e 5olloKing sectionsJ Ke descri!e t6e rationale !e6ind our design decisions and 6oK

t6ese decisions co*!ine to *eet t6e goals.
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3.2.1 Separating Safety and Visibility

<urrent le syste*s needlessly co*!ine sa5ety and visi!ility !y 3ro3agating t6e conR

tents o5 an u3dateJ i*3licitly noti5ying t6e destination t6at t6e u3date eTists. Fluid Re3liR

cation se3arates t6e concerns o5 sa5ety and visi!ility t6roug6 t6e addition o5 secondary

re3lica sitesJ Way=tations. A6ese sites act as server re3licas to near!y clientsJ serving

clientsh uncac6ed reads and Krites. <lient Krites are 3ro3agated to a Way=tation i**ediR

atelyJ 3roviding sa5ety. Way=tations 3eriodically reconcile t6eir u3dates Kit6 t6e servers

5or K6ic6 t6ey act as re3licasj t6is eTc6anges u3date noticationsJ !ut not t6e contents o5

t6ose u3dates. =3ecicallyJ a Way=tation sends t6e server an u3date log t6at contains *uR

tating o3erations during reconciliation. For store o3erationsJ t6e *etaRdata is u3dated

during reconciliationJ !ut data trans5er is de5erred.

A6e idea o5 se3arating *etaRdata and data is si*ilar to t6e conce3t used in cac6e coR

6erence 3rotocols in *ulti3rocessor syste*s. Mn s6aredR*e*ory *ulti3rocessor syste*sJ

eac6 3rocessor 6as a local cac6e and *ulti3le 3rocessors are connected to t6e *ain *e*R

ory. A6e 3rocessor cac6e corres3onds to a Way=tation re3licaJ and t6e *ain *e*ory

corres3onds to t6e le server. W6en a 3rocessor u3dates a !loc& o5 its cac6eJ t6e corR

res3onding !loc& in t6e *e*ory is invalidatedj t6e notication o5 u3date is sent to t6e

*e*ory Kit6out t6e u3date contents.

A6ere are several advantages to se3arating data 3ro3agation 5ro* t6e reconciliation

3rocess. FirstJ !y eTcluding costly data 3ro3agationJ reconciliation can !e done 5re7uentlyJ

3roviding good visi!ility. =econdJ noK t6at data 3ro3agation is se3arated 5ro* t6e conR

sistency *ec6anis*J t6e decision o5 K6en and K6et6er to send data to t6e server a55ects
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only 3er5or*anceJ not consistency. A6irdJ t6e se3aration can reduce netKor& tra5c to t6e

server. Hecause Way=tations are relia!leJ data need not !e sent to t6e server diligentlyj

t6is does not 3enaliPe consistency.

3.2.2 Using WayStations

W6en a client *oves aKay 5ro* its 6o*e serverJ netKor& cost increases. Ao avoid

t6ese costsJ t6e client can de5er sending u3dates to t6e server. HutJ t6is 6as 5olloKing

disadvantagesG

• Low availabilityG A6e *o!ile clients *ay !e disconnected or tuned o55 at any ti*e.

A6ere5oreJ u3dates solely on t6e* can !e unavaila!le 5or ot6er 6osts.

• UnreliabilityG #o!ile clients are unrelia!le co*3ared to des&to3 *ac6ines. A6ey

are easily !ro&en or stolen. =a5eKareJ an insurance co*3anyJ esti*ated t6at in

2EE1J 1.Z[^ *illion la3to3s Kere !ro&en due to accidentsJ and \`1JEEE la3to3s Kere

stolen f][g. A6usJ data stored only at *o!ile clients can easily !e lost.

Mn Fluid Re3licationJ Ke introduce inter*ediate serversJ called Way=tations. Mn conR

trast to clientsJ Way=tations are care5ully ad*inistered *ac6inesJ and are relatively 3erR

*anent *e*!ers o5 t6e in5rastructure. W6ile t6ey can !e inde3endently *anagedJ t6ey are

not eT3ected to !e transient. A6ey are relia!ly connected to servers. A6usJ t6ey 3rovide

availa!ility and relia!ility.

<o*3ared to clients t6at co**unicate directly Kit6 t6e serverJ clients co**unicating

t6roug6 Way=tations are at a disadvantageG Visi!ility o5 u3dates is reducedJ since u3dates

ta&e *ore ti*e to reac6 ot6er 6osts. HutJ t6e advantages o5 using Way=tations outKeig6
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t6e disadvantage. A6e advantages are as 5olloKsG

• Low-cost safetyG Way=tations 3rovide i**ediate sa5ety o5 u3date data Kit6out

clients 3aying KideRarea netKor& cost 5or eac6 u3date to reac6 t6e 6o*e server.

• Reduced wide-area trafficG Hecause Way=tations are relia!le t6ere is no reason to

3ro3agate u3date data to t6e re*ote server ot6er t6an ad*inistrative reason and true

s6aring.

• Server scalabilityG Way=tations *a&e t6e server scala!le !y 6iding individual clients

5ro* t6e server. Way=tations aggregate clientsh u3dates and send t6e* to t6e server

3eriodically.

• AdaptabilityG <lients can !e ada3tive to netKor& c6anges !y c6anging t6eir corR

res3onding Way=tations. W6en netKor& conditions to t6e current Way=tation deR

gradeJ a client can select a neKJ near!y Way=tation.

• CachingG Way=tations 3rovide cac6ing 5or *o!ile clientsJ since *o!ile clients are

resource 3oor relative to static *ac6ines.

3.3 Main Mechanisms

A6ere are t6ree *ain c6allenges t6at t6e Fluid Re3lication *ust address to su33ort

*o!ile clientsG

• Way=tation selection under c6anging netKor& conditionsJ

• *anaging *etaRdata (u3date notications) in 6ig6Rlatency KideRarea netKor&J and

• *anaging data (u3date contents) Kit6 li*ited netKor& resource.
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A6e rest o5 t6is section descri!es t6ese c6allenges and outlines our solutions.

3.3.1 WayStation Selection

A6e success o5 Fluid Re3lication de3ends on Way=tationsJ K6ic6 act as re3licas 5or

servers. A6ey 3rovide cac6ing and i**ediate sa5ety to near!y clients Kit6out 3enaliPing

3er5or*ance. + Way=tation is a!le to 6ost re3licas o5 any service 5or any clientJ regardless

o5 ad*inistrative do*ainJ and can 6ost re3licas o5 *ulti3le servers concurrently.

A6e decision o5 K6et6er or not to use a Way=tation is clientRdriven. <lients esti*ate

t6e 7uality o5 t6e netKor& !etKeen t6e*selves and t6eir current re3lica site. M5 t6e netKor&

7uality !eco*es 3oorJ t6e client loo&s 5or a Way=tation close enoug6 to i*3rove *attersJ

and initiates a re3lica on it. =uc6 searc6es are carried out in a neig6!or6ood near t6e client

using :astry f]^gJ a 3eerRtoR3eer routing su!strate. A6e Way=tation in5or*s t6e server o5

initiation.

Ao detect c6anges in t6e netKor& 7ualityJ clients need to *onitor t6e netKor& condiR

tions. A6e 3ro!le* in esti*ating netKor& conditions is t6at t6ey c6ange constantly. A6is

*ay !e due to netKor& to3ology c6angesJ vertical 6ando55 across connection alternativesJ

or Kireless 5ading and s6adoKing. A6ese 5actors cons3ire to 3roduce 5re7uent c6anges

in availa!le latency and !andKidt6J and induce su!stantial noise in individual netKor&

o!servations. A6us it is di5cult to tell t6e dtruee conditions o5 netKor&.

Ao solve t6is 3ro!le*J Ke need a netKor& lter t6at 3roduces current netKor& conR

ditions given noisy individual o!servations. A6e netKor& lter s6ould ignore transient

c6anges !ut at t6e sa*e ti*e detect enduring c6anges 7uic&ly. Mn ot6er KordsJ it s6ould !e

sta!le to noises !ut agile to true c6ange.
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We develo3ed a lterJ called Flip-flopJ t6at uses a tec6ni7ue 5ro* statistical 3rocess

control. Mt selects !etKeen an agile eT3onentially Keig6ted *oving average (?W#+)

lter and a sta!le ?W#+ lter. We co*3are t6is lter Kit6 t6ree ot6er ltersJ including

t6e KellR&noKn )al*an lter. We also co*3are it Kit6 tKo staticRgain ?W#+ ltersG t6e

agile _dyssey lter and t6e sta!le A<: lter. Mt 3rovides agility co*3ara!le to t6e _dyssey

lter and sta!ility co*3ara!le to t6e A<: lter in t6e *aQority o5 cases.

3.3.2 Meta-Data Management

Way=tations 6ave tKo i*3ortant roles. A6e rst is to 3artici3ate in t6e data consistency

3rotocol on !e6al5 o5 clients. A6e second is to *a&e t6e u3date data sa5e !y storing it at

anot6er *ac6ine !eside t6e client itsel5. Mn t6is sectionJ Ke concentrate on t6e rst role.

A6e second role is discussed in t6e neTt section.

For consistencyJ o3ti*istic concurrency control f\Zg is used !ased on t6e o!servations

t6at a le is not li&ely u3dated si*ultaneously !y *ore t6an one node. HoKeverJ K6en

tKo or *ore u3dates occur concurrentlyJ t6e server *ust c6ec& K6et6er t6e u3dates can !e

serialiPed. M5 notJ t6e 3ro!le* is re3orted to t6e clientJ and t6e client *ust *anually T it.

+ Way=tation 3eriodically in5or*s t6e server o5 its u3dates. B3on receiving t6e *esR

sage 5ro* a Way=tationJ t6e server invalidates ot6er Way=tation re3licas i**ediately.

A6ese Way=tations t6en invalidate cac6ed co3ies at clients.

We evaluate t6e overall 3er5or*ance o5 Fluid Re3lication in co*3arison to <oda and

+F=. W6ile 3er5or*ances o5 <oda and +F= decrease as netKor& conditions degradeJ Fluid

Re3lication is largely una55ected !y degradation. Fluid Re3lication success5ully isolates

clients 5ro* KideRarea netKor&ing cost.
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3.3.3 Data Management

W6en an o3ti*istic u3date is *ade at a re3lica siteJ t6at site *ust eventually in5or*

ot6ers o5 t6e u3date 5or consistency. HoKeverJ le s6aring is rare in le syste* Kor&loads.

=oJ K6ile t6e *etaRdata descri!ing an u3date needs to !e 3ro3agatedJ t6e data co*3rising

t6at u3date o5ten need not !e. HoKeverJ t6is de5erring o5 data s6i3*ent 3enaliPes t6e

clients K6o do s6are. For t6ese clientsJ t6e cost o5 5etc6ing u3dated les t6at are at ot6er

Way=tation is 6ig6 in a KideRarea netKor&.

Ao solve t6is 3ro!le*J Ke develo3ed a *ec6anis*J called Invalidation HeuristicJ to

3redict 5uture le s6aring. A6e goal is to 3ro3agate to t6e server t6e les t6at are li&ely

to !e s6ared in advance o5 ot6ersh re7uestsJ K6ile t6e rest are not 3ro3agated at all. A6e

Mnvalidation Heuristic sc6e*e is !ased on t6e o!servation t6at les K6ose u3dates caused

invalidations are li&ely to !e used !y ot6ersJ and t6ere5ore s6ould !e 3ro3agated to t6e

server in advance. We co*3are t6is sc6e*e against several ot6er sc6e*es using real le

syste* traces. Mt s6i3s tKo orders o5 *agnitude less data t6an t6e aggressive KriteRt6roug6

sc6e*eJ K6ile reducing t6e 3enalty o5 onRde*and s6i3*ent !y nearly a 5actor o5 tKo.

3.4 The Role of WayStations

A6e 3re*ise o5 u!i7uitous Way=tations is 3er6a3s a tenuous one. A6ese *ac6ines

*ust !e relia!ly connected to t6e rest o5 t6e netKor&J and t6is re7uires a signicant level o5

ad*inistrative care. A6is re3resents a signicant de3loy*ent !urden. =oJ it is reasona!le

to as& 6oK use5ul t6e *ec6anis*s o5 Fluid Re3lication could !e Kit6out t6e 3resence o5

Way=tations.
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Mn t6is alternative designJ clients ta&e on t6e duties o5 Way=tations. A6ey noti5y servers

o5 t6e 3resence o5 u3datesJ !ut retain t6e contents o5 t6ose u3dates. A6is 3rovides good visR

i!ility and co**onRcase 3er5or*anceJ !ut 3oor sa5ety. Hecause servers are given ti*ely

notication o5 u3datesJ any s6ared re5erences Kill !e to t6e *ost recent version availa!le.

Hecause notications are s*all and s6i33ed async6ronouslyJ t6e end user 3ays no 3er5orR

*ance costs to su33ort t6e*. HoKeverJ in t6is *odel u3dates are stored only on t6e *o!ile

clientJ su!Qect to t6e increased c6ance o5 t6e5tJ lossJ or destruction.

Mn addition to reduced sa5etyJ t6is alternate design also su55ers 5ro* reduced availa!ilR

ity in t6e 3resence o5 s6ared u3dates. Mn Fluid Re3licationJ u3dated les are le5t on near!y

Way=tationsj K6en ot6er clients read t6ose lesJ t6ey are !ac&R5etc6ed. Hecause Way=taR

tions are relia!ly connectedJ !ac&R5etc6es can !e satised. Mn contrastJ *o!ile clients are

o5ten disconnected 5ro* t6e netKor&. A6ey are o5ten sus3ended to conserve 3oKerJ and

so*eti*es are not reac6a!le !y any netKor&ing tec6nology. A6usJ clientRserviced !ac&R

5etc6es are *uc6 less li&ely to !e success5ulJ leading to user 5rustration.

Ao avoid t6is 3ro!le*J data needs to !e sent diligently to t6e server. Ao send data

aggressivelyJ clients can include data in logs and send logs 5re7uently. A6is is 3recisely

K6at <oda does in cases o5 Kea& connection f\FgJ t6oug6 <oda could !e i*3roved !y

sending invalidations and u3dates se3arately. HoKeverJ t6ere is a tension !etKeen log

siPe and s6i3*ent 5re7uencyJ K6ic6 is eTacer!ated !y t6e cost o5 co**unicating !etKeen

client and server across t6e Kide area. Furt6er*oreJ even i5 data 3ro3agation is done

async6ronouslyJ clients still need to stay connected until all t6e u3date data is received !y

t6e server to guarantee sa5ety o5 data.
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A6usJ Way=tations 3lay an indis3ensa!le role in t6e design o5 Fluid Re3lication. :erR

6a3s t6e *ost li&ely de3loy*ent scenario is 5or eac6 Fluid Re3lication server to also act

as a Way=tation 5or 5oreign clients. _ne could also i*agine using ot6er near!y clients as

re3ositories. HoKeverJ t6is Kould re7uire re3licationmany one o5 t6ose clients is no *ore

relia!le t6an t6e client on K6ic6 t6e le Kas Kritten.

3.5 Summary

Fluid Re3lication se3arates t6e concerns o5 sa5ety and visi!ility t6roug6 t6e addition

o5 secondary re3lica sitesJ Way=tations. Way=tations 3rovide i**ediate sa5ety o5 u3date

dataJ *a&e t6e server scala!le !y 6iding individual clientsJ reduce overall netKor& tra5c

!y aggregating clientsh u3datesJ and alloK clients to !e ada3tive to netKor& c6anges !y

sKitc6ing t6eir corres3onding Way=tations.

8uring reconciliationJ Way=tations send t6e server t6e notication o5 u3dates Kit6out

u3date dataj data trans5er is de5erred. A6is se3aration reduces reconciliation cost. A6us

reconciliation can !e done 5re7uentlyJ 3roviding !etter consistency. A6e se3aration also

alloKs a variety o5 data 3ro3agation *ec6anis*sJ reducing overall netKor& tra5c.

A6ere are t6ree *ain c6allenges to Fluid Re3licationG selecting a near!y Way=tation

under c6anging netKor& conditionsJ *anaging *etaRdata in a 6ig6Rlatency KideRarea netR

Kor&J and *anaging data Kit6 li*ited netKor& resources. A6e 5olloKing t6ree c6a3ters

eT3lore t6ese c6allengesJ descri!e solutionsJ and evaluate t6eir e55ectiveness.



CHAPTER 4

Mobile Network Estimation

4.1 Introduction

Mt is Kidely recogniPed t6at ada3tation to c6anging netKor&ing conditions is critical to

*o!ility f1ZJ 2^g. Mn Fluid Re3licationJ clients *ust &noK t6e availa!le netKor& ca3acity

to eac6 Way=tation to decide K6en to loo& 5or a neK Way=tation and to select a*ong

t6e*. For eTa*3leJ K6en t6e netKor& ca3acity to a Way=tation is reducedJ a client needs

to tell K6et6er it is a trueJ 3ersistent c6angeJ or transient one. M5 it is a true c6angeJ t6e

client loo&s 5or a closer Way=tation and *igrates to it. _t6erKiseJ t6e client stays at t6e

current Way=tation to avoid t6e over6ead o5 *igration.

8iscovering t6e availa!le netKor& ca3acity is a di5cult 3ro!le*J !ecause t6e e55ective

latency and !andKidt6 !etKeen a *o!ile 6ost and ot6er nodes c6anges constantly. A6is

*ay !e due to ad 6oc to3ology c6angesJ vertical 6ando55 across connection alternativesJ or

Kireless 5ading and s6adoKing f2`J ]2g. A6ese causes are in addition to t6e *ore 3rosaic

routing c6anges and congestion ende*ic to Kired netKor&s o5 even *odest scale fF1J

]Eg. Aoget6erJ t6ese 5actors cons3ire to 3roduce 5re7uent c6anges in availa!le latency and

!andKidt6J and induce su!stantial noise in individual netKor& o!servations.

Z2
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<onverting noisy o!servations into an esti*ate o5 availa!le latency and !andKidt6 is an

instance o5 t6e filtering 3ro!le*. _!servations are 5ed into a lterJ K6ic6 s*oot6es t6e*

in so*e Kay to 3roduce esti*ates. Ay3icallyJ syste*s e*3loy an eT3onentially Keig6ted

*oving average (?W#+) lter to solve t6is 3ro!le*. Siven a neK o!servationJ an ?W#+

lter 3roduces a neK esti*ate as a linear co*!ination o5 t6e old esti*ate 3lus t6e neK

o!servationJ eac6 given so*e Keig6t.

Bn5ortunatelyJ t6e gainJ K6ic6 deter*ines t6e 3ro3ortional Keig6t assigned to t6e neK

o!servation and t6e old esti*ateJ is Ted in traditional ?W#+ lters. W6en old esti*ates

are given *ore Keig6tJ t6e lter 3rovides good stabilityj it resists noise in individual o!R

servations. W6en neK o!servations are given *ore Keig6tJ t6e lter 3rovides good agilityj

it is a!le to detect 3er5or*ance c6anges 7uic&ly. Ieit6er 3ro3erty is desira!le at all ti*es.

MdeallyJ one Kould li&e to 6ave a lter t6at is agile K6en 3ossi!le !ut sta!le K6en necesR

saryJ de3ending on current circu*stances. Mn ot6er KordsJ lters *ust !e ada3tiveJ Qust as

ot6er co*3onents o5 t6e syste* *ust !e.

A6is c6a3ter descri!es our eT3eriences designing and evaluating lters t6at trade staR

!ility 5or agility !ased on t6e 3revailing situation. We 6ave designed several candidate

lters in an atte*3t to *eet t6is goal. _neJ called Flip-flopJ is a co*3osition o5 an agile

?W#+ lter and a sta!le one. Fli3Ro3 selects !etKeen t6e* using a tec6ni7ue !orroKed

5ro* statistical 3rocess control f\2J ]\J ^[g. AKo ot6ersJ Stability and Error-basedJ use

6euristics to vary t6e gain o5 an ?W#+ lter continuouslyJ in order to select 5or agility

or sta!ility !ased on t6e !e6avior o5 o!servations and esti*atesJ res3ectively. FinallyJ Ke

6ave a33lied a variant o5 t6e KellR&noKn Kalman lter f1^g.
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4.2 Locating Nearby WayStations

W6en t6e netKor& connectivity to t6e current Way=tation degradesJ t6e client needs

to loo& 5or a neK near!y Way=tation. We can use :astry f]^g to discover a list o5 near!y

Way=tations and use our lters to c6oose t6e nearest one 5ro* t6e list.

:astry is a 3eerRtoR3eer routing su!strate. ?ac6 node 6as a uni7ueJ rando*ly assigned

nodeM8 in a circular 12[R!it identier s3ace. Siven a 12[R!it destination addressJ :astry

routes t6e *essage toKards t6e live node K6ose nodeM8 is nu*erically closest to t6e adR

dress using prefix routing. Mn 3reT routingJ a *essage Kit6 so*e address A is rst sent

to a 6ost Kit6 a nodeM8 *atc6ing A in t6e rst digit. A6is 6ost 5orKards t6e *essage to a

node Kit6 nodeM8 *atc6ing in t6e rst tKoJ and so on. ?ventuallyJ t6e *essage reac6es

t6e nu*erically closest node.

Ao su33ort 3reT routingJ eac6 3astry node *aintains a routing ta!le Kit6 a nu*!er o5

roKs e7ual to t6e nu*!er o5 digits in a nodeM8naddress. A6e rst roK lists nodes K6ose

nodeM8s di55er in t6eir rst digit. A6e second lists nodes K6ose nodeM8s are identical in

t6eir rst digitJ !ut di55er in t6eir secondJ and so on. M5 a :astry node 6as several 3eers

K6ic6 could ll a 3articular routing ta!le entryJ it c6ooses t6e node t6at is t6e 5eKest

nu*!er o5 netKor& 6o3s aKay. W6en lling u33er roKsJ :astry ty3ically 6as a large set o5

candidate nodes 5ro* K6ic6 to c6oose. A6usJ t6e rst 5eK roKs in any :astry routing ta!le

re5er to nodes t6at are near!y in netKor& ter*s. :astry su33orts a *ec6anis* !y K6ic6

neK nodes can Qoin t6e netKor&J discovering near!y nodes in t6e 3rocess f1Eg.

Fluid Re3lication can leverage :astry as 5olloKs. ?ac6 Way=tation is 3er*anently 3art

o5 t6e :astry overlay. W6en a client Kis6es to nd a set o5 candidate Way=tationsJ it Qoins
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t6e overlay and t6en Kit6draKs 5ro* it. Mn t6e 3rocessJ t6e client lls its oKn :astry routing

ta!leJ and t6e rst roK re3resents t6e closest Way=tations in ter*s o5 netKor& 6o3s. A6e

client t6en uses t6ese Way=tations as candidatesJ selecting a*ong t6e* !ased on availa!le

netKor& ca3acity.

4.3 Making Observations

A6is section descri!es 6oK Ke o!tain individual o!servations o5 netKor& 3er5or*ance.

We rst descri!e 6oK Ke co*3ute individual !andKidt6 and latency 5ro* roundRtri3Rti*e

*easure*ents. A6enJ Ke eT3lain 6oK Ke discount 7ueueing delay 5ro* t6ese *easureR

*ents.

4.3.1 Computing Bandwidth and Latency

We re3resent t6e endRtoRend 3at6 !etKeen tKo 6osts Kit6 a si*3le uidRoK *odel fF^g.

Mn t6is *odelJ t6e se7uence o5 6o3s 5ro* source to sin& can !e re3resented as a single serR

vice 7ueue Kit6 latency lat and !andKidt6 bw. + 3ac&eths delay is si*3lyG delay =

lat + size/bw. A6e ter*s lat and bw are considered to !e t6e effective latency and !andR

Kidt6 along a 3at6 rat6er t6an t6ose o5 so*e 36ysical lin&. +s congestion along t6e 3at6

increasesJ e55ective latency increases and e55ective !andKidt6 decreases.

+n individual client o!serves netKor& 3er5or*ance to a server !y sending a re7uest

to t6at 6ostJ receiving a res3onseJ and *easuring t6e total ela3sed ti*e. We assu*e t6at

suc6 o!servations 6a33en only as a side e55ect o5 nor*al tra5c eTc6anged !etKeen one

*ac6ine and anot6er. A6ey are not *ade t6roug6 active 3ro!ing to avoid over6ead during

ti*es o5 decreasing netKor& 3er5or*ance. Re7uiring *ore tra5c to detect suc6 situations
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A6is gure illustrates t6e delays eT3erienced !y a re7uestnres3onse 3air in our uidRoK
*odel.

Figure F.1G _!serving IetKor& :er5or*ance

Kill only degrade conditions.

A6e total ela3sed ti*e consists o5 t6e ti*e to trans*it t6e re7uest to t6e serverJ t6e

ti*e re7uired to service t6e re7uestJ and t6e ti*e re7uired to trans*it t6e res3onse. A6is

3rocess is de3icted in Figure F.1. A6e roundRtri3 ti*eJ RTT J Kit6 t6is *odel isG

RTT = (lat +
sreq

bw
) + service + (lat +

sres

bw
) (F.1)

K6ere sreq and sres are t6e siPes o5 re7uest and res3onseJ res3ectively.

4.3.2 Discounting Self-Interference

_ur goal is to deter*ine t6e e55ective latency and !andKidt6 availa!le to t6is 6ost.

A6ere5oreJ esti*ates s6ould !e inde3endent o5 its !e6aviorJ !ut de3endent on t6e ot6er

tra5c 3resent along t6e 3at6. W6en a 6ost trans*its tKo re7uests very close to one anot6er

in ti*eJ t6e second Kill !e 7ueued !e6ind t6e rstJ inating t6e secondhs RAA. We *ust
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Figure F.2G =el5RMnter5erence cueueing 8elay

discount suc6 self-interference f]Eg. Ao do soJ Ke use t6e !andKidt6 esti*ate to deter*ine

sel5Ri*3osed 7ueuing delay.

Figure F.2 illustrates 6oK Ke co*3ute t6e sel5Rinter5erence 7ueueing delay. W6en

*essage mt+1 arrives at t6e *odeled 7ueue at at+1J it *ust Kait until t6e 3revious *essage

mt de3arts at dt. =o t6e 7ueueing delayJ qt+1J is dened asG qt+1 = dt − at+1. Hecause Ke

do not eT3licitly *easure t6e de3arture ti*eJ Ke co*3ute qt+1 using t6e 5olloKingG

qt+1 = max

{
qt +

st

bwt
− (at+1 − at), 0

}
(F.2)

K6ere st is t6e siPe o5 *essage mtJ and bwt is t6e !andKidt6 esti*ate generated at at.

4.4 Adaptive Filters

Ay3icallyJ syste*s use eT3onentially Keig6ted *oving average (?W#+) lters to

s*oot6 noisy netKor& o!servations. =uc6 lters ta&e t6e 5or*G

Et = αEt−1 + (1 − α)Ot (F.Z)

K6ere Et is t6e neKly generatedJ s*oot6ed esti*ateJ Et−1 is t6e 3rior esti*ateJ and Ot is

t6e current o!servation. A6e ter* α is called t6e gainJ and deter*ines t6e lterhs reactivity.

M5 t6e gain is largeJ old esti*ates Kill do*inate and t6e lter Kill !e sloK to c6angeJ *a&ing

it sta!le. For eTa*3leJ A<:hs RAA lter 6as a gain o5 ^n[. Mn contrastJ lters Kit6 loK gain
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Kill tend to !e agile. _dysseyhs netKor& lters use gains as loK as 1n[ to detect c6anges

7uic&ly. Mn t6e re*ainder o5 t6is sectionJ Ke descri!e our 5our ada3tive lters.

4.4.1 Flip-Flop Filter (FF)

A6e rst lterJ called Fli3Ro3J consists o5 tKo ?W#+ lters. _ne is agileJ Kit6 a gain

o5 E.1J and t6e ot6er is sta!leJ Kit6 a gain o5 E.`. + controller selects !etKeen t6e tKo.

A6e underlying 3rinci3le o5 t6is controller is to e*3loy t6e agile lter K6en 3ossi!leJ !ut

5all !ac& to t6e sta!le lter K6en o!servations are unusually noisy. Mt e*3loys a control

chart f\2g to *a&e t6is decision.

<ontrol c6arts are co**only used to 3rovide statistical 3rocess control in *anu5acR

turing a33lications. A6ey 3lot t6e sa*3le *eanJ xJ o5 a controlled 7uantity against t6e

desired 3o3ulation *eanJ µJ over ti*e. A6e 3lot includes tKo control limitsG t6e u33er

control li*it (B<U)J and t6e loKer control li*it (U<U). BsuallyJ t6e control li*its are deR

ned to !e µ ± 3σxJ K6ere σx is t6e sa*3le standard deviation. W6en a sa*3le eTceeds

t6e control li*itsJ t6e 3rocess is Qudged to !e out o5 control. A6is is called t6e 3-sigma

rule f^[g.

We a33ly t6is tec6ni7ue to lter selectionJ !ut *ust *a&e alloKances 5or our do*ain.

FirstJ Ke do not &noK t6e true latency and !andKidt6 at any 3ointj t6is is needed to generR

ate a 3o3ulation *ean. =econdJ t6ose 7uantities are eT3ected to c6ange over ti*e. <ontrol

c6arts are 3ri*arily used only to detect suc6 s6i5ts in *eanJ !ut Ke also Kant to recaliR

!rate our control to t6e neK *ean value. FinallyJ Ke do not &noK t6e 3o3ulation standard

deviation in advanceJ !ut need it to esta!lis6 t6e control li*its.

Ao address t6ese s6ortco*ingsJ Ke 3eriodically c6ange t6e center line and li*its o5
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Figure F.ZG Fli3RFlo3 Filter

t6e control c6artJ using t6e moving range to a33roTi*ate t6e standard deviation. A6e

*oving rangeJ MRJ is t6e average o5 t6e di55erences !etKeen adQacent 3ointsJ |xi − xi−1|.

A6e control li*its use t6e *oving range as a su!stitute 5or t6e sa*3le standard deviation.

Hecause t6e true value o5 MR *ay c6ange over ti*eJ Ke s*oot6 it using an ?W#+ lter

Kit6 a gain o5 ^n[. A6e center lineJ K6ic6 re3resents t6e 3o3ulation *eanJ is set to an

eT3onentially Keig6ted *oving average o5 t6e esti*ated valueJ xJ Kit6 a gain o5 1n[ to

account 5or *ean s6i5ts. A6e control li*its are t6enG

x ± 3
MR

d2
(F.F)

K6ere d2 esti*ates t6e standard deviation o5 a sa*3le given its range. W6en t6e range is

5ro* a sa*3le o5 tKoJ as it is 5or MRJ t6e value o5 d2 is a33roTi*ately 1.12[ f\2g. Mn t6e

3rocess control literatureJ t6is ty3e o5 control c6art is called t6e individual-x chart f]\g.

Figure F.Z s6oKs 6oK t6e Fli3Ro3 lter c6ooses !etKeen its tKo ?W#+ lters and
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A6e s6adoKed area re3resents t6e values !etKeen t6e u33er and loKer control li*its.
+round 12\ secondsJ t6e Fli3Ro3 lter sKitc6es 5ro* t6e agile lter to t6e sta!le one.

Figure F.FG Fli3RFlo3 Filter ?Ta*3le

K6en it u3dates its control values. +s long as o!servations (also called spot values) 5all

Kit6in t6e ZRsig*a li*itsJ Ke use t6e agile lter. M5 t6e values 5all outside t6e li*itsJ Ke

5all !ac& to t6e sta!le one. Mn ot6er KordsJ K6en o!servations are unusually varia!leJ t6e

lter da*3ens its esti*ates. A6e *oving range is u3dated only K6en t6e s3ot values 5all

Kit6in t6e ZRsig*a li*its. A6is 3revents t6e *oving range 5ro* !eco*ing too Kide. A6e

center line and control li*its are adQusted 5or eac6 3ac&et received.

Figure F.F s6oKs an eTa*3le o5 t6e Fli3Ro3 lter. A6e s6adoKed area re3resents

t6e values !etKeen t6e u33er and t6e loKer control li*itsJ t6e dotted lines s6oK t6e s3ot

valuesJ and t6e solid line 3lots t6e esti*ate over ti*e. W6en t6e s3ot values are outside o5

t6e control li*itsJ t6e controller selects t6e sta!le lterj at ot6er ti*esJ it c6ooses t6e agile

lter. For eTa*3leJ around 12\ secondsJ t6e Fli3Ro3 lter sKitc6es 5ro* t6e agile lter

to t6e sta!le one !ecause t6e s3ot value is a!ove t6e u33er control li*itJ causing a dro3 in

esti*ate. A6is dro3 is a result o5 *aintaining t6e tKo staticRgain lters inde3endentlyj t6e
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sta!le lter is consistently *ore conservative in 5olloKing c6anges.

4.4.2 Stability Filter (SF)

A6e second lter is called t6e =ta!ility lter. Ui&e t6e Fli3Ro3 lterJ t6e =ta!ility lter

da*3ens esti*ates in 3ro3ortion to t6e variance o5 s3ot o!servations. HoKeverJ rat6er

t6an using variance to select !etKeen staticRgain ltersJ Ke use a *easure o5 t6e variance

to dyna*ically c6ange t6e gain o5 a single lter.

A6e goal o5 t6e =ta!ility lter is to da*3en esti*ates K6en t6e netKor& eT6i!its unR

sta!le !e6avior. +s consecutive o!servations divergeJ t6e insta!ility increases. A6isJ in

turnJ increases t6e gainJ *a&ing t6e lter sta!le. _ur *easure o5 insta!ility is si*ilar to

t6e *oving range used in t6e Fli3Ro3 lter. Ao co*3ute insta!ilityJ U J Ke use a second

?W#+ lterG

Ut = βUt−1 + (1 − β)|xt − xt−1| (F.\)

K6ere xt is t6e s3ot value *easured at ti*e tJ and β is E.]j t6is value Kas c6osen e*3iriR

cally to *ini*iPe esti*ation error. We set t6e gain to !eG

αt =
Ut

Umax
(F.])

K6ere Umax is t6e largest insta!ility seen in t6e ten *ost recent o!servations.

+n eTa*3le o5 t6e =ta!ility lter is s6oKn in Figure F.\. A6e dotted line s6oKs t6e

c6anging s3ot valuesJ and t6e solid line trac&s esti*ated values. A6e lter is relatively

ro!ust against large c6anges in 3er5or*anceJ !ut trac&s s*all c6anges Kell.
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Figure F.\G =ta!ility Filter ?Ta*3le

4.4.3 Error-Based Filter (EF)

A6e ?rrorR!ased lter 5olloKs t6e general 5or* o5 t6e =ta!ility lterJ !ut ta&es a di5R

5erent a33roac6 in ada3ting its gain. Rat6er t6an vary gain !ased on t6e variance in netR

Kor& o!servationsJ it !ases gain on t6e 3redictive 3oKer o5 its esti*ates. W6en t6e ?rrorR

!ased lter 3roduces esti*ates t6at *atc6 Kell Kit6 realityJ t6ese esti*ates are given *ore

Keig6t t6roug6 6ig6er gain. W6en t6e lter does not accurately *atc6 o!served valuesJ

Ke decrease its gain so t6at it can converge *ore 7uic&ly.

A6e error at an individual o!servation is t6e di55erence !etKeen t6e 3ast esti*ate and

t6e current o!servationG |Et−1 − Ot|. Rat6er t6an use raK error values at eac6 ste3J Ke

lter t6ese errors t6roug6 a secondary ?W#+ lterj it t6en 3lays a role si*ilar to t6at o5

Ut in t6e =ta!ility lter. ?sti*ator errorJ ∆tJ isG

∆t = γ∆t−1 + (1 − γ)|Et−1 − Ot| (F.^)

K6ere γ is E.]. A6is value Kas c6osen e*3irically in t6e sa*e *anner as β. We t6en set
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Figure F.]G ?rrorRHased Filter ?Ta*3le

t6e gain o5 t6e ?rrorR!ased lter to !eG

αt = 1 − ∆t

∆max
(F.[)

K6ere ∆max is co*3uted t6e sa*e Kay as Umax.

+n eTa*3le o5 t6e ?rrorR!ased lter is s6oKn in Figure F.]. A6e dotted line s6oKs

t6e c6anging s3ot valuesJ and t6e solid line trac&s t6e esti*ated value. Mn contrast to t6e

=ta!ility lterJ t6e ?rrorR!ased lter trac&s large c6anges 7uic&lyJ !ut is ro!ust against

s*all uctuations in 3er5or*ance.

4.4.4 Kalman Filter (KF)

A6e nal lter Ke 6ave eT3lored is an a33lication o5 t6e )al*an lter. )al*an ltersJ

i5 3ro3erly a33lied to a linear syste*J are optimal in t6at t6ey *ini*iPe *ean s7uared

esti*ation error. W6ile an o3ti*al )al*an lter re7uires signicant &noKledge o5 t6e

syste*m&noKledge t6at is not availa!le K6en esti*ating netKor& 3er5or*ancemone can

e*3loy reasona!le guesses t6at give a good result.
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)al*an lters descri!e a syste* in ter*s o5 state space notation. For our *odelJ t6is

isG

X(t + 1) = Φ(t)X(t) + W(t) (F.`)

K6ere X is t6e syste* state vectorJ Φ is a constant *atriT co*!ining t6e state varia!lesJ

and W is a *atriT re3resenting syste* noise.

_ur lter esti*ates latency and !andKidt6 given roundRtri3 ti*e *easure*entsj laR

tency and !andKidt6 are t6e state varia!les. Recall t6at t6e roundRtri3 ti*e is 3ro3ortional

to 1/bw. A6ere5oreJ in order to *a&e t6e syste* linearJ Ke use 1/bw rat6er t6an bw as t6e

second state varia!le. =oJ t6e syste* state vector is Kritten asG

X =




x1

x2



 =




lat

1
bw



 (F.1E)

A6e state e7uations are t6en Kritten asG

x1(t + 1) = x1(t) + w1(t) (F.11)

x2(t + 1) = x2(t) + w2(t) (F.12)

K6ere w1 and w2 are t6e (un&noKn) syste* noise in latency and !andKidt6J res3ectively.

:utting t6ese toget6erJ Ke 6aveG

Φ =




1 0

0 1



 (F.1Z)

W =




w1

w2



 (F.1F)

Mn order to a33ly a lter to t6e syste* stateJ one *ust *easure itG

Z(t) = H(t)X(t) + V(t) (F.1\)
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HereJ Z is a *atriT containing t6e *easured state valuesJ H is a constant *atriT co*!ining

t6e syste* stateJ and V is a *atriT re3resenting t6e (un&noKn) *easure*ent error.

_ur *easure*entJ RAAJ is a scalarJ so Z is t6e scalar zJ and V is t6e scalar v. _ur

netKor& *odel says t6at RTT = 2lat + s/bwJ so t6e *easure*ent e7uation isG

z(t) = 2x1(t) + s(t)x2(t) + v(t) (F.1])

K6ere s(t) is t6e su* o5 t6e siPes o5 t6e re7uest and res3onse 3air at ti*e t. HenceJ *atriT

H isG

H =

[
2 s(t)

]
(F.1^)

Ao a33ly a )al*an lterJ Ke *ust &noK t6e 3rocess noise covariance *atriT Q and

t6e *easure*ent error covariance *atriT R. Q is t6e covariance *atriT o5 Wj R is

t6e covariance *atriT o5 V. Hecause W and V are not &noKnJ t6eir covariances are

unavaila!le. A6ere5oreJ Ke assu*e t6at t6e noise in latency and !andKidt6 is inde3endentJ

*a&ing t6eir 3roducts Pero.

Q(t) =




w1

2 0

0 w2
2



 (F.1[)

R(t) = [v2] (F.1`)

MntuitivelyJ Q re3resents t6e degree o5 varia!ility in latency and !andKidt6. A6e ter*s

w1
2 and w2

2 descri!es t6e degree to K6ic6 one is *ore volatile t6an t6e ot6er. R descri!es

t6e *easure*ent uncertainty. M5 *easure*ents are uncertainJ syste* state esti*ates s6ould

not c6ange drastically Kit6 individual *easure*ents. Mn ot6er KordsJ t6e lter !eco*es

sta!le K6en R is large.
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Bn5ortunatelyJ Ke do not &noK t6e relative variances in latency and !andKidt6J nor

do Ke 6ave an accurate 3icture o5 *easure*ent noise. +lt6oug6 good guesses 5or Q and

R Kill not 3rovide o3ti*al 3er5or*anceJ t6ey Kill *a&e t6e lter 3er5or* reasona!ly

Kell fZ1g. A6e real i*3act o5 Q and R on t6e lterhs 3er5or*ance is deter*ined !y t6e

relative *agnitudes o5 eac6. For *atriT QJ Ke assu*e t6at t6e variances o5 noise in latency

and !andKidt6 are t6e sa*eJ and set !ot6 w1
2 and w2

2 to 1.

Wit6 Q TedJ Ke t6en e*3irically deter*ine R using a si*3le ad 6oc netKor& si*R

ulationJ K6ic6 is also used to evaluate t6e 3er5or*ance o5 lters. A6ere are tKo reasons

t6at Ke c6ose t6is si*ulation to deter*ine t6e !est R value. FirstJ t6e no*inal !andKidt6

values are &noKnJ alloKing us to co*3ute t6e relative errorJ |estimate− true|/true. =ecR

ondJ t6e noise ende*ic to *o!ile netKor&s tests t6e sta!ility o5 t6e lter. Mn ot6er KordsJ

t6e error values are not only a55ected !y 6oK 5ast eac6 lter settlesJ !ut also 6oK sta!le it

is once settled. Mn contrastJ i5 Ke tune t6e 3ara*eter in an environ*ent t6at does not 6ave

*uc6 noise a5ter eac6 3ersistent c6angeJ t6e error is *ainly deter*ined !y 6oK 5ast t6e

lter settles to a neK value. Mn t6is caseJ a s*aller RJ K6ic6 *a&es t6e lter agileJ Kould

alKays !e 3re5era!le.

Figure F.^ s6oKs t6e relative error o5 t6e )al*an lter Kit6 R values varied 5ro*

E.EE1 to 1EEE. A6e results s6oK t6at [10] is t6e !est value 5or RJ and t6at t6is value is

relatively insensitive to t6e 3er5or*ance o5 t6e )al*an lter. Mn ot6er KordsJ any value

eTce3t 1EEE does not *a&e a large di55erence in 3er5or*ance. A6is 6olds true 5or all o5

our eT3eri*ents. A6e resulting *atrices areG

Q(t) =




1 0

0 1



 (F.2E)
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A6is gure s6oKs relative error o5 )al*an lter Kit6 di55erent R values under t6e si*3le
ad 6oc netKor& si*ulation.

Figure F.^G )al*an :ara*eter

R(t) = [10] (F.21)

Siven *atrices Q and R Kit6 t6e state e7uationsJ a33lying t6e )al*an lter is straig6tR

5orKard f[g.

4.5 Evaluation

Mn evaluating t6e candidate ltersJ Ke set out to ansKer t6e 5olloKing 7uestionsG

• HoK agile are t6e lters in t6e 5ace o5 idealiPedJ 3ersistent c6anges in netKor& caR

3acitys

• HoK sta!le are t6e lters in reaction to transient c6anges in netKor& ca3acitys

• HoK do lters react in t6e 3resence o5 c6anging netKor& congestions

• HoK do lters react in t6e 3resence o5 to3ology c6anges in a *o!ile netKor&s

• HoK do lters co*3are in a co*3leTJ ad 6oc netKor&s
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Ao ansKer t6ese 7uestionsJ Ke su!Qected eac6 lter to a variety o5 netKor&ing scenarR

ios. #any o5 t6ese are !ased on si*ulations t6at vary latencyJ !andKidt6J cross tra5cJ

or node to3ology over ti*e. For t6e si*ulationsJ Ke used ns f]gJ a 3ac&et level netKor&

si*ulatorJ Kit6 t6e #onarc6 eTtensions 5or *o!ileJ ad 6oc netKor&ing f^g. A6e #onarc6

eTtensions include nearn5ar 3ro3agation *odelsJ 3ac&et ca3tureJ and t6e co*3lete M???

[E2.11 #+< i*3le*entation f22g. A6e [E2.11 #+< layer incor3orates collision avoidR

ance and lin&Rlevel ac&noKledge*ent and retrans*ission. A6e no*inal trans*ission range

is 2\E *. For t6e ad 6oc netKor& routing 3rotocolJ Ke used dyna*ic source routing f2]g.

We 5urt6er *odied ns to i*3le*ent lin&s K6ose 3er5or*ance can c6ange according

to a 3role Ke 3rovide. For eac6 eT3eri*entJ Ke generate a 3role t6at s3ecies t6e

to3ologyJ lin& c6aracteristicsJ tra5cJ and 6oK eac6 o5 t6ese c6ange over ti*e. A6is gives

us tKo i*3ortant !enets. FirstJ since Ke &noK t6e o!Qective state o5 t6e netKor&J Ke

can 3recisely 7uanti5y t6e !e6avior o5 our esti*ator. =econdJ t6ese c6anges can !e *ade

ar!itrarily taTingJ stressing t6e ada3tive esti*ators.

Mn t6e situations Ke eTa*inedJ t6e longRter* esti*ates 5or latency and !andKidt6 3roR

duced !y all t6e lters are roug6ly t6e sa*e. A6e lters di55er only in 6oK 7uic&ly t6ey

arrive at t6is esti*ateJ and 6oK Kell t6ey 6old to t6at esti*ate once t6ere. Mn ot6er KordsJ

t6ey di55er in agility and sta!ility. We use settling time as a *easure o5 agility. =ettling

ti*e *easures t6e ela3sed ti*e it ta&es a lter to 3roduce an esti*ate Kit6in 1Ek o5 so*e

neK no*inal value. UoKer settling ti*es are !etter. We use tKo di55erent *easures to deR

scri!e sta!ilityJ de3ending on t6e conteTt. A6e rstJ coefficient of variation (<V)J is used

during ti*es K6en netKor& 3er5or*ance is no*inally sta!le. Mt is t6e ratio o5 standard
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deviation to *ean. Mt *easures t6e degree to K6ic6 *easure*ent noise a55ects a lterhs

esti*atesj loKer <V values are !etter. A6e secondJ mean squared errorJ is used to *easure

resistance to transients. We use t6is *etric !ecause it 3enaliPes lters t6at are distur!ed

!y large a*ounts 5or a s6ort ti*e *ore t6an t6ose distur!ed !y s*all a*ounts 5or a longer

ti*e. +n error t6at is large in *agnitude is *ore li&ely to cause an ada3tive syste* to

*a&e a 3oor decision.

4.5.1 Detecting Persistent Changes

Mn t6e rst eT3eri*entJ Ke su!Qect eac6 lter to tKo step functionsG an i**ediate

c6ange 5ro* one !andKidt6 to anot6er. + client and a server are connected !y a single lin&J

Kit6 3er5or*ance t6at varies over ti*e. We eT3lored tKo di55erent c6anges. Mn t6e rstJ

called step-upJ Ke increase t6e availa!le lin& !andKidt6 5ro* 1 #!ns to 1E #!ns. Mn t6e

secondJ called step-downJ t6e c6ange is in t6e ot6er direction. _ur goal in t6is eT3eri*ent

is to test eac6 lterhs agilityj 6oK long it ta&es eac6 lter to recogniPe a 3ersistent c6ange

in !andKidt6.

=ince t6e lters rely only on 3assive *easure*entsJ t6eir agility de3ends 6eavily on t6e

rate o5 t6e underlying netKor& tra5c. Ao eT3lore t6isJ our tra5c generator uses a :oisson

3rocess Kit6 *eans varying !etKeen one and siTteen 3ac&ets 3er secondj t6e 5astest :oisR

son 3rocess Kill saturate t6e lin& K6en it is at loK !andKidt6. +ll t6e *easure*ents are

done at t6e B8: layerJ so t6e siPes o5 re7uests and res3onses can !e larger t6an t6e #ABJ

K6ic6 is 1\EE !ytes 5or ?t6ernet. For our eT3eri*entJ eac6 re7uest is s*allJ K6ile eac6

res3onse is rando*ly c6osen to !e eit6er s*all (\12 !ytes) or large ([ )H) Kit6 e7ual

3ro!a!ilityj Ke used [ )H res3onses to re3resent IF= tra5c. Uarge res3onses Kill !e
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A6is ta!le de3icts t6e agility o5 eac6 lter under a s6ar3J ideal c6ange in !andKidt6. Mt
s6oKs t6e average nu*!er o5 3ac&ets until lters settle. Mn !ot6 casesJ t6e _dyssey lter
and t6e Fli3RFlo3 lter 3er5or* Kell.

Aa!le F.1G +gilityG =ettling Ai*e under Varying Rates

5rag*ented !y M:. Five trials o5 eac6 eT3eri*ent Kere ta&en Kit6 di55ering rando* seeds

5or t6e re7uest generator.

A6e results 5or t6is eT3eri*ent are s6oKn in Aa!le F.1. ?ac6 nu*!er re3resents t6e

average 3ac&ets re7uired 5or eac6 lter to settle. Mt is t6e average o5 ve scenariosG 1J

2J FJ [J and 1] 3ac&ets 3er second. A6e rst line o5 data s6oKs t6e ltersh a!ility to

detect increases in !andKidt6j t6e second line 7uanties detection o5 decreases. A6e static

?W#+ lters !e6ave as eT3ected. A6e sta!le A<: lter is t6e sloKest to convergeJ K6ile

t6e agile _dyssey lter is a*ong t6e 5astest. _nly t6e Fli3Ro3 lter is co*3ara!le to t6e

_dyssey lter in !ot6 cases.

A6e relatively sloK res3onse o5 ?W#+R!ased lters to detect decreases co*3ared to

increases is not sur3risingJ and agrees Kit6 t6e evaluation o5 t6e _dyssey lter f\]g. For

eTa*3leJ t6e _dyssey lter settles Kit6in 11.2\k o5 t6e goal (1E #!ns) Kit6 one accuR

rate o!servation 5or t6e increase in !andKidt6J K6ile it settles Kit6in 112.\k o5 t6e goal

(1 #!ns) 5or t6e decrease. A6e )al*an lter does not 5olloK t6isJ and detects decreases

5aster t6an increases 5or all 3ac&et nu*!ers.
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A6is gure de3icts eac6 lterhs sta!ility in t6e 5ace o5 a transient dro3 in !andKidt6. A6e
q aTis s6oKs t6e nu*!er o5 3ac&ets eac6 lter o!serves during t6e 3er5or*ance dro3j
t6e X aTis gives t6e *ean s7uared error. A6e A<: lter and t6e Fli3RFlo3 lter are t6e
least 3ertur!ed.

Figure F.[G =ta!ilityG Resistance to Aransient <6ange

4.5.2 Resisting Transient Changes

A6e second eT3eri*ent gauges t6e ltersh resistance to s6ortRter* dro3s in 3er5orR

*ance. Mn t6is eT3eri*entJ eac6 lter is su!Qected to a s6ort decrease in !andKidt6 5ro*

1E #!ns to 1 #!ns. Mn order to 5airly co*3are t6e ltersJ Ke *ust ensure t6at t6e sa*e

nu*!er o5 3ac&ets eT3erience eac6 transient c6ange. =oJ unli&e t6e agility eT3eri*entsJ

Ke use a constant trans*ission rateJ and vary t6e lengt6 o5 t6e transient 5ro* 1 to \ 3ac&R

ets. A6e siPes o5 t6ese 3ac&ets are c6osen as !e5orej re7uests are s*allJ Kit6 res3onses

rando*ly s*all or large. =ince t6ey are rando*J Ke 3er5or* ve trials at eac6 duration.

Ao evaluate sta!ility o5 ltersJ Ke co*3ute t6e *ean s7uared error Kit6 a constant

no*inal value o5 1E #!ns. A6e results 5or !andKidt6 esti*ation are s6oKn in Figure F.[.

+s eT3ectedJ t6e A<: lter is t6e *ost resistant to c6ange. A6e Fli3Ro3 lter is also very
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A6is gure illustrates t6e netKor& to3ology 5or t6e congestion eT3eri*ents. A6e client
and server eTc6ange re7uests and res3onsesJ t6roug6 routers + and H. 8uring t6e eT3erR
i*entJ t6e congestion source !egins a tra5c strea* to t6e congestion sin&.

Figure F.`G Ao3ology 5or <ongestion ?T3eri*ents

sta!le. A6e )al*anJ ?rrorR!ased and _dyssey lters are susce3ti!le to c6angesJ K6ile

t6e =ta!ility lter 5olloKs longer transients *ore aggressively t6an s6orter ones. +s t6e

duration o5 t6e transient increasesJ t6e =ta!ility lter Qudges t6e transient value to !e sta!leJ

and 5olloKs it.

4.5.3 Detecting Congestion

A6e 3revious tKo eT3eri*ents eT3lored c6anges in lin& ca3acityJ as *ig6t 6a33en

during a vertical 6ando55. HoKeverJ lin& congestion also deter*ines t6e endRtoRend !andR

Kidt6 t6at is ulti*ately availa!le to a client and a server. A6is eT3eri*ent c6aracteriPes

eac6 lterhs a!ility to detect and esti*ate t6e e55ects o5 congestion.

A6e client and t6e server are 3art o5 a siTRnode netKor&J de3icted in Figure F.`j eac6

lin& 6as a ca3acity o5 1E #!ns. A6ey eTc6ange re7uestRres3onse tra5c Kit6 a :oisson

3rocess at an average rate o5 1FE )!ns. A6e eT3eri*ent lasts a total o5 1\E seconds. \E

seconds into t6e eT3eri*entJ t6e congestion source sends a constant !it rate (<HR) strea*

o5 \ #!ns in [ )H c6un&s to t6e congestion sin&J reducing t6e availa!le !andKidt6 along

t6e clientRserver 3at6. A6is congestion tra5c lasts 5or \E secondsJ and t6en sto3s. A6e

results reect ve trials Kit6 di55erent rando* seeds.
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8uring congestionJ o!served roundRtri3 ti*es are eTce3tionally noisy. A6is is !ecause

cross tra5c *ay or *ay not inter5ere Kit6 any 3articular re7uestRres3onse 3air. Mn ot6er

KordsJ t6e o!served tra5c is only 3artially 3ertur!ed !y congestion. M5 a router 6as crossR

tra5c 7ueued K6en a re7uest or res3onse arrivesJ it Kill !e delayedJ !ut ot6erKise it Kill

not. W6ile eac6 lter 3roduces t6e sa*e longRter* esti*atesJ t6ey are consistently o3R

ti*isticJ at Qust over ] #!ns. A6is o3ti*is* is a direct result o5 t6e 5act t6at congestion

tra5c only 3artially 3ertur!s t6e o!served round tri3s.

Figure F.1E s6oKs t6e agility and sta!ility o5 eac6 lter. A6e rst set o5 !ars s6oKs t6e

result 5ro* \E seconds to 1EE seconds K6en t6e congestion tra5c is 3resentj t6e second

set s6oKs it 5ro* 1EE seconds to 1\E seconds. Ao co*3ute t6e settling ti*eJ one needs t6e

no*inal !andKidt6 during eac6 3eriod. We deter*ined t6is value !y ta&ing t6e average

esti*ate 3roduced !y all lters over t6e last 6al5 o5 eac6 \E second interval. +s eT3lained

a!oveJ t6is esti*ate Kill tend to !e o3ti*isticJ !ut is t6e !est one can do Kit6out *easureR

*ent Kit6in t6e netKor&. +s s6oKn in Figure F.1E(a)J t6e A<: lter is clearly t6e least

agile o5 any o5 t6e lters. A6e ot6er ve lters are very agile. +s s6oKn in Figure F.1E(!)J

all lters eTce3t t6e A<: are not sta!le K6en t6e congestion tra5c is on. +*ong t6e veJ

t6e =ta!ility and Fli3Ro3 lters 3rovide *ore sta!le esti*ates t6an t6e ot6ers.

4.5.4 Wide-Area Networks

Ao gauge K6et6er insta!ility is ende*ic to t6ese lters in t6e 3resence o5 cross tra5cJ

Ke su!Qected t6e* to tKo di55erentJ realRKorld netKor&ing scenarios. Mn t6e*J a client

and a server eTc6anged M<#: ?<H_ 3ac&etsJ K6ere eac6 3ac&et Kas eit6er \12 !ytes or

[ )H Kit6 e7ual 3ro!a!ility. A6e re7uests Kere generated !y a :oisson 3rocess Kit6 an
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A6is gure de3icts t6e ltersh reaction to congestion. A6ere are tKo categories across
eac6 q aTisj K6en congestion is introducedJ and K6en it is re*oved. Figure F.1E(a)
gives t6e settling ti*e 5or eac6 lterj t6e X aTis is given in seconds. Figure F.1E(!)
s6oKs t6e coe5cient o5 variation eT6i!ited !y eac6 lter a5ter it 6as settled.

Figure F.1EG 8etecting and Aolerating <ongestion

average rate o5 one 3ac&et 3er second. We too& *easure*ents !etKeen one client and tKo

servers. _ne server Kas in t6e sa*e su!netJ and t6e ot6er Kas located tKelve 6o3s and

roug6ly 1EE *s aKay. We re3eated t6is 5or ve trials to eac6 serverj eac6 trial Kas ZEE

seconds long. Mn eac6 trialJ t6e client starts co**unication Kit6 t6e local serverJ sKitc6es

to t6e re*ote one at 1EE secondsJ and sKitc6es !ac& to t6e local at 2EE seconds. A6e raK

o!servations 5ro* eac6 trial Kere recordedJ and eac6 lter Kas su!Qected to 3recisely t6e

sa*e set o5 o!servations.
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A6is gure de3icts t6e ltersh reaction to routing c6anges in KideRarea netKor&s. A6e
client rst re7uests data 5ro* a coRlocated serverJ sKitc6es to a re*ote oneJ and t6en
sKitc6es !ac&. Figure F.11(a) gives settling ti*es 5or t6e tKo route c6anges. FigR
ure F.11(!) 3resents coe5cients o5 variation in eac6 distinct eT3eri*ent 36ase a5ter setR
tling.

Figure F.11G :er5or*ance over WideR+rea IetKor&s

=ince t6is environ*ent is realJ Ke do not &noK t6e no*inal !andKidt6. HoKeverJ

Ke need so*e *easure o5 no*inal to co*3ute agility and sta!ility 5or our lters. We

used t6e average !andKidt6 o5 t6e second 6al5 o5 eac6 1EERsecond 3eriod as t6e no*inal

!andKidt6.

Figure F.11(a) s6oKs t6e settling ti*es 5or eac6 lter. A6e _dyssey and ?rrorR!ased

lters are t6e *ost agile ones. +lt6oug6 t6e Fli3Ro3 and =ta!ility lters are not as agile

as t6e !est 3er5or*ersJ t6ey are *uc6 !etter t6an !ot6 t6e )al*an and A<: lters.
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server� n�ode A� n�ode B�

client�

s�tage 1�
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s�tage 3�

s�tage 4�

Figure F.12G Ao3ology <6anges

Figure F.11(!) s6oKs t6e sta!ility results 5or eac6 1EERsecond 3eriod se3arately. A6e

sta!ility 5or all lters is *uc6 !etter K6en o!serving tra5c 5ro* t6e local server t6an 5ro*

t6e re*ote one. A6is is *ost li&ely due to t6e s*aller nu*!er o5 6o3s co*!ined Kit6 t6e

loKer li&eli6ood o5 encountering cross tra5c in t6e local case. A6e )al*an lter 3er5or*s

3articularly 3oorly in t6e co**unication Kit6 t6e re*ote server. +s eT3ectedJ t6e A<:

lter is very sta!leJ !ut t6e Fli3Ro3 and =ta!ility lters also 3er5or* reasona!ly Kell.

4.5.5 Topology Changes in Mobile Network

A6e neTt eT3eri*ent eT3lores 6oK our lters react to c6anging to3ologies in si*3le ad

6oc netKor&s Kit6out t6e 3resence o5 cross tra5c. A6e to3ology 5or t6is si*3le netKor& is

s6oKn in Figure F.12. A6ree Kireless nodesmone o5 t6e* a servermare arranged in a lineJ

eac6 se3arated !y 2EE *. A6e client *oves 5ro* t6e serverhs neig6!or6ood to t6e vicinity

o5 t6e 5ar nodeJ and t6en !ac&J co*3rising ve di55erent stages. A6e client co*3letes t6is

circuit in ve *inutesj Ke use 6ando55 ti*es as t6e !rea&3oints !etKeen stages. A6e tra5c

rate Kas :oissonJ Kit6 an average o5 5our re7uests 3er secondj re7uests Kere s*all and

res3onses Kere \12 !ytes or [ )H Kit6 e7ual 3ro!a!ility. We too& ve trials 5or eac6

lter.
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A6ere are interesting e55ects even in t6is si*3le to3ology. FirstJ alt6oug6 t6ere is no

cross tra5cJ t6e e55ective !andKidt6 c6anges as t6e client *oves t6roug6 t6e stages. A6is

is !ecause all nodes s6are t6e sa*e 36ysical c6annel. W6ile t6e !andKidt6 o5 t6e 36ysical

device is 2 #!nsJ t6e e55ective !andKidt6 !etKeen t6e client and t6e server is divided !y

tKo K6en routed t6roug6 node +J and !y t6ree t6roug6 node H.

=econdJ t6e Kireless #+< 3rotocol alloKs collisions even K6en t6e client and t6e

server co**unicate directlyj t6e rate o5 collisions goes u3 Kit6 6o3 count. A6is leads

to su!stantial varia!ility in RAA o!servationsJ increased noise in all o5 t6e esti*atorsJ a

6ig6er average latencyJ and loKer average !andKidt6.

Figure F.1Z(a) s6oKs t6e agility o5 eac6 stage. +ll o5 t6e lters eTce3t 5or A<: settle

reasona!ly KellJ t6oug6 t6e ?rrorR!ased lter 6olds a slig6t advantage. Figure F.1Z(!)

s6oKs t6e sta!ility. +ll o5 t6e lters eTce3t t6e ?rrorR!ased and _dyssey lters s6oK

co*3ara!le sta!ility. A6e Fli3Ro3 lter 6as an advantage in t6e Korst situationG stage

t6reeJ K6ere collisions and lin&Rlevel retrans*issions are *ost 5re7uent. A6is is !ecause

t6e in5re7uent retrans*issions in t6e *o!ile eT3eri*ent lie outside t6e Fli3Ro3 control

li*itsJ causing t6e Fli3Ro3 lter to c6oose t6e esti*ates generated !y t6e sta!le lter.

4.5.6 Ad Hoc Wireless Networks

Mn t6e nal eT3eri*entJ eac6 lter is given t6e tas& o5 3redicting availa!le ca3acity

in an ad 6oc netKor& Kit6 su!stantial cross tra5c. A6is is a de*anding scenarioJ as t6e

netKor& to3ologymand 6ence route and cross tra5cmare constantly c6anging. Mn suc6 a

netKor&J 3ast o!served 3er5or*ance is at !est a loose 3redictor o5 5uture results. W6ile

no lter can 3redict 3er5ectly in suc6 an environ*entJ *any a33lications re7uire t6e !est
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A6is gure s6oKs t6e ltersh 3er5or*ance K6en *oving t6roug6 a si*3le ad 6oc netR
Kor&. Figure F.1Z(a) s6oKs t6e ti*e eac6 lter re7uires to deter*ine t6at a 6ando55 6as
occurred. Figure F.1Z(!) 3resents t6e sta!ility during eac6 stage a5ter settling.

Figure F.1ZG :er5or*ance under <6anging Ao3ology

3redictions t6ey can get.

We 3laced \E nodes in a s3ace 1\EE *eters !y \EE *eters. Mnitial node locations

are distri!uted t6roug6out t6e s3ace uni5or*ly rando*ly. ?ac6 node 5olloKs t6e rando*

Kay3oint *odel f2]g Kit6 a 3ause ti*e o5 2E seconds and a *aTi*u* s3eed o5 2E *eters

3er second. ?ac6 trial si*ulated \EE seconds.

A6e \E nodes Kere 5or*ed into 2\ 3airs. _ne 3air served as t6e esti*ating client and

t6e corres3onding serverJ eTc6anging re7uests and res3onses Kit6 :oisson distri!utionJ

averaging 5our re7uests 3er second. A6e re*aining 3airs are <HR connectionsJ eac6 source
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A6is gure s6oKs t6e ltersh a!ility to correctly 3redict round tri3 ti*es in a large ad 6oc
netKor&. A6e q aTis lists t6e 3ac&et siPes o5 !ac&ground tra5c. A6e X aTis s6oKs t6e
average error 3roduced !y eac6 lterhs esti*atesJ in secondsj loKer errors are !etter. Mn
generalJ increased !ac&ground tra5c leads to less accurate 3redictions. +t relatively loK
levels o5 !ac&ground tra5cJ eac6 lter is co*3ara!le. +s !ac&ground tra5c increasesJ
t6e Fli3RFlo3 and =ta!ility lters !egin to s6oK advantages.

Figure F.1FG +ccuracy in an +d Hoc IetKor&

trans*itting 5our 3ac&ets 3er second. =ince t6e a*ount o5 tra5c su!stantially a55ects noise

in o!servationsJ Ke re3eated t6e si*ulations Kit6 siT di55erent 3ac&et siPes. A6e siPe varied

5ro* ]F !ytes to 2 )H. We ran ve di55erent trials 5or eac6 3ac&et siPe.

Mn t6is eT3eri*entJ Ke cannot easily co*3ute t6e no*inal !andKidt6. A6usJ Ke cannot

use t6e usual *etrics. MnsteadJ Ke co*3uted average a!solute errorJ t6e di55erence !etKeen

t6e *easured RAA and t6e esti*ated RAA !ased on t6e !andKidt6 and latency esti*ates.

Figure F.1F s6oKs t6e results. For every 3ac&et siPeJ t6e Fli3Ro3 and =ta!ility lters Kor&

t6e !est. A6ey s6oK advantages *ore clearly as t6e !ac&ground tra5c increases.

MnterestinglyJ neit6er t6e A<: lter nor t6e _dyssey lter 3er5or*ed Kell in t6e ad 6oc

netKor&. A6is is !ecause one Kas inca3a!le o5 detecting c6anges 7uic&ly enoug6J K6ile

t6e ot6er Kas overly sensitive to noise. ?it6er 3ro!le* is enoug6 to dis7uali5y a lter 5ro*

consideration in t6is setting.
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Filter FF =F ?F )F _dy A<:
=te3 B3 ◦ × ! × R ×

=te3 8oKn ! × × ! R ×
<ongestion ◦ ◦ ◦ ! R ×
WideR+rea × × ◦ × R ×+

gi
lit

y

#o!ile ◦ ◦ ! ◦ R ×
Aransient ◦ × × × × R

<ongestion × × × × × R
WideR+rea ◦ ◦ × × × R

=t
a!

ili
ty

#o!ile ◦ ◦ × ◦ × R

A6is ta!le su**aries t6e 3er5or*ance o5 siT ltersJ co*3ared Kit6 t6e re5erence lter.
+s t6e re5erence lterJ Ke used t6e _dyssey lter 5or agilityJ and used t6e A<: lter 5or
sta!ility. For eac6 eT3eri*entJ lters t6at Kor&ed !etter t6an t6e re5erence are *ar&ed !J
t6ose t6at are co*3ara!le to t6e re5erence are given ◦J and t6ose t6at 3er5or*ed 3oorly
are *ar&ed ×.

Figure F.1\G ?valuation =u**ary

4.5.7 Overall Performance

Figure F.1\ su**aries t6e results o5 t6e eT3eri*ents. <learlyJ neit6er t6e _dyssey

nor A<: lter is a good c6oice overall. HoKeverJ t6e _dyssey lter is alKays very agileJ

and t6e A<: lter is alKays very sta!le. =oJ Ke use t6e* as t6e re5erences against K6ic6

to co*3are. For agilityJ t6e lters t6at are co*3ara!le to _dyssey are *ar&ed ◦. A6ose

t6at Kor& !etter are *ar&ed !J K6ile t6ose t6at 3er5or* su!stantially Korse are *ar&ed

×. For sta!ilityJ Ke co*3are against A<:J Kit6 t6e sa*e conventions. A6e to3 6al5 o5 t6e

ta!le s6oKs t6e agility resultsJ and t6e !otto* 6al5 s6oKs t6e sta!ility results. We did not

include t6e results 5ro* t6e co*3leT ad 6oc netKor& eT3eri*ent 3resented in =ection F.\.]

!ecause neit6er staticRgain lter Kor&ed Kell.

A6e Fli3Ro3 lter is clearly t6e Kinner. Mt o5ten 3roduced agility co*3ara!le to t6e

agile _dyssey lter and sta!ility co*3ara!le to t6e sta!le A<: lter. Mn t6e 5eK settings in

K6ic6 it did not co*3are Kit6 t6e re5erence lterJ it o5ten out3er5or*ed its ada3tive 3eers.
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For t6e KideRarea eT3eri*entJ t6e Fli3Ro3 lter Kas *ore agile t6an t6e =ta!ility and

)al*an ltersJ !ut not t6e ?rrorR!ased one. For t6e congestion eT3eri*entJ t6e Fli3Ro3

and =ta!ility lters Kere *uc6 *ore sta!le t6an t6e ot6er tKo ada3tive lters.

A6e =ta!ility lter also Kor&ed Kell in *ost o5 t6e eT3eri*ents. Mt 3rovided sta!ilR

ity co*3ara!le to Fli3Ro3J !ut Kas alKays sloKer t6an Fli3Ro3 in detecting 3ersistent

c6anges. W6ile t6e ?rrorR!ased lter 3rovided eTcellent agilityJ it Kas too unsta!le to !e

considered use5ul. A6e )al*an lter Kas also very agileJ !ut 6as a tendency to 5olloK tranR

sient c6anges in !andKidt6. We sus3ect t6at t6e )al*an lter could !e tuned to !e6ave

*ore reasona!lyJ !ut do not 6ave condence t6at suc6 tuning Kould a33ly to all 3ossi!le

circu*stances.

4.6 Summary

+da3tation to c6anging netKor& conditions is critical to t6e success o5 *o!ile syste*s.

HoKeverJ &noKing 6oK t6ose conditions c6ange is a di5cult 3ro!le*. Mndividual o!servaR

tions o5 netKor& 3er5or*ance *ay 6ave little !earing on availa!le ca3acity. HistoricallyJ

syste*s 6ave ltered suc6 o!servations Kit6 staticRgain ?W#+ lters. =uc6 lters are

!iased eit6er toKard agility or sta!ility. MdeallyJ a netKor& esti*ator Kould !e agile K6en

3ossi!leJ !ut sta!le K6en necessaryj it s6ould ada3t to t6e 3revailing netKor& conditions.

We 6ave develo3ed 5our candidate lters Kit6 t6is goal in *ind. ?ac6 one eTa*ines

t6e !e6avior o5 t6e netKor&J and tunes itsel5 in an atte*3t to 3rovide accurate and ti*ely

esti*ates. A6e rst uses tec6ni7ues 5ro* statistical 3rocess control to select !etKeen tKo

staticRgain ?W#+ ltersJ one agile and t6e ot6er sta!le. AKo o5 t6ese lters are *odiR

cations o5 an ?W#+ lter t6at use 6euristics to vary t6e lterhs gain dyna*ically. A6e
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5ourt6 is an a33lication o5 t6e KellR&noKn )al*an lter.

We evaluated t6ese lters in a variety o5 conteTtsJ including 3ersistent and transient

ca3acity c6angesJ t6e 3resence o5 cross tra5cJ and c6anges in to3ology. We co*3ared

eac6 ada3tive lter to tKo staticRgain ?W#+ ltersJ one agile and t6e ot6er sta!le. We

nd t6at in t6e *aQority o5 scenariosJ t6e lter !ased on statistical 3rocess control 3rovides

agility co*3ara!le to t6e agile _dyssey lter and sta!ility co*3ara!le to t6e sta!le A<:

lter. We !elieve t6at t6is lter 3resents t6e !est c6oice 5or ada3tiveJ *o!ile syste*s.



CHAPTER 5

Meta-Data Management

_nce a client 6as c6osen a near!y Way=tation to act as a re3licaJ t6e client interacts

Kit6 t6at Way=tation as i5 it Kere t6e clienths 6o*e servermall uncac6ed read re7uests are

satised !y t6e Way=tationJ and *odied les are s6i33ed to t6e Way=tation i**ediately

on close. A6is *odel o5 Way=tationRclient interaction !orroKs 6eavily 5ro* +F= f2Eg.

Mn +F=J servers 3rovide t6e centraliPed 3oint o5 ad*inistration. A6ey are eT3ected to

!e care5ully *aintained to 3rovide t6e !est 3ossi!le availa!ility to t6eir clients. <onsisR

tency !etKeen client cac6es and server state is *aintained !y callback.

W6en re5erencing an uncac6ed leJ an +F= client *ust o!tain t6e le 5ro* its server.

+s a side e55ectJ t6e server esta!lis6es a call!ac& on t6at le. A6e client is t6en 5ree to

use t6e cac6ed co3y. M5 an +F= client *odies a leJ t6e neK version is sent to t6e server

on closej t6is is called a store event. A6e server breaks callback on any ot6er clients

cac6ing t6is leJ invalidating t6eir co3iesJ !e5ore acce3ting t6e store.

<lients using t6e sa*e Way=tation Kill see call!ac&R!ased consistency !etKeen one

anot6er. HoKeverJ 3roviding t6is guarantee to 5arRo55 clients at ot6er Way=tations is too

eT3ensiveJ 3articularly given t6e loK incidence o5 Krite s6aring.

]Z
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A6usJ t6e consistency *ec6anis* !etKeen Way=tations and servers is async6ronous.

Way=tations !atc6 and 3eriodically s6i3 notications o5 u3dates to t6e central serverJ

K6ic6 relays t6ose advertise*ents to ot6er Way=tations t6at store old versions. W6ile

t6ese notications are async6ronousJ t6ey are ineT3ensiveJ and can !e 3er5or*ed 5reR

7uentlyJ li*iting t6e KindoK o5 3otential inconsistency to t6e 3oint K6ere t6e overK6el*R

ing *aQority o5 clients Kill never see conicting u3dates.

5.1 Design

Mn Fluid Re3licationJ eac6 Way=tation *aintains a log o5 *utating o3erationsJ called

an update logJ and sends it to t6e server 3eriodically during reconciliation. B3on receiving

t6e *essageJ t6e server invalidates ot6er co3ies at Way=tations i**ediately. A6is reconR

ciliation 3rotocol is designed to !e 5ault tolerant. +5ter sending a *essageJ a node need

not Kait 5or an ac&noKledge*ent 5or t6e *essage. Mt 3roceeds Kit6 ot6er Kor&J assu*ing

t6e *essage 6as arrived at t6e destination sa5ely. M5 t6e *essage is lostJ it Kill !e detected

at t6e neTt interaction.

5.1.1 File States

Mn Fluid Re3licationJ a le is in one o5 5our statesG modifiedJ safeJ visibleJ or stable.

W6en a client *odies a leJ t6e le is in t6e modified state. M5 t6e client is connected

to a Way=tationJ t6e u3date is KrittenRt6roug6 and t6e le !eco*es safe. W6en t6e le

reac6es t6is safe stateJ t6e u3date Kill survive destruction or loss o5 t6e client *ac6ine.

A6e u3date !eco*es visible to t6e server K6en t6e Way=tation reconciles Kit6 t6e server.

A6e Way=tation is res3onsi!le 5or an u3date until its contents are 3ro3agated to t6e server.
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MODIFIED SAFE VISIBLE STABLE 

write data�
to WS� reconcile� propagate data�

to server�

Figure \.1G =tates o5 File Versions

_3eration Fields
common fields client, credentials, id, time, ws
create attri!uteJ c6ild dJ agJ *odeJ na*eJ 3arent d
mkdir attri!uteJ 3arent dJ c6ild dJ na*e
rename destination dJ destination na*eJ source dJ source na*eJ targetJ ty3e
rmdir dJ na*eJ 3arent d
setattr attri!uteJ dJ 3arent d
symlink attri!uteJ destination dJ destination na*eJ lin& dJ source na*e
unlink dJ na*eJ 3arent d
store countJ dJ o55setJ 3arent d

Aa!le \.1G B3date Uog ?ntries

W6en t6e data are at t6e serverJ t6e state o5 t6e le !eco*es stable. Figure \.1 su**ariPes

t6e states o5 a le.

5.1.2 Reconciliation

_nce a client 6as selected a Way=tationJ t6at Way=tation is treated as t6e clienths le

server. <lients cac6e les 5ro* Way=tationsJ K6ic6 *anage call!ac&s 5or t6ose clients.

8irty les are Kritten !ac& to Way=tations on close. ?ac6 Way=tation *aintains an

u3date logJ K6ic6 is si*ilar to <odahs replay log fZFg. Mt contains le storesJ directory

o3erationsJ and *etaRdata u3dates. Aa!le \.1 s6oKs log entries Kit6 t6eir corres3onding

elds. Iote t6at t6e log entry 5or t6e store o3eration does not 6ave a data eldj data is

sent se3arately. Redundant log records are re*oved via cancellation o3ti*iPations fZZg.

A6e server *aintains an u3date log K6enever one or *ore Way=tations 6old re3liR

cas o5 les on t6at server. A6is log is a *erged log o5 all re3lica sites. A6e server also
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trac&s K6ic6 les are cac6ed at t6e Way=tationJ called t6e interest set. A6e !oo&&ee3ing

5or interest sets is si*ilar to t6at 5or call!ac&sJ !ut t6e in5or*ation is used only during

reconciliation.

?ac6 Way=tation c6ec&s 3eriodically i5 it 6as any u3date t6at 6as not !een sent to t6e

server. M5 it 6as unsent u3datesJ it sends t6e server its u3date log and a list o5 les t6at it

6as evicted 5ro* its cac6e. B3on receiving t6e reconciliation *essageJ t6e server re*oves

5ro* t6e Way=tationhs interest set t6e les t6at t6e sender evicted 5ro* its cac6eJ and

c6ec&s eac6 Way=tation log record to see i5 it is serialiPa!le. M5 it isJ t6e server invalidates

t6e *odied o!QectJ and records t6e Way=tation as t6e re3lica 6olding t6at version. M5

it is notJ conicts need to !e *anually Ted. A6e server also invalidates t6e les at ot6er

re3licas i**ediately instead o5 Kaiting until ot6er nodes reconcile. A6e server res3onds to

t6e Way=tation Kit6 a set o5 les t6at are noK in conictJ i5 any. A6is res3onse concludes

t6e reconciliation 3rocess.

Way=tations truncate t6eir u3date logs on success5ul reconciliationJ !ut t6e server canR

not truncate its log i**ediately !ecause it *aintains a *erged log o5 all re3lica sites.

Ao a33ly t6e u3dates in its log to t6e les in dis&J t6e server rst needs to 6ave logs o5

all re3lica sites. Ao c6ec& t6isJ t6e server *aintains t6e last reconciliation ti*e 5or eac6

Way=tation 6olding a re3licaj let toldest !e t6e earliest suc6 ti*e. A6e server t6en a33lies

t6e u3dates t6at 6a33ened 3rior to toldest. +5ter t6isJ t6e server truncates its logj it need

only 6old log records 5ro* toldest 5orKard. Bn5ortunatelyJ sloK Way=tations can 5orce t6e

server to &ee3 an ar!itrarily large log.

A6is 3olicy is in contrast to t6at ta&en !y <odahs i*3le*entation o5 o3ti*istic server
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re3lication. Mn <odaJ only t6e tails o5 large u3date logs are retainedj o!Qects Kit6 discarded

log records are *ar&ed in conict and Kill need *anual re3air. Siven <odahs 3resu*3tion

o5 tig6tlyRcou3led and QointlyRad*inistered re3licasJ t6is is an a33ro3riate design c6oice.

HoKeverJ since Way=tations are ad*inistered !y inde3endent entitiesJ it Kould !e unKise

to alloK a Way=tationhs a!sence to necessitate *any *anual re3airs.

M5 eac6 Way=tation reconciles at a constant rateJ all u3dates are glo!ally visi!le Kit6in

t6e longest reconciliation 3eriod. Mn order to 3rovide clients Kit6 KellR!ounded visi!ilR

ityJ reconciliation *ust !e a lig6tKeig6t o3eration. A6is is K6y reconciliations eTc6ange

only notication o5 u3datesJ not t6eir contents. Hecause s6aring is rareJ aggressively eTR

c6anging le contents increases reconciliation ti*e Kit6out i*3roving client access ti*e.

Ueaving s6ared accesses to 3ay t6e 5ull cost o5 KideRarea netKor& delays 3reserves 3er5orR

*anceJ sa5etyJ and visi!ility 5or co**onRcase o3erations.

W6en a Way=tation re7uests a leJ t6e server alKays 3rovides t6e *ost recent version

o5 t6e le t6at is &noKn to t6e server. M5 t6e server 6as not a33lied t6e log to t6e re7uested

leJ t6e server a33lies t6e log to t6e le in *e*ory and sends t6e u3dated le. M5 t6e

3ro3er version is not at t6e serverJ t6e server rst 5etc6es it 5ro* t6e Way=tation t6at is

res3onsi!le 5or t6e leJ and t6en sends it to t6e re7uesting node. We call t6is 5etc6 !y t6e

server a back-fetch.

5.1.3 Fault Tolerance

Ao initiate reconciliationJ a Way=tation sends t6e server a reconciliation *essageJ mR.

B3on receiving t6is *essageJ t6e server invalidates ot6er co3ies !y sending out invalidaR

tion *essagesJ mI . Hecause t6ese *essages are sent over a KideRarea netKor&J t6e cost o5
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Kaiting 5or conr*ation is 6ig6. Furt6er*oreJ t6e sender *ay need to Kait indenitely i5

t6e sent *essage is lost due to netKor& or *ac6ine 5ailures.

_ur goal in designing t6e 3rotocol is to !e tolerant o5 5ailures. Ao ac6ieve t6isJ a

Way=tation does not Kait 5or conr*ation 5or a reconciliation *essageJ mRJ and t6e server

does not Kait 5or conr*ation 5or an invalidation *essageJ mI . +s soon as a Way=tation

sends mRJ it assu*es t6at t6e *essage is received success5ully and continues 3rocessing

client re7uests. A6e server sends mIs to re3licas and assu*es t6ey are received successR

5ullyj t6e server need not send mI re3eatedly 5or unavaila!le re3licas. A6is design decision

is *ade to reduce netKor& tra5c and server load.

Hecause *essages are not relia!leJ Fluid Re3lication *ust detect and resend *issing

*essages. We acco*3lis6 t6is t6roug6 an eTtension to logical cloc&s fF\g. ?ac6 3artym

t6e Way=tation and t6e servermtrac&s t6e logical ti*e at K6ic6 it sent its last *essage.

Ui&eKiseJ eac6 3arty records t6e senderhs logical ti*e 5or eac6 *essage it receives. A6ese

recorded sta*3s are 3iggyR!ac&ed onto t6e neTt *essage sent to t6e originatorJ 3roviding

recei3t conr*ation as a side e55ect.

A6ere are tKo *essage ty3esG Way=tations send reconciliation *essagesJ mRJ to

serversJ and servers send invalidation *essagesJ mI J to clients. + Way=tation i associates

a ti*esta*3J denoted fi,j 5or t6e *ost recent mR to corres3onding server jj t6is ti*esta*3

is increased Kit6 eac6 acce3ted u3date o3eration. A6e server records t6e last received mR

ti*esta*3 5ro* t6at clientJ Fi,j. =ervers li&eKise *aintain invalidation ti*esta*3sJ Vi,jJ

K6ic6 are incre*ented !e5ore eac6 invalidation *essage is sent. A6ese ti*esta*3s are

recorded !y Way=tationsJ denoted as vi,j.



]`

W6enever a server contacts a Way=tationJ it includes its *ost recent reconciliation

ti*eJ Fi,j. M5 t6is ti*esta*3 is earlier t6an t6e *ost recentlyRdisclosed u3datesJ t6e Way=taR

tion resends t6e* along Kit6 t6e res3onse to t6e serverhs re7uest. +s a conse7uenceJ a

record cannot !e 3runed 5ro* a Way=tationhs u3date log until t6e Way=tation receives

a ti*esta*3 greater t6an t6e recordhs 5ro* t6e server. A6e server li&eKise resends any

needed invalidation *essages in res3onses to client re7uests.

Hecause no res3onse 5ro* eit6er 3arty is seen Kit6out t6e co*3lete reconciliation and

invalidation 6istoryJ t6is sc6e*e guarantees t6at all 3arties see all u3dates in order. A6is

consistency guarantee is called monotonic writes in t6e literature f^Zg.

5.2 Implementation

_ur Fluid Re3lication 3rototy3e consists o5 t6ree co*3onentsG a client cac6e *anagerJ

a serverJ and a Way=tation. ?ac6 o5 t6ese co*3onents is Kritten 3ri*arily in Vava. A6ere

are several reasons 5or t6isJ 5ore*ost a*ong t6e* Vavahs clean co*!ination o5 t6read and

re*ote 3rocedure call a!stractions and t6e !enets o5 Kriting code in a ty3eRsa5e language.

+s Kill !e s6oKnJ t6is decision 6as so*e 3er5or*ance i*3lications.

5.2.1 Client

A6e !ul& o5 t6e Fluid Re3lication client is i*3le*ented as a userRlevel cac6e *anagerJ

su33orted !y a s*allJ inR&ernel co*3onent called t6e MiniCache f^1g. A6e #ini<ac6e

i*3le*ents t6e vnode inter5ace fZ\g 5or Fluid Re3lication. Mt services t6e *ost co**on

o3erations 5or 3er5or*anceJ and 5orKards le o3erations t6at it cannot satis5y to t6e userR

level cac6e *anager.
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<alls are 5orKarded 5ro* t6e &ernel to t6e cac6e *anager across t6e Vava Iative MnterR

5ace (VIM). A6e calls are t6en satised !y one o5 a set o5 Kor&er t6readsJ eit6er 5ro* t6e

local dis& cac6e or via Re*ote #et6od Mnvocation (R#M) to t6e a33ro3riate re3lica. Fluid

Re3lication uses KriteR!ac& cac6ingj a close on a dirty le co*3letes in 3arallel Kit6 t6e

store to t6e re3lica.

5.2.2 WayStation and Server

Way=tations and servers s6are *uc6 o5 t6e sa*e code !aseJ !ecause t6eir 5unctionality

overla3s. 8ata u3dates are Kritten directly to t6e re3licahs local le syste*. #etaRdata is

stored in *e*oryJ !ut is &e3t 3ersistently. B3dates and reconciliations are transactionsJ

!ut Ke 6ave not yet i*3le*ented t6e cras6 recovery code.

We use Mvory fZg to 3rovide transactional 3ersistence in t6e Vava 6ea3j used in t6is KayJ

it is si*ilar to Recovera!le Virtual #e*ory f]`g. _riginallyJ Mvory is a tool&it t6at tra3s

u3dates to its data structures and 3ro3agates *odied o!Qects to 3eer re3licas. Mt is used to

auto*ate state *anage*ent 5or re3licated Ke! services.

5.2.3 Java

A6e decision to Krite t6e client in Vava cost us so*e 3er5or*anceJ and Ke too& several

ste3s to regain ground. _ur rst *aQor o3ti*iPation Kas to 6andRserialiPe R#M *essages

and Mvory co**it records. A6e de5ault R#M s&eleton and stu! generator 3roduced ine5R

cient serialiPation codeJ K6ic6 Ke re3laced Kit6 our oKn. A6is reduced t6e cost o5 a

ty3ical R#M *essage !y ZEk.

A6e second *aQor o3ti*iPation concerned t6e crossing o5 t6e <RVava !oundary. ?ac6

*et6od call across t6is !oundary co3ies t6e *et6od argu*ents onto t6e Vava stac&J and
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returned o!Qects *ust !e co3ied o55 o5 t6e Vava stac&. We Kere a!le to avoid *a&ing t6ese

co3ies !y using preserialized objectsJ 3rovided !y t6e Vaguar 3ac&age f^^g. Vaguar alloKs

o!Qects to !e created outside t6e Vava V#J and still !e visi!le 5ro* Kit6in. We used t6is

to 3ass o!QectsJ co3yR5reeJ !etKeen our < and Vava code.

5.3 Evaluation

Mn evaluating Fluid Re3licationJ Ke set out to ansKer t6e 5olloKing 7uestionsG

• <an Fluid Re3lication insulate clients 5ro* KideRarea netKor&ing costss

• W6at is t6e i*3act o5 s6aring on 3er5or*ances

• HoK eT3ensive is reconciliations

• <an Fluid Re3lication 3rovide t6e consistency eT3ected !y localRarea clients to t6ose

in t6e Kide areas

A6ese 7uestions concern t6e 3er5or*ance seen !y individual clients and t6e !e6avior

o5 t6e syste* as a K6ole. Ao *easure client 3er5or*anceJ Ke su!Qected our 3rototy3e to a

set o5 controlled !enc6*ar&s. We eT3lored syste* !e6avior t6roug6 t6e use o5 traceR!ased

si*ulation.

_ur !enc6*ar&s ran on t6e test!ed de3icted in Figure \.2. A6e Way=tations are conR

nected to t6e server via a trace modulated netKor&. Arace *odulation 3er5or*s a33licationR

trans3arent e*ulation o5 a sloKer target netKor& over a U+I f\]g. We 6ave created *odR

ulation traces t6at e*ulate t6e 3er5or*ance o5 a variety o5 di55erent KideRarea netKor&ing

scenariosJ listed in Aa!le \.2. Uatency nu*!ers in t6ese traces are in addition to !aseR

line latencyJ K6ile !andKidt6 s3ecies t6e !ottlenec& ca3acity. +ll test!ed *ac6ines run

t6e UinuT 2.2.1E &ernel. A6e server and Way=tations 6ave \\E #HP :entiu* MMM qeon
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Server with Network�
Trace Modulation�

W2: �WayStation�W1: �WayStation� C2: Client�C1: Client�

Single Client Two Clients  
(Sharing) 

A6is gure illustrates our !enc6*ar&ing to3ology. ?ac6 client is Kell connected to its
Way=tationJ !ut tra5c !etKeen a Way=tation and t6e server is su!Qect to trace *odulaR
tion.

Figure \.2G Henc6*ar& Ao3ology

=cenario Uatency (*s) HandKidt6
local area E.E 1E #!ns
s*all distance 1\.E F #!ns
*ediu* distance ZZ.\ Z #!ns
large distance F\.E 1 #!ns
intercontinental \\.E 1 #!ns
loK !andKidt6 E.E \] )!ns
6ig6 latency 2EE.E 1E #!ns

A6is ta!le lists t6e 3ara*eters used in eac6 o5 our trace *odulation scenarios. A6e local
area scenario is t6e !aseline against K6ic6 Ke co*3are. A6e neTt 5our Kere o!tained
!y *easuring s*all ping and large ftp 3er5or*ance to 5our di55erent sites. HandKidt6
nu*!ers are increased over ftp t6roug63ut !y 2Ek to account 5or t6e di55erence in
*etric. A6e last tKo are used only to deter*ine trends as latency or !andKidt6 KorsenJ
and *odi5y 3ara*eters ort6ogonally. Uatencies are oneRKayj !andKidt6s are sy**etric.

Aa!le \.2G Arace #odulation :ara*eters

:rocessorsJ 2\] #H o5 R+#J and 1E) R:# =<=M Bltra Wide dis&s. A6e clients are

MH# A6in&:ad \^Esj t6ese *ac6ines 6ave Z]] #HP #o!ile :entiu* MMs Kit6 12[ #H o5

*e*ory.
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For t6e traceR!ased studiesJ Ke collected traces co*3rising all activity on a 3roduction

IF= server over one Kee&. A6is server 6olds 1[[ usersh 6o*e directoriesJ 3lus various

collections o5 s6ared dataJ occu3ying F[ SH. A6e users are graduate studentsJ 5acultyJ

and sta55 s3read t6roug6out our de3art*ent. A6ey co*e 5ro* a variety o5 researc6 and

instructional grou3sJ and 6ave diverse storage needs. Senerally s3ea&ingJ t6e clients are

not *o!ileJ so t6ey *ay not !e K6olly re3resentative o5 our target do*ain. HoKeverJ 3rior

studies suggest t6atJ at t6e o3eration level ca3tured !y our tracesJ *o!ile and des&to3

!e6avior are re*ar&a!ly si*ilar f\\g.

Araces Kere collected using tcpdump on t6e netKor& seg*ent to K6ic6 t6e server Kas

attac6ed. A6ese 3ac&et o!servations Kere t6en 5ed into t6e nfstrace tool fFgJ K6ic6

distilled t6e traces into individual 5etc6 and store o3erations. Iote t6at t6is tool does

not record o3erations satised !y a clienths cac6e. HoKeverJ since IF= clients do not

use dis& cac6esJ t6is Kill overstate t6e a*ount o5 read tra5c a Fluid Re3lication client

Kould generate. For t6e 3ur3oses o5 our analysesJ Ke assu*e t6at eac6 client 6ost resides

on a se3arate Way=tation. A6e traces na*e [F di55erent *ac6inesJ eTecuting ^J`[E read

o3erations and 1]J`^^ Krite o3erations. A6ere are relatively 5eK o3erations !ecause *ost

o5 our client 3o3ulation did not *aterially contri!ute to t6e total. =even 6osts account 5or

`Ek o5 all re7uestsJ and 1` 6osts account 5or ``k o5 all re7uests.

5.3.1 Wide-Area Client Performance

HoK e55ectively does Fluid Re3lication isolate clients 5ro* KideRarea netKor&ing costss

Ao ansKer t6is 7uestionJ Ke co*3are t6e 3er5or*ance o5 <odaJ +F=J and Fluid Re3licaR

tion in a variety o5 netKor&ing conditions. For <odaJ Ke ran <oda \.Z.1Z at t6e server and
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t6e client. For +F=J Ke used _3en+F=J a descendant o5 +F= Z.]J as t6e serverJ and +rla

E.Z\.Z as t6e client. Ao 3rovide a 5air co*3arisonJ Ke set u3 our <oda volu*e on a single

serverJ rat6er t6an a re3licated set.

We 6ave e*3loyed a *odied version o5 t6e +ndreK Henc6*ar& f2Eg. +ndreK Henc6R

*ar& consists o5 ve 36asesG #a&e8irJ <o3yJ =can8irJ Read+llJ and #a&e. _ur !enc6R

*ar& is identical to t6e +ndreK Henc6*ar& in 5or*j t6e only di55erence is t6at Ke use

t6e gnuchess source tree rat6er t6an t6e original source tree. Snuc6ess is F[Z )H in siPej

K6en co*3iledJ t6e total tree occu3ies []] )H. We 3reRcongure t6e source tree 5or t6e

!enc6*ar&J since t6e conguration ste3 does not involve a33recia!le tra5c in t6e test le

syste*. =ince t6e +ndreK Henc6*ar& is not Mn_R!oundJ it Kill tend to understate t6e di5R

5erence !etKeen alternatives. Mn t6e 5ace o5 t6is understate*entJ Fluid Re3lication still

out3er5or*s t6e alternatives su!stantially across KideRarea netKor&s.

We tested eac6 le syste* Kit6 !ot6 cold and Kar* cac6es. + dcold cac6ee *eans

t6at t6e source tree is not at clientsh cac6ej it is at t6e server. Mn t6e case o5 +F= and <odaJ

a dKar* cac6ee *eans t6at t6e clients already 6old valid co3ies o5 t6e gnuchess source

tree. Mn t6e case o5 Fluid Re3licationJ t6e source tree is cac6ed on t6e Way=tation.

Figures \.Z co*3ares t6e total running ti*es o5 t6e Fluid Re3licationJ <odaJ and +F=

clients under di55erent netKor& environ*ents. Figure \.Z(a) gives t6e 3er5or*ance Kit6 a

cold cac6eJ and Figure \.Z(!) s6oKs it Kit6 a Kar* cac6e. ?ac6 eT3eri*ent co*3rises

ve trialsJ and t6e standard deviations are less t6an 2k o5 t6e *ean in all cases.

Wit6 a cold cac6e and a KellRconnected serverJ <oda and +F= out3er5or* Fluid Re3liR

cation. We !elieve t6is is due to our c6oice o5 Vava as an i*3le*entation language and
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A6is gure co*3ares t6e total running ti*es o5 <odaJ +F= and Fluid Re3lication under
a variety o5 netKor& environ*ents. A6e u33er gure gives t6e results 5or a cold cac6eJ
and t6e loKer gure s6oKs t6e* 5or a Kar* cac6e. Wit6 a cold cac6eJ Fluid Re3lication
is least a55ected !y netKor& costs a*ong t6ree syste*s. Wit6 a Kar* cac6eJ t6e 3er5orR
*ance o5 Fluid Re3lication does not a33recia!ly degrade as netKor& costs increase.

Figure \.ZG _verall <lient :er5or*ance

t6e general *aturity level o5 our code. We see no 5unda*ental reason K6y Fluid Re3licaR

tionhs 3er5or*ance could not e7ual <odahs. A6ey 6ave identical client arc6itecturesJ and

t6e clientnWay=tation interactions in Fluid Re3lication are si*ilar to t6ose !etKeen client

and server in <oda.

+s t6e netKor& conditions degradeJ t6e coldRcac6e ti*es o5 <oda and +F= ra3idly

increase K6ile t6ose o5 Fluid Re3lication increase sloKly. +ll syste*s *ust 5etc6 source

tree o!Qects 5ro* t6e serverJ and s6ould 3ay si*ilar costs to do so. A6e divergence is due
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to t6e syste*sh di55erent 6andling o5 u3dates. Mn Fluid Re3licationJ all u3dates go only to

t6e near!y Way=tation. Mn <oda and +F=J 6oKeverJ u3dates *ust go across t6e Kide area

to t6e server.

Wit6 a Kar* cac6eJ t6e total running ti*e o5 Fluid Re3lication re*ains nearly constant

across all netKor& environ*ents. A6is is !ecause t6e u3dates are 3ro3agated only to t6e

Way=tationj invalidations are sent to t6e server async6ronously. A6e running ti*e o5 +F=

and <oda increases as t6e netKor& degrades. A6ey *ust 3ro3agate u3dates to t6e server

during t6e copy 36ase and Krite o!Qect les !ac& to t6e server during t6e make 36ase. A6e

<oda client never entered Kea&lyRconnected *odeJ since t6e !andKidt6s in our sa*3le

traces Kere Kell a!ove its t6res6old o5 \E )Hns. Had <oda entered Kea&lyRconnected

*odeJ its 3er5or*ance Kould !e identical to Fluid Re3licationhsJ !ut its u3dates Kould !e

neit6er sa5e nor visi!le 5or *any *inutes.

Aa!le \.Z s6oKs t6e nor*aliPed running ti*e o5 Fluid Re3licationJ Kit6 t6e localRarea

case serving as t6e !aseline. W6ile t6e running ti*e increases !y as *uc6 as 2F.1k K6en

t6e cac6e is coldJ it re*ains nearly constant K6en t6e cac6e is Kar*. Uoo&ing only at

t6e 5our scenarios generated !y ping and ftp eT3eri*entsJ t6ere a33ears to !e a slig6t

groKt6 trendJ !ut it is Kit6in o!served variance. _nly t6e results 5or =*all and MnterconR

tinental are not identical under t6e tRtestj all ot6er 3airs are statistically indistinguis6a!le.

Ao conclusively rule out a true trendJ Ke also ran t6e Kar*Rcac6e Fluid Re3lication eT3eriR

*ent across tKo *oreRde*anding netKor&ing scenarios. A6e rst decreased !andKidt6s to

\] )!nsJ !ut added no additional latency. A6e second increased oneRKay latency to 2EE *sJ

!ut 3laced no additional !andKidt6 constraints. Mn !ot6 casesJ Fluid Re3licationhs running
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Arace <old War*
=*all 1.EFE 1.EE^
#ediu* 1.1EZ 1.E12
Uarge 1.2EE 1.E1Z
Mntercontinental 1.2F1 1.E2E
UoK HandKidt6 1.E1F
Hig6 Uatency 1.EE^

A6is gure s6oKs t6e nor*aliPed running ti*e 5or Fluid Re3lication over eac6 o5 t6e
netKor&ing scenarios in Aa!le \.2. A6e localRarea case served as t6e 3er5or*ance !aseline
in eac6 case. W6en t6e Way=tation cac6e is coldJ 3er5or*ance decreases as KideRarea
netKor&ing costs increase. HoKeverJ no consistent trend eTists K6en t6e Way=tation
cac6e is Kar*.

Aa!le \.ZG Fluid Re3lication over WideR+rea IetKor&s

ti*e Kas less t6an t6at 5or t6e Mntercontinental trace. A6ere5oreJ Ke conclude t6at t6at Fluid

Re3licationhs u3date 3er5or*ance does not de3end on KideRarea connectivity. _5 courseJ

t6is is due to de5erring t6e Kor& o5 u3date 3ro3agation and t6e nal reconciliationmneit6er

o5 K6ic6 contri!ute to clientR3erceived 3er5or*ance. =ections \.Z.F and \.Z.\ 7uanti5y any

reduction in consistency or availa!ility due to de5erring Kor&.

5.3.2 Costs of Sharing

_ur neTt tas& is to assess t6e 3otential i*3act t6at de5erred 3ro3agation 6as on s6aring

!etKeen KideRarea clients. We devised a !enc6*ar& involving tKo clients s6aring source

code t6roug6 a <V= re3ository. Mn t6e !enc6*ar&J clients <1 and <2 are attac6ed to

Way=tations W1 and W2J res3ectively. Mn t6e rst 36aseJ <1 and <2 eac6 c6ec& out a

co3y o5 t6e source tree 5ro* t6e re3ository. +5ter c6anging several lesJ <1 co**its

t6ose c6anges to t6e re3ository. FinallyJ <2 u3dates its source tree. Hot6 t6e re3ository

and Kor&ing co3ies reside in t6e distri!uted le syste*. W6en t6e !enc6*ar& !eginsJ !ot6

clients 6ave t6e re3ository cac6ed.
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We used t6e Fluid Re3lication source tree 5or t6is !enc6*ar&. A6e c6anges *ade !y

<1 are t6e u3dates *ade to our source tree during t6e 5our o5 t6e !usiest days recorded in

our <V= log. +t t6e !eginning o5 t6e trialJ t6e source tree consists o5 ZZZ les totaling

1.`1 #H. A6e co**itted c6anges add 5our neK lesJ totaling seven )HJ and *odi5y 1Z

ot6ersJ K6ic6 total 2F] )H. We reRran t6is activity over t6e tKoRclient to3ology o5 FigR

ure \.2. Figure \.F s6oKs our results 5or t6e co**it and u3date 36asesJ run over Fluid

Re3licationJ +F=J and <odaj eac6 !ar is t6e average o5 ve trials. We do not re3ort t6e

results o5 t6e c6ec&out and edit 36asesJ !ecause t6ey eT6i!it very little s6aring.

Bnsur3risinglyJ t6e cost o5 co**itting to t6e re3ository Kas greater 5or +F= and <oda

t6an 5or Fluid Re3lication. A6is is !ecause Fluid Re3lication clients s6i3 u3dates to a

near!y Way=tation. +F= and <oda *ust s6i3 data and !rea& call!ac&s over t6e Kide area.

W6at is sur3rising is t6at t6e u3date 36ase is also *ore costly 5or +F= and <oda. _ne

Kould t6in& t6at Fluid Re3lication Kould 3er5or* 3oorlyJ since le data 6as to traverse tKo

Kide area 3at6sG 5ro* t6e rst Way=tation to t6e serverJ and t6en to t6e second Way=tation.

A6e uneT3ected cost incurred !y +F= and <oda ste*s 5ro* t6e creation o5 te*3orary les.

A6e latter are used to loc& t6e re3ository and !ac& u3 re3ository les in case o5 5ailure.

Way=tations are a!le to a!sor! t6ese u3datesJ and later o3ti*iPe t6e* aKayJ since t6ey are

all su!Qect to cancellation. +F= and <oda clientsJ on t6e ot6er 6andJ send every u3date to

t6e server. Furt6er*oreJ t6ese u3dates !rea& call!ac&s on t6e 5ar client.

Mt is i*3ortant to note t6at 6iding t6e creation o5 te*3orary loc&ing les *ay i*3rove

3er5or*anceJ !ut it renders t6e intended sa5ety guarantees useless. A6e !est t6at Fluid

Re3lication can o55er in t6e 5ace o5 concurrent u3dates is to *ar& t6e s6ared le in conictj
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_ur s6aring !enc6*ar& re3layed s6aring 5ro* t6e <V= log o5 our Fluid Re3lication
source tree. A6e !enc6*ar& consisted o5 ve 36asesG a c6ec&out at <1J a c6ec&out at
<2J an edit at <1J a co**it at <1J and an u3date at <2. A6is gure s6oKs t6e ti*e to
co*3lete t6e co**it and u3date 36ases 5or +F=J <odaJ and Fluid Re3lication.

Figure \.FG =6aring Henc6*ar&

t6e users *ust resolve it !y 6and. <oda Kould !e 5aced Kit6 t6e sa*e dile**a i5 it

6ad entered Kea&lyRconnected *ode during t6is !enc6*ar&. HoKeverJ Ke !elieve t6at in

3racticeJ o3ti*is* is Karranted. ?ven in t6e case o5 <V= re3ositoriesJ true concurrent

u3dates are rare. _ur oKn logs s6oK t6at co**its !y di55erent users Kit6in one *inute

occurred only once in over 2J1EE co**its. + co**it 5olloKed !y an u3date !y di55erent

users Kit6in one *inute 6a33ened tKice.

A6is !enc6*ar& illustrates t6e cost o5 o!taining de5erred u3dates. HoKeverJ in 3racR
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A6is gure s6oKs t6e reconciliation ti*es s3ent at a server as t6e nu*!er o5 log records
varies. A6ese ti*es deter*ine t6e nu*!er o5 Way=tations a server can 6andle.

Figure \.\G Reconciliation Ai*e at =ever

ticeJ t6ese les are li&ely to 6ave *igrated to t6e server. _ur logs s6oK t6at t6e *edian

ti*e !etKeen co**its !y di55erent users Kas 2.` 6oursJ and t6at t6e *edian ti*e !etKeen

a co**it and an u3date !y di55erent users Kas 1.` 6ours. A6is Kould 3rovide a*3le o3R

3ortunity 5or a Way=tation to async6ronously 3ro3agate s6ared data !ac& to t6e server

!e5ore it is needed.

5.3.3 Reconciliation Costs

Ao !e success5ulJ Fluid Re3lication *ust i*3ose only *odest reconciliation costs. M5

reconciliations are eT3ensiveJ Way=tations Kould !e a!le to reconcile only in5re7uentlyJ

and servers could su33ort only a 6and5ul o5 Way=tations. Ao 7uanti5y t6ese costsJ Ke

*easured reconciliationsJ varying t6e nu*!er o5 log records 5ro* 1EE to \EE. Ao 3ut t6ese

siPes in conteTtJ our *odied +ndreK Henc6*ar& reconciled as *any as 1F[ log records

in a single reconciliation.

Figure \.\ s6oKs t6e reconciliation ti*e s3ent at t6e server as t6e nu*!er o5 log records

variesj eac6 3oint is t6e average o5 ve trials. A6is ti*e deter*ines t6e nu*!er o5 Way=taR
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tions a server can 6andle in t6e Korst case. =erverRside ti*e increases to Qust under 1.1

seconds 5or \EE log records. Mn 3ractice Ke eT3ect t6e costs to !e *uc6 s*aller. A6e

Kee&Rlong IF= trace Kould never 6ave generated a reconciliation Kit6 *ore t6an ]F log

records.

Figure \.] s6oKs t6e total ti*e 5or a reconciliation *easured at a Way=tation as t6e

nu*!er o5 log records varies. A6is includes t6e serverRside ti*eJ R#M over6eadsJ and

netKor& costs. A6e total reconciliation ti*es 5or t6e local areaJ s*all distanceJ and *ediu*

distance traces do not vary signicantly. A6is *eans t6atJ at t6ese s3eedsJ !andKidt6

is not t6e li*iting 5actor. :roling o5 t6e reconciliation 3rocess suggests t6at R#Mm

even Kit6 our 6andRo3ti*iPed signaturesmis t6e rateRli*iting ste3. HoKeverJ at 1 #!nsJ

t6e !andKidt6 o5 t6e large distance and intercontinental tracesJ t6e !ottlenec& s6i5ts to

netKor&ing costs. Mn any eventJ t6e reconciliation ti*es are *uc6 s6orter t6an our de5ault

reconciliation 3eriod o5 1\ secondsJ alloKing t6e Way=tation to reconcile *ore 5re7uently

i5 s6aring 3atterns Karrant.

5.3.4 Consistency

A6e consistency o55ered !y Fluid Re3lication de3ends on tKo 5actorsG t6e 5re7uency o5

reconciliation and t6e ti*e !etKeen uses o5 a s6ared o!Qect. =ection \.Z.Z 7uantied t6e

5or*er. Mn t6is sectionJ Ke address t6e incidence o5 s6aring o!served in a real Kor&load.

Ao deter*ine 6oK o5ten s6aring 6a33ens and t6e ti*e !etKeen s6ared re5erencesJ Ke

eTa*ined our Kee&Rlong IF= client traces. For t6is analysisJ Ke re*oved re5erences to

user *ail s3ools 5ro* our traces. + 3o3ular *ail client in our environ*ent uses IF=

rat6er t6an M#+: 5or *ail *ani3ulation. #any users run t6ese clients on *ore t6an one
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A6is gure s6oKs t6e total reconciliation ti*es in seconds as t6e nu*!er o5 log records
varies. A6ese ti*es deter*ine t6e u33er li*it on 6oK 5re7uently a Way=tation can recR
oncile Kit6 t6e server. For all siPesJ t6ey are *uc6 s6orter t6an our de5ault reconciliation
3eriod o5 1\ seconds.

Figure \.]G Reconciliation Ai*e at Way=tation

*ac6ineJ des3ite IF=hs lac& o5 consistency guarantees f\`gJ generating s3urious s6ared

re5erences. =ince Ke Kould eT3ect *o!ile users to use M#+: insteadJ Ke eTcluded t6ese

re5erences.

Figure \.^ s6oKs t6e 3ercentage o5 all re5erences to o!Qects Kritten 3reviously at anR

ot6er re3lica site. A6e to3 3art o5 eac6 !ar s6oKs readRa5terRKrite s6aringJ and t6e !otto*

3art s6oKs KriteRa5terRKrite. +s eT3ectedJ s6aring is not co**onJ es3ecially over s6ort

3eriods o5 ti*e. _nly E.E1k o5 all o3erations caused s6aring Kit6in 1\ seconds. A6e total

5raction o5 re5erences t6at eT6i!ited s6aring during t6e Kee& Kas Qust over E.]k o5 all o3R

erations. Iote t6at t6ese nu*!ers are 3essi*isticJ as Ke 6ave assu*ed t6at eac6 client uses

a distinct Way=tation. A6e gra36 s6oKs so*e interesting 3eriodic !e6aviorj un5ortunatelyJ

Kit6 netKor&Rlevel tracesJ Ke are una!le to identi5y t6e 3rocesses causing it.
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A6is gure s6oKs t6e 3ercentage o5 o3erations t6at caused s6aring. A6e TRaTis s6oKs t6e
ti*e !etKeen uses o5 a s6ared o!Qects in *inutesJ and t6e yRaTis s6oKs t6e 3ercentage
o5 total o3erations t6at eT6i!ited s6aring. A6e to3 3art o5 !ar s6oKs t6e readRa5terRKrite
s6aringj t6e !otto* 3art s6oKs t6e KriteRa5terRKrite. _nly E.E1k o5 all o3erations caused
s6aring Kit6in 1\ seconds. Vust over E.]k o5 all o3erations eT6i!ited any 5or* o5 s6aring.

Figure \.^G =6aring

5.3.5 Availability

Hecause Way=tations do not 3ro3agate le contents to t6e server i**ediatelyJ a 5ailed

Way=tation could &ee3 a client 5ro* retrieving a needed u3date. Ao gauge 6oK li&ely

suc6 a scenario *ig6t !eJ Ke 5ed our IF= traces into a Fluid Re3lication si*ulator. We

aug*ented t6e trace Kit6 Way=tation reconciliations and 5ailurenrecovery 3airs. ReconR

ciliations Kere sc6eduled every 1\ seconds 5ro* t6e Way=tationhs rst a33earance in t6e

trace. We assu*e a *ean ti*e to 5ailure o5 ZE days and a *ean ti*e to re3air o5 one

6ourJ !ot6 eT3onentially distri!uted. A6ese 3ara*eters Kere c6osen to re3resent ty3ical

u3ti*es 5or care5ully ad*inistered server *ac6inesj t6ey are t6e sa*e as t6ose used in t6e

TF= study f11g. Iote t6at Ke did not *odel server 5ailuresj our intent is to eT3lore Fluid

Re3licationhs additional contri!ution to 5ailures.

For eac6 trial o5 t6e si*ulationJ Ke varied t6e rando* seed controlling 5ailures and

re3airs. We t6en counted t6e nu*!er o5 !ac&R5etc6es t6at 5ail due to t6e unavaila!ility
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o5 a Way=tation. We too& over ve *illion trials o5 t6e eT3eri*ent in order to 3rovide

reasona!le condence intervals 5or a very s*all *ean.

Recall t6at during our trace t6ere Kere 2FJ`\^ total re7uests *ade o5 t6e Way=tations.

_5 t6oseJ 2FZ re7uests re7uired a !ac&R5etc6 5ro* one Way=tation to anot6er. We rst

si*ulated Fluid Re3lication K6en u3dates t6at 6ad not !een overKritten or !ac&R5etc6ed

Kere 3ro3agated !y t6e Way=tation a5ter 1 6our. +cross ve *illion trialsJ 1[^JZ^] reR

7uests 5ailedJ 5or an average o5 1.46 × 10−6 5ailures 3er o3erationJ Kit6 a `Ek condence

interval o5 ±8.83 × 10−7j t6is is e7uivalent to ve ninesh availa!ility. ?T3ressed in ti*eJ

Ke o!served an average o5 E.EZ^ 5ailures 3er Kee&J or roug6ly one 5ailed access every 2^

Kee&s 5or our client 3o3ulation.

5.4 Summary

+s *o!ile clients travelJ t6eir costs to reac6 !ac& to 6o*e ling services c6ange. Ao

*as& t6ese 3er5or*ance 3ro!le*sJ current le syste*s reduce eit6er safetyJ visibilityJ or

!ot6. A6is is a result o5 conating sa5ety and visi!ility into a single *ec6anis*. A6ey 6ave

di55erent re7uire*entsJ and so s6ould !e 3rovided t6roug6 di55erent *ec6anis*s.

Fluid Re3lication se3arates t6e concerns o5 sa5ety and visi!ility. W6ile travelingJ a *oR

!ile client associates itsel5 Kit6 a near!y WayStation t6at 3rovides s6ortRter* re3lication

services 5or t6e clienths 6o*e le syste*. B3dates are sent to t6e near!y Way=tation 5or

sa5etyJ K6ile Way=tations and servers 5re7uently eTc6ange &noKledge o5 u3dates t6roug6

reconciliation to 3rovide visi!ility. Reconciliation is ineT3ensive and KaitR5ree.

+n analysis o5 tra5c in a 3roduction IF= server validates our design decisions. +

*odest reconciliation interval o5 5teen seconds li*its t6e rate o5 stale reads or conicting
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Krites to E.E1k. #easure*ents o5 a Fluid Re3lication 3rototy3e s6oK t6at it isolates

clients 5ro* *ost KideRarea netKor&ing costs. B3date tra5c is not a55ected at !andKidt6s

as loK as \] )!ns or latencies as 6ig6 as 2EE *s. A6ese gains o55set increased s6aring

costsJ even 5or Kor&loads Kit6 su!stantial degrees o5 s6aring. 8es3ite t6e 5act t6at u3date

3ro3agation is de5erredJ availa!ility does not su55er. _ur traced clients could eT3ect ve

ninesh availa!ility.



CHAPTER 6

Data Management

6.1 Introduction

Fluid Re3lication 6as ado3ted o3ti*istic concurrency controlj co3ies o5 les are re3liR

cated across *any Way=tations and any co3y can !e u3dated at any ti*e. W6ile t6is

alloKs t6e 3ossi!ility o5 conicting u3datesJ <6a3ter \ s6oKs t6at conicts are so rare t6at

t6e in5re7uent cost o5 *erging versions is re3aid !y gains in 3er5or*ance and availa!ility.

W6en an o3ti*istic u3date is *ade at a re3lica siteJ t6at site *ust eventually in5or*

ot6ers o5 t6e neK versionhs eTistence 5or consistency. HoKeverJ it is li&ely t6at a le Kritten

!y a 3articular user Kill !e read only !y t6at user. Mn ot6er KordsJ s6aring is rare in le

syste* Kor&loads. <onse7uentlyJ K6ile t6e *etaRdata describing an u3date needs to !e

3ro3agatedJ t6e data comprising t6at u3date o5ten need not !e.

A6is o!servation suggests an o!vious o3ti*iPationG avoid 3ro3agating contents o5

u3dates K6enever 3ossi!le. Re3lica sites *ust t6en *ove data only 5or ad*inistrative

reasonsmsuc6 as !ac&u3mor in instances o5 true s6aring. A6is drastically reduces data

*ove*ent co*3ared to aggressive sc6e*esJ c6arging t6e cost o5 s6aring to t6ose K6o

re7uire it.

[]
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Bn5ortunatelyJ t6ese costs can *ount 7uic&ly. Mn a KideRarea de3loy*entJ t6ere can

!e su!stantial latency to 5etc6 a le 5ro* t6e re3lica on K6ic6 it Kas last u3dated. Siven

t6e insta!ilities seen across 3at6s Kit6 large !andKidt6Rdelay 3roducts fF[gJ t6is can 6ave

3ro5ound e55ects in cases o5 active s6aring.

A6ese concerns raise t6e 7uestion o5 K6en to 3ro3agate data o!Qects. We Kill s6oK t6at

3ro3agating aggressively Kastes server resourcesJ K6ile 3ro3agating only onRde*and unR

duly 3enaliPes clients K6o s6are. Mn t6is c6a3terJ Ke eT3lore t6ree alternative *ec6anis*s

5or deciding K6en to 3ro3agate an u3dateJ and t6eir i*3act on Fluid Re3lication.

6.2 Simple Propagation Schemes

Ao 3ut our 3ro3agation sc6e*es in conteTtJ Ke rst descri!e t6ree naive atte*3ts at

deciding K6en to s6i3 u3dates. A6e rstJ write-throughJ aggressively s6i3s all u3dates as

t6ey are *ade. A6e secondJ on-demandJ s6i3s t6e* only K6en t6ey are needed elseK6ere.

A6e t6irdJ periodicJ !atc6es u3dates and s6i3s t6e* every t *inutes.

+ si*3le Kay to 3ro3agate u3dates is to send t6e* as soon as t6ey are *ade. We call

t6is t6e KriteRt6roug6 sc6e*e. Bsing t6is sc6e*eJ Ke get t6e u33er !ound 5or t6e a*ount

o5 data 3ro3agated 5ro* Way=tations to t6e server. Hecause all u3dates are at t6e serverJ

no le is !ac&R5etc6ed. A6e 3ro!le* Kit6 t6is sc6e*e is t6at *any u3dates are 3ro3agated

unnecessarilyJ increasing server load and netKor& tra5c.

+t t6e ot6er end o5 t6e s3ectru*J u3dates are 3ro3agated only K6en t6ey are needed

elseK6ere. A6is is called t6e onRde*and sc6e*e. Bsing t6is sc6e*eJ Ke get t6e loKer

!ound 5or t6e a*ount o5 data 3ro3agatedJ !ecause les are s6i33ed only K6en necessary.

A6e 3ro!le* Kit6 t6is sc6e*e is t6at clients *ay eT3erience sloK res3onse ti*e K6en
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re7uested les are at re*ote Way=tations.

+ si*3le i*3rove*ent to t6e KriteRt6roug6 sc6e*e is to de5er 3ro3agationJ !atc6ing

u3dates toget6er and sending t6e* 3eriodically. A6is sc6e*e is used in *any syste*sJ

including an early Fluid Re3lication 3rototy3e fZ2g. :eriodic sc6e*es Kit6 long 3eriods

can s6i3 su!stantially less data t6an t6e KriteRt6roug6 sc6e*e. A6is is !ecause Krites

are !ursty f^\gmt6ey tend to !e clustered toget6er in ti*e. M5 an u3date is *ade !ut

not s6i33edJ a later u3date can overKrite it. =o de5erring s6i3*ent can lead to savings.

Bn5ortunatelyJ t6ese 3eriodic sc6e*es are still not very 3reciseJ !ecause t6ey 3ro3agate

les indiscri*inatelyj *any o5 t6e 3ro3agated les are never accessed !y ot6er clients.

6.3 Making Propagation Decisions

A6e onRde*and sc6e*e gives rise to !ac&R5etc6esJ K6ile t6e KriteRt6roug6 sc6e*e

3ro3agates les needlessly. A6e 3eriodic sc6e*es reduce t6isJ !ut are eit6er still too agR

gressive or not a!le to eli*inate *ost !ac&R5etc6es. Ao address t6ese 3ro!le*sJ Ke inR

troduce t6ree neK 3ro3agation sc6e*esG Mnvalidation HeuristicJ Ai*e to IeTt BseJ and

+da3tive Ai*e 8elay.

6.3.1 Invalidation Heuristic Scheme

File accesses tend to 6ave strong te*3oral locality. M5 les Kere s6ared in t6e recent

3astJ t6ey are li&ely to !e s6ared in t6e near 5uture. Hased on t6is o!servationJ u3dates

s6ould !e 3ro3agated i5 t6e le is s6ared. W6en a Way=tation in5or*s t6e server o5 its

u3dated lesJ t6e server invalidates co3ies at ot6er Way=tations. B3dates t6at cause invalR

idations are 3ro3agated to t6e server i**ediatelyJ !ecause t6ey are li&ely to !e read again
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A6is gure s6oKs a reader accessing a le a5ter a Kriter u3dates it tKice. Wit6 6istory o5
1J a !ac&R5etc6 occurs since only t6e rst u3date to t6e le is 3ro3agated. Wit6 6istory o5
2J a !ac&R5etc6 is avoided since t6e rst tKo u3dates are 3ro3agated.

Figure ].1G ?Ta*3le o5 MH =c6e*e

K6ere t6ey 6ave !een invalidated. We call t6is t6e invalidation-heuristic (MH) sc6e*e.

Iote t6at t6is sc6e*e re7uires no eTtra state at t6e serverj t6e list o5 les to !e 3ro3agated

can !e co*3uted 5ro* t6e state used to issue invalidations.

A6is si*3le a33roac6 6as a draK!ac&. <onsider a scenario in K6ic6 les are alKays

Kritten tKice !e5ore ot6er nodes access t6e*. W6en t6e Way=tation in5or*s t6e server

o5 its rst KriteJ t6e server invalidates all t6e ot6er co3ies. +t t6is 3ointJ t6e le is no

longer s6ared. A6ere5oreJ only t6e rst Krite o5 tKo is 3ro3agatedJ and every read re7uires

!ac&R5etc6ing. Figure ].1(a) illustrates t6is scenario.

Ao solve t6is 3ro!le*J Ke &ee3 t6e sa*e s6aring status 5or a Ted nu*!er o5 !ursty

Krites. A6is nu*!er is called history and deter*ines 6oK *any Krites o5 eac6 !urst are

3ro3agated to t6e server. A6e burst counter is reset K6en anot6er node reads t6e le or

Krites to it. We considered history values 5ro* one to 5our in our evaluation. Figure ].1(!)



`E

get op�

op == read� burst == 0�

another node�
caching�

propagate 

0<burst<HISTORY�

last write�
propagated�

burst++�burst=0�

write

Figure ].2G 8ecision #a&ing in t6e MH =c6e*e

s6oKs K6at 6a33ens in t6e a!ove scenario K6en 6istory is set to tKo. <o*3ared to FigR

ure ].1(a) K6ere 6istory is oneJ t6e server need not !ac&R5etc6 t6e u3dateJ and t6e read

re7uest is served 5aster. Figure ].2 su**ariPes t6e decision *a&ing 3rocess.

+not6er o3ti*iPation is to consider s3atial locality. M5 *any les are !ac&R5etc6ed 5ro*

a 3articular Way=tationJ t6e server s6ould 3re5etc6 ot6er les t6at 6ave !een u3dated t6enJ

!ut not yet 3ro3agated. A6is *ec6anis* is es3ecially e55ective 5or 3roducerRconsu*er

relations6i3sj one node 6as u3dated *any lesJ and ot6ers read t6e* later. #ore s3eci5R

icallyJ 3ending Krites are 3re5etc6ed i5 t6e nu*!er o5 !ac&R5etc6es to t6e Way=tationJ bJ

eTcesses t6e nu*!er o5 Krites overKritten !y t6e Way=tationJ oJ !y a certain li*itJ LG

b − o > L

W6en t6is condition is *et 5or a Way=tationJ 3ending Krites t6at 6a33ened Kit6in t6e

last ZE *inutes are 3ro3agated to t6e server. We call t6is *odied sc6e*e invalidation-

heuristic-with-spatial-locality (MH=U).
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6.3.2 Time to Next Use Scheme

Rat6er t6an using 3ast s6aring to 3redict 5uture s6aringJ one can use t6e ti*es o5 recent

accesses to 3redict t6e neTt ti*e t6at a read or Krite *ig6t occur. A6e ti*eRtoRneTtRuse

(AAIB) sc6e*e decides K6et6er to 3ro3agate or not !ased on t6e 3ast 6istory o5 le access

3atterns. A6e !asic idea is t6at a *odied le s6ould !e 3ro3agated i5 t6e eT3ected ti*e

to t6e neTt read !y anot6er nodeJ ErJ is earlier t6an t6e eT3ected ti*e to t6e neTt Krite !y

t6e current nodeJ Ew. A6e 3ro3agation decisionJ 8J is dened as 5olloKsG

D =






3ro3agate if Er < Ew

do not 3ro3agate otherwise
(].1)

A6e eT3ected neTt access ti*es are co*3uted !ased on t6e 3ast access 3attern using

eT3onentially Keig6ted *oving average (?W#+) lters. ?W#+ is t6e Keig6ted su* o5

t6e 3revious esti*ate and t6e neK value. We &ee3 tKo se3arate lters 5or t6e read esti*ateJ

Er and t6e Krite esti*ateJ EwG

Er(t + 1) = αEr(t) + (1 − α)nr(t) (].2)

Ew(t + 1) = αEw(t) + (1 − α)nw(t) (].Z)

K6ere α is t6e Keig6t and n is t6e neK value. We eT3lored a variety o5 values 5or α in our

evaluation.

For readsJ Ke u3date t6e esti*ate K6en a read !y a node ot6er t6an t6e last Kriter

arrivesJ and use t6e ti*e 3assed since t6e last Krite as t6e neK value (nr). For KritesJ Ke

u3date t6e esti*ate K6en a Krite is overKritten !y t6e sa*e node using t6e ti*e !etKeen

consecutive Krites as t6e neK value (nw). A6e esti*ate 5or Krites is reset K6en t6e Kriter

c6anges.
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6.3.3 Adaptive Time Delay Scheme

=tatic 3eriodic sc6e*es can !e too aggressiveJ not e55ectiveJ or !ot6. A6is is !ecause a

singleJ static 3eriod is not ca3a!le o5 ca3turing t6e di55erent access 3atterns !etKeen les

and over ti*e. A6e adaptive-time-delay (+A8) sc6e*e is !ased on t6e 3eriodic sc6e*ej it

*aintains a 3eriod esti*ate 5or eac6 leJ and adQusts t6is esti*ate !ased on t6e utility o5

3ast 3ro3agation decisions. M5 Ke can adQust t6e 3ro3agation 3eriod o5 eac6 le !ased on

t6e Way=tation o3erations on itJ Ke eT3ect to get !etter 3er5or*ance.

Mt is o5ten 6ard to 3redict K6en a user Kill start or sto3 using a leJ !ut once a user 6as

started using t6e leJ s6e is li&ely to use it 5or aK6ile. Hased on t6isJ Ke eT3ect t6at K6en

a Way=tation reads or Krites a leJ it Kill do so again in near 5uture. =oJ i5 Ke adQust our

3ro3agation sc6e*e !ased on current activitiesJ t6is sc6e*e s6ould 3er5or* Kell.

Hecause *ost les are never s6aredJ les are given an initial 3eriod o5 innity. =oJ t6e

rst s6ared access Kill result in a *andatory !ac&R5etc6. _n t6is !ac&R5etc6J t6e 3eriod

o5 s6aring is esti*ated to !e Qust less t6an t6e interval !etKeen t6e last u3date and t6is

!ac&R5etc6.

M5 a le sc6eduled 5or 3ro3agation is u3dated again !e5ore t6e ti*er eT3iresJ it is reset.

M5 a le is 3ro3agatedJ !ut not used !e5ore it is overKrittenJ t6e 3eriod esti*ate is dou!led.

M5 a le is !ac&R5etc6ed !e5ore its 3eriod esti*ate eT3iresJ t6e esti*ate is 6alved. Hy o!R

serving t6e !enet (or lac& t6ereo5) o5 3rior 3ro3agation decisionsJ t6is 5eed!ac& controller

3roduces accurateJ 3erRle esti*ates o5 need.
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6.4 Evaluation

6.4.1 Trace Collection

Ao understand 6oK 3ro3agation sc6e*es Kor& in a real environ*entJ Ke use tKo sets

o5 tracesJ one 5ro* t6e Bniversity o5 #ic6igan (B#) and anot6er 5ro* Harvard Bniversity.

A6e rst set o5 traces Kas collected on an IF= server in our de3art*ent 5or t6ree *ont6s

(+3ril R Vune). A6is *ac6ine serves t6e 6o*e directories 5or [] usersj t6ey occu3ied

Z\.^ SH as o5 +ugust 12J 2EE2. Bsing tcpdumpJ Ke collected IF= re7uests to t6e

server and t6e corres3onding res3onses. A6enJ Ke used HlaPehs nfstrace fFg to convert

t6e traces to t6e user level le syste* co**ands (reads and Krites). A6e second set

o5 traces co*es 5ro* t6e ??<= de3art*ent at Harvard Bniversity f1Fg. A6ey are ta&en

5ro* =e3te*!er to Iove*!er o5 2EE1. A6e IF= server is t6e 3ri*ary le syste* 5or t6e

de3art*ent. Hecause traces are not availa!le 5or all o5 t6ese daysJ Ke use tKo consecutive

Kee&s 5ro* eac6 *ont6 to evaluate t6e 3ro3agation sc6e*es.

A6e traced *ac6ines Kere generally not *o!ile clientsJ and *ay not 3rovide a Kor&R

load *atc6ing our intended client 3o3ulation. HoKeverJ 3rior studies suggest t6atJ at t6e

o3eration level ca3tured !y our tracesJ *o!ile and des&to3 !e6avior are re*ar&a!ly si*iR

lar f\\g.

Aa!le ].1 s6oKs t6e nu*!er o5 reads and KritesJ t6e nu*!er o5 distinct *ac6ines t6at

accessed t6e IF= server in 7uestionJ and t6e nu*!er o5 les accessed during eac6 *ont6.

A6e nu*!er o5 Krites are also t6e nu*!er o5 3ro3agations i5 Ke use t6e KriteRt6roug6

sc6e*e. Iote t6at 5or t6e B# tracesJ t6e nu*!er o5 di55erent *ac6ines t6at accessed t6e

IF= server during eac6 *ont6 is !igger t6an t6e nu*!er o5 user accounts K6ic6 6ave
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#ont6 Reads Writes #ac6ines Files
UM Trace

F `\JF2^ ZE1J`E\ 1`^ `[J\[[
\ [[J2`\ 211JE\[ 1`` `]J][^
] 1[EJFF[ ZE]J2ZZ 1`^ \^J^`Z

Harvard Trace
` FZ`J2\] [`\J[EF 11^ 2^]JF`F

1E FZFJ2\` `F\J2`F 1E[ 2[\J[F[
11 2\FJE1` [\FJ^^\ 1F2 Z12JEF`

Aa!le ].1G =u**ary o5 Araces

6o*e directories at t6e server. A6is is li&ely due to users using di55erent *ac6ines 5ro*

one session to anot6er.

Mn a33lying t6ese tracesJ Ke assu*e t6at eac6 client *ac6ine is in a di55erent locationJ

and uses a di55erent Way=tation. A6is Kill tend to overRe*36asiPe t6e costs o5 KideRarea

o3erationsJ !ut is a conservative c6oice. + discrete event si*ulator re3layed t6e tracesJ

counting u3datesJ readsJ 3ro3agationsJ and !ac&R5etc6es. _ne can a33ly t6is si*ulator to

di55erent 3ro3agation 3oliciesJ *easuring t6eir 3otential gain.

Bsing t6ese le syste* tracesJ Ke set out to ansKer t6e 5olloKing 7uestionsG

• W6at 3ercentage o5 Krites are read !y ot6erss

• HoK *uc6 does a client su55er 5ro* s6aring K6en t6e onRde*and sc6e*e is useds

• W6at is distri!ution o5 s6aring over *ac6iness

• For eac6 sc6e*eJ 6oK *any les are 3ro3agated co*3ared to KriteRt6roug6s

• For eac6 sc6e*eJ 6oK *any les are !ac&R5etc6ed co*3ared to onRde*ands

• HoK e55ective is eac6 sc6e*e in ter*s o5 3recision and recalls

• W6ic6 sc6e*e 3roduces t6e !est overall 3er5or*ances
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#ont6 =6ared Hac&R5etc6 Hac&R5etc6 to Krites
UM Trace

F 1J22Z 2JFZ[ E.[1k
\ F]Z 1J1F2 E.\Fk
] ^Z[ 1J]F[ E.\Fk

Harvard Trace
` 12J2^Z ZFJ\`\ Z.[]k

1E ]J[E[ 2`JF1` Z.11k
11 ZJF^^ 2ZJZ]1 2.^Zk

Aa!le ].2G Hac&R5etc6

6.4.2 Aggressive Propagations

Aa!le ].2 s6oKs t6e !ac&R5etc6es K6en t6e onRde*and sc6e*e is used. A6ere are tKo

t6ings to note 5ro* t6is data. FirstJ t6e nu*!er o5 di55erent les t6at are !ac&R5etc6ed is

s*aller t6an t6e nu*!er o5 !ac&R5etc6es. Fro* t6isJ Ke can in5er t6at t6e les t6at are once

s6ared are li&ely to !e s6ared again. =econdJ less t6an Fk o5 Krites are read !y ot6ers.

=o 3ro3agating all u3dates introduces unnecessary netKor& tra5c !etKeen t6e server and

Way=tations. Mn s6ortJ t6e KriteRt6roug6 sc6e*e is too aggressive.

6.4.3 Passive Propagations

_ur goal 5or 3ro3agation sc6e*es is to 6el3 t6ose clients K6o su55er under 3assive

3ro3agations due to s6aring. He5ore eT3loring neK sc6e*esJ Ke need to consider K6et6er

clients actually su55er or not Kit6 t6e onRde*and sc6e*e. Ao ansKer t6isJ Ke c6ose one

6our Kit6 su!stantial s6aring 5ro* t6e Harvard traces and one 5ro* t6e B# tracesJ and

*easured t6e ti*e a client s3ends to 5etc6 u3dated les 5ro* ot6er nodes.

A6e netKor& condition !etKeen t6e server and Way=tations are sloK (latency o5 [2.1\ *s

and !andKidt6 o5 Z #!ns)J K6ile t6at !etKeen Way=tations and clients are 5ast (1EE #!ns).

A6e Way=tations are connected to t6e server via a trace modulated netKor&. Arace *odR
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Server with�
Trace Modulation� WayStation�

Client�

WayStation�

Client�

82.15ms; 3Mb/s

100Mb/s100Mb/s

82.15ms; 3Mb/s

Figure ].ZG =etu3 5or :assive :ro3agation ?T3eri*ent

ulation 3er5or*s e*ulation o5 a sloKer netKor& over a U+I f\^g. Ao get t6e latency and

!andKidt6 3ara*etersJ Ke ran ping 5ro* a *ac6ine in our de3art*ent to a *ac6ine at

HeKlett :ac&ard Kit6 di55erent 3ac&et siPes. A6e average round tri3 ti*e Kit6 3ac&et siPe

o5 2E #H Kas 21^.` *sj t6e ti*e Kit6 3ac&et o5 eig6t !ytes Kas 1]F.Z *s. We used

6al5 o5 1]F.Z *sJ K6ic6 is [2.1\ *sJ as t6e oneRKay latency. A6is gives us !andKidt6 o5

Z #!ns using t6e e7uation delay = latency + size/bandwidth f\g. Figure ].Z s6oKs t6e

eT3eri*ent setu3.

Bsing t6e tracesJ Ke *easured t6e ti*e t6at one client s3ends to 5etc6 les. A6e u3R

dated le data is never sent to t6e server unless ot6er nodes re7uest itJ causing !ac&R5etc6es.

A6e goal o5 t6is eT3eri*ent is to ansKer t6e 7uestionG W6at 3ercentage o5 ti*e is s3ent to

!ac&R5etc6 les 5ro* ot6er Way=tationss

Aa!le ].Z s6oKs t6e ti*e Kit6 a cold cac6ej no les are cac6ed at t6e Way=tation.

Read-hit s6oKs t6e ti*e to 5etc6 les cac6ed locally. Fetch-from-server s6oKs t6e ti*e

to 5etc6 les t6at are at t6e server. Back-fetch s6oKs t6e ti*e to 5etc6 les t6at re7uire

!ac&R5etc6ing 5ro* t6e KriterJ !ecause t6e server does not 6ave t6e u3RtoRdate co3y. Hac&R

5etc6 ti*e is t6us t6e ti*e to s6i3 a le 5ro* a re*ote Way=tation to t6e serverJ 3lus t6e
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<ount =iPe(#H) Ai*e(s)
UM Trace
Read 6it E E E
Fetc6 5ro* server \ E.E2[^ 2.2
Hac&R5etc6 1Z[ E.21Z2 1`^.[
Aotal 1FZ E.2F1` 2EE.E
Hac&R5etc6 to total `[.`k
Harvard Trace
Read 6it F[^ E.[^]1 E.E^^
Fetc6 5ro* server 1]E^ 1.E^]2 ]`].\
Hac&R5etc6 1[E[ ZE.2EFF 2Z[2.1
Aotal ZE`2 Z2.1\]^ ZE^[.^
Hac&R5etc6 to total ^^.Fk

Aa!le ].ZG Aotal Fetc6 and Hac&R5etc6 Ai*e

ti*e to s6i3 t6e le to t6e local Way=tationJ and nally to t6e client. Mn t6e B# traceJ t6e

client s3ent `[.`k o5 total 5etc6 ti*e Kaiting 5or les t6at needed to !e !ac&R5etc6ed 5ro*

Kriters to t6e server. Mt s3ent ^^.Fk 5or t6e Harvard trace. We can 3redict t6at t6e ratio o5

!ac&R5etc6 to total ti*e Kill !e even 6ig6er 5or a Kar* cac6e. =o t6e onRde*and sc6e*e

3enaliPes t6e clients K6o s6are.

Figure ].F s6oKs t6e 5etc6 and !ac&R5etc6 ti*es *easured at t6e client 5or individual

les. Hac&R5etc6ing ta&es a!out t6ree ti*es longer t6an 5etc6ing 5ro* t6e serverJ 5or les

o5 t6e sa*e siPe.

6.4.4 Burstiness

Figure ].\ s6oKs t6e distri!ution o5 !ac&R5etc6es over *ac6ines. A6e TRaTis s6oKs t6e

nu*!er o5 *ac6inesj t6e yRaTis s6oKs t6e nu*!er o5 !ac&R5etc6es eac6 *ac6ine eT3eriR

enced. A6e *ac6ines t6at did not eT3erience any !ac&R5etc6es are eTcluded 5ro* t6ese

gra36s.

A6e !ac&R5etc6es are not distri!uted evenly over all *ac6ines. A6ey are 6ig6ly concenR
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A6is gure s6oKs t6e 5etc6 and !ac&R5etc6 ti*e *easured at t6e client 5or individual le
under latency o5 [2.1\ *s and !andKidt6 o5 Z #!ns.

Figure ].FG Fetc6 and Hac&R5etc6 Ai*e 5or Mndividual File

trated a*ong a 5eK *ac6ines. For t6e B# traceJ t6e to3 t6ree *ac6ines are res3onsi!le 5or

*ore t6an one t6ird o5 all !ac&R5etc6esG ZF.^kJ Z^.1k and Z\.]k 5or t6e *ont6s o5 +3rilJ

#ayJ and VuneJ res3ectively. For t6e Harvard traceJ t6e to3 t6ree are res3onsi!le 5or *ore

t6an one 5ourt6G 2`.ZkJ 2].`kJ and ZE.Fk 5or t6e *ont6s o5 =e3te*!erJ _cto!erJ and

Iove*!erJ res3ectively. A6usJ *ost *ac6ines eT3erience no or 5eK !ac&R5etc6esJ K6ile

so*e *ac6ines eT3erience *any.

6.4.5 Files Propagated and Back-fetched

We 6ave !uilt a si*ulator to co*3are t6e di55erent 3ro3agation sc6e*es. A6e si*ulator

ta&es our traces as in3ut and returns a su**ary o5 data trans5erred !etKeen t6e server and

Way=tations.

Ao evaluate t6e 5a*ily o5 3eriodic sc6e*esJ Ke su!Qected several o5 t6e* to our traces.

We tried 3eriods o5 1\ secondsJ 1 *inuteJ 1 6ourJ and 1 day. Figure ].] and Figure ].^

s6oK t6e 3ercentage o5 3ro3agations nor*aliPed over t6e KriteRt6roug6 sc6e*eJ and t6e
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A6is gure s6oKs t6e distri!utions o5 !ac&R5etc6es over *ac6ines. A6e TRaTis s6oKs
t6e nu*!er o5 *ac6inesj t6e yRaTis s6oKs t6e nu*!er o5 !ac&R5etc6es eac6 *ac6ine
eT3erienced.

Figure ].\G Hac&R5etc6 8istri!ution

3ercentage o5 !ac&R5etc6es nor*aliPed over t6e onRde*and sc6e*e. Iote t6at t6e 3ro3aR

gations include !ot6 3ro3agations done !e5ore t6e data is actually needed elseK6ere (3reR

3ro3agations) and 3ro3agations caused !y !ac&R5etc6es. A6e 6oriPontal dotted lines in

Figure ].](a) and Figure ].^(a) re3resent t6e values 5or t6e onRde*and sc6e*e t6at serve

as t6e loKer !ounds.

A6e 3eriodicR1\Rsecond sc6e*e 3ro3agates only slig6tly less t6an t6e KriteRt6roug6
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A6is gure s6oKs t6e 3ercentage o5 3ro3agations nor*aliPed over t6e KriteRt6roug6
sc6e*eJ and t6e 3ercentage o5 !ac&R5etc6es nor*aliPed over t6e onRde*and sc6e*e.
B3dates are 3ro3agated every 1\ secondsJ 1 *inuteJ 1 6ourJ and once a day. A6e dotted
lines denote loKer !ounds.

Figure ].]G :er5or*ance o5 :eriodic =c6e*e 5or t6e B# Arace

sc6e*e 5or t6e B# tracej it 3ro3agated ``.^k o5 t6e KriteRt6roug6 sc6e*e on average. Mt

does !etter 5or t6e Harvard traceJ 3ro3agating ^2.Fk. A6e 3eriodicR1Rday sc6e*e sends

*uc6 less dataJ !ut causes al*ost as *any !ac&R5etc6es as t6e onRde*and sc6e*e. =3eci5R

icallyJ t6is sc6e*e 3ro3agates 2\.\k and 2`.^k on average 5or B# and Harvard traces

res3ectivelyJ !ut t6ese are still *uc6 *ore t6an t6e onRde*and sc6e*eJ K6ic6 3ro3agates

E.]k and Z.2k.

For MH=UJ Ke tried t6e 6istory 5ro* one to 5our. For AAIBJ Ke tried E.2\J E.\ and
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A6is gure s6oKs t6e 3ercentage o5 3ro3agations nor*aliPed over t6e KriteRt6roug6
sc6e*eJ and t6e 3ercentage o5 !ac&R5etc6es nor*aliPed over t6e onRde*and sc6e*e.
B3dates are 3ro3agated every 1\ secondsJ 1 *inuteJ 1 6ourJ and once a day. A6e dotted
lines denote loKer !ounds.

Figure ].^G :er5or*ance o5 :eriodic =c6e*e 5or t6e Harvard Arace

E.^\ as Keig6ts o5 t6e ?W#+ lter. Hecause t6e di55erent Keig6ts in t6is sc6e*e did not

*a&e *uc6 di55erence and t6e sc6e*e did not 3er5or* KellJ Ke included only t6e single

Keig6t o5 E.\ in t6e results.

Figure ].[ and Figure ].` s6oKs total 3ro3agations and !ac&R5etc6es during eac6 *ont6

5or our t6ree neK 3ro3agation sc6e*es. MH=UJ +A8 and AAIB 3ro3agate less t6an 2.\k

o5 t6e data s6i33ed !y t6e KriteRt6roug6 sc6e*e 5or t6e B# trace. For t6e Harvard traceJ

it is less t6an 1^.2k. +ll o5 t6ese sc6e*es 3ro3agate less data t6an t6e 1Rday 3eriodic
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A6is gure s6oKs t6e 3ercentage o5 3ro3agations to t6e KriteRt6roug6 sc6e*e and t6e
3ercentage o5 !ac&R5etc6es to t6e onRde*and sc6e*e. A6e 6oriPontal dotted lines denote
loKer !ounds.

Figure ].[G _verall :er5or*ance 5or t6e B# Arace

sc6e*eJ !ut leave 5eKer !ac&R5etc6es to clients.

A6e onRde*and sc6e*e 3ro3agates t6e *ini*u* a*ount o5 datamtKo orders o5 *agR

nitude less t6an t6e KriteRt6roug6 sc6e*em!ut 3enaliPes clients Kit6 su!stantial s6aring.

Mn contrastJ MH=U 3ro3agates less t6an tKice t6at o5 t6e onRde*and sc6e*e 5or all *ont6s

eTce3t 5or Iove*!erJ !ut reduces !ac&R5etc6es !y FZ.\k on average. For Iove*!erJ t6e

MH=U sc6e*e Kit6 6istory o5 t6ree and 5our 3ro3agated a little *ore t6an tKice t6at o5 t6e

onRde*and sc6e*e.

+ll t6ree 3ro3agation sc6e*es clearly out3er5or*ed t6e si*3le sc6e*es (KriteRt6roug6J
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(!) Hac&R5etc6es

A6is gure s6oKs t6e 3ercentage o5 3ro3agations to t6e KriteRt6roug6 sc6e*e and t6e
3ercentage o5 !ac&R5etc6es to t6e onRde*and sc6e*e. A6e 6oriPontal dotted lines denote
loKer !ounds.

Figure ].`G _verall :er5or*ance 5or t6e Harvard Arace

onRde*andJ and 3eriodic)J !ut it is 6ard to co*3are t6e* to eac6 ot6er !ecause sc6e*es

Kit6 less 3ro3agations o5ten cause *ore !ac&R5etc6es. HoK can Ke tell K6ic6 sc6e*e is

!etters Mn t6e 5olloKing sectionJ Ke introduce neK *etrics to co*3are our sc6e*es.

6.4.6 Effectiveness

_ur goal is to *ini*iPe !ot6 server load and client res3onse ti*eJ !ut i*3roving one

o5ten 3enaliPes t6e ot6er. For eTa*3leJ a sc6e*e t6at 3ro3agates aggressively *ay reduce

client res3onse ti*eJ !ut increase server load. =o it is not easy to tell K6ic6 3ro3agation

sc6e*e is !etter.
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Figure ].1EG :recisionRRecall 8iagra*

Ao *easure e55ectivenessJ Ke introduce tKo *etricsJ precision and recallJ K6ic6 are

o5ten used in in5or*ation retrieval. Mn t6e conteTt o5 in5or*ation retrievalJ 3recision is t6e

5raction o5 t6e relevant docu*ents t6at 6ave !een retrievedJ and recall is t6e 5raction o5 t6e

retrieved docu*ents t6at are relevant f1g.

Mn our syste*J 3recision re5ers to t6e 5raction o5 accessed le versions t6at 6ave !een

3reR3ro3agatedJ and recall re5ers to t6e 5raction o5 3reR3ro3agated les t6at are accessed.

Iote t6at Ke used ter* version to re5er a le at a s3ecic ti*e. We eTcluded all t6e

accesses t6at did not re7uire 3ro3agations. Mn ot6er KordsJ Ke do not include reads to les

t6at are never u3dated and reads to les t6at are only u3dated locally.

Uet =et + !e t6e accessed le versions t6at are *odied elseK6ereJ and =et H !e t6e

le versions t6at are 3reR3ro3agated to t6e server. Figure ].1E illustrates t6ese !asic sets.

A6enJ 3recision (p) and recall (r) are dened as 5olloKsG

p =
|A ∩ B|
|B| (].F)

r =
|A ∩ B|
|A|

(].\)

_ne Kay to co*!ine 3recision and recall is t6e 6ar*onic *ean o5 tKoJ called t6e F-

measure. FR*easure Kas introduced !y van RiQs!ergen f]]gJ and is an esta!lis6ed *etric
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5or in5or*ation retrieval. A6e degree to K6ic6 tKo sets do not *atc6 is dened as t6e

E-measure. Mt is t6e s6aded area in Figure ].1E. Wit6 nor*aliPationJ it is Kritten asG

E =
|A ∪ B − A ∩ B|

|A| + |B| (].])

Mn ter* o5 p and rJ E is Kritten asG

E = 1 − 2rp

r + p
(].^)

A6enJ FR*easure is dened as 1 − E. Mt denotes area o5 A ∩ B in Figure ].1E.

F =
2rp

r + p
(].[)

Figure ].11 s6oKs t6e 3recisionRrecall gra36s 5or siT *ont6s. A6ese gra36s include

every sc6e*e t6at Ke 6ave considered eTce3t t6e onRde*and sc6e*ej 5or t6e onRde*and

sc6e*eJ 3recision is undened !ecause it does not 3ro3agate anyt6ing in advance.

+s eT3ectedJ t6e KriteRt6roug6 sc6e*e 6as recall e7ual to oneJ !ut 3recision close to

Pero. Four 3oints 5or t6e 3eriodic sc6e*e denotes 3eriod o5 1\ secondsJ 1 *inuteJ 1 6ourJ

and 1 day. +s t6e 3eriod increases recall decreases. A6e 3eriodic sc6e*e Kit6 1\Rsecond

3eriod de3icts results si*ilar to t6e KriteRt6roug6 sc6e*e. A6e 3eriodic sc6e*e Kit6 1R

day 3eriod 6as !ot6 loK 3recision and loK recallJ *eaning it 3ro3agates *any les Kit6out

reducing t6e nu*!er o5 !ac&R5etc6es co*3ared to t6e onRde*and sc6e*e.

For MH=UJ increasing 6istory i*3roves recall !ut reduces 3recisionj it is *ore li!eral

in deciding K6ic6 les to s6i3. MH=U 3rovides !etter overall 3er5or*ance t6an our ot6er

ada3tive sc6e*es !y detecting K6en s6aring no longer 6olds. A6e +A8 sc6e*e 3er5or*ed

second to t6e MH=U sc6e*e. AAIB 3er5or*ed t6e Korst o5 our t6ree sc6e*es.



1E]

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

Pr
ec

isi
on

Recall

B*ic6R+3ril Writethrough
Periodic
IHSL-h1
IHSL-h2
IHSL-h3
IHSL-h4

TTNU-0.5
ATD

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

Pr
ec

isi
on

Recall

HarvardR=e3te*!er

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

Pr
ec

isi
on

Recall

B*ic6R#ay

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

Pr
ec

isi
on

Recall

HarvardR_cto!er

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

Pr
ec

isi
on

Recall

B*ic6RVune

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

Pr
ec

isi
on

Recall

HarvardRIove*!er

A6is gure s6oKs t6e 3recisionRrecall gra36s. Four 3oints 5or t6e 3eriodic sc6e*e deR
notes 3eriod o5 1\ secondsJ 1 *inuteJ 1 6ourJ and 1 day. +s t6e 3eriod increases recall
decreases. For t6e MH=U sc6e*eJ increasing 6istory i*3roves recall !ut reduces 3reciR
sion.

Figure ].11G :recision and Recall
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#ont6s 5ro* F to ] re3resent t6e B# tracej t6ose 5ro* ` to 11 denotes t6e Harvard trace.

Figure ].12G FR#easure

Figure ].12 s6oKs t6e FR*easure. For all *ont6sJ t6e relative order o5 3ro3agation

sc6e*es re*ains a!out t6e sa*e. MH=U Kit6 6istories o5 2J Z and F 3er5or*ed !etter t6an

ot6er sc6e*es. 8i55erent 6istory values in t6e MH=U sc6e*e did not *a&e *uc6 di55erence

in 3er5or*anceJ !ut 6istories o5 tKo and t6ree Kor&ed slig6tly !etter t6an one and 5our.

Mn s6ortJ our eT3eri*ents s6oK t6at t6e MH=U sc6e*e Kit6 6istory value o5 tKo or t6ree

3rovides t6e !est !alance !etKeen recall and 3recision.

6.5 Summary

WideRarea le syste*s !enet greatly 5ro* o3ti*istic concurrency. A6e loK incidence

o5 s6aring alloKs suc6 syste*s to si*3li5y t6eir consistency *ec6anis*sJ Kit6 su!stanR

tial 3er5or*ance !enets. HoKeverJ one *ust t6en decide K6en or K6et6er to 3ro3agate

u3dated data 5ro* one re3lica site to ot6ers. =i*3le sc6e*es eit6er s6i3 *any unneeded

lesJ or su55er 5ro* long !ac&R5etc6 delaysJ or !ot6.

Mn t6is c6a3terJ Ke 6ave 3resented t6ree sc6e*es to intelligently decide K6et6er or not
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to 3ro3agate an u3date. ?ac6 de3ends on t6e 3ast 3redicting t6e 5uture. A6e *ost sucR

cess5ul o5 t6ese s6i3s u3dates K6enever t6ey cause invalidations elseK6ere. A6is si*3le

6euristic s6i3s tKo orders o5 *agnitude less data t6an aggressive sc6e*esJ K6ile reducing

t6e 3enalty o5 onRde*and s6i3*ent !y nearly a 5actor o5 tKo.



CHAPTER 7

Conclusion and Future Work

We su**ariPe t6is dissertation and 3resent several directions 5or 5uture Kor&.

7.1 Summary

+s t6e nu*!er o5 *o!ile users increasesJ distri!uted le syste*s need to deal Kit6 neK

c6allenges. FirstJ t6e netKor& cost !etKeen clients and servers varies. W6en a client *oves

aKay 5ro* its 6o*e serverJ t6e cost to reac6 t6e server increases. =econdJ *o!ile clients

are less availa!le due to no netKor& connectivity. A6usJ data stored only at clients *ay !e

unavaila!le to ot6ers. A6irdJ *o!ile clients are unrelia!lej t6ey are 6ig6ly susce3ti!le to

destruction and t6e5t. A6ere5oreJ data stored only at clients *ay !e lost.

A6e Fluid Re3lication le syste* addresses t6ese c6allenges. Mt 6ides KideRarea netR

Kor& costs 5ro* clients !y introducing inter*ediate serversJ called Way=tations. + client

sends u3dates i**ediately to a near!y Way=tationJ 3roviding sa5ety. A6e Way=tation agR

gregates u3dates and noties t6e server o5 t6e* 3eriodically over a KideRarea netKor&J

3roviding visi!ility.

Ao co3e Kit6 c6anges in netKor& conditionsJ Fluid Re3lication clients *onitor netKor&

conditions. W6en t6e conditions to t6e current Way=tation or to t6e server !eco*e !adJ

1E`
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a client loo&s 5or an alternative Way=tation to alleviate t6e 3ro!le*. HutJ under c6anging

netKor& conditionsJ it is di5cult to tell a3art t6e true c6anges 5ro* noise. We 6ave deR

velo3ed a netKor& lter t6at ignores transient c6anges !ut detects 3ersistent ones 7uic&ly.

Hased on t6e esti*ation o5 netKor& conditionsJ a client c6ooses a neK Way=tation.

For re3lica consistencyJ Fluid Re3lication uses o3ti*istic concurrency control. B3date

notication is sent to t6e server 3eriodically during reconciliations. =uc6 notications

are sent Kit6out u3date le dataj data s6i3*ent is de5erred. A6is se3aration *a&es t6e

reconciliation cost loKJ alloKing 5re7uent reconciliations 5or !etter visi!ility.

B3date data is s6i33ed to t6e server in a Kay t6at !alances netKor& load and client

over6ead. :ro3agating data aggressively Kastes netKor& and server resourcesJ K6ile doing

it 3assively 3enaliPes clients K6o s6are data. _ur data 3ro3agation *ec6anis*s 3redict

data s6aring a*ong di55erent nodes. 8ata is s6i33ed to t6e server in advance only K6en

it is li&ely to !e used !y anot6er node. _ur 3ro3agation tec6ni7ues reduce !ot6 netKor&

tra5c and server load K6ile &ee3ing t6e clientsh 3enalty loK.

7.2 Future Work

A6ere are several directions 5or 5uture Kor&.

• Automatic client migrationG We 3resented a netKor& esti*ator to detect degraR

dation o5 netKor& ca3acity !etKeen Way=tations and clients. Bsing t6is esti*atorJ

co*!ined Kit6 a costR!enet analysis o5 *igrationJ a client s6ould !e a!le to *iR

grate 5ro* one Way=tation to anot6er auto*atically K6en it *oves too 5ar 5ro* t6e

old one.



111

• Trust between clients andWayStationsG He5ore a client Kill agree to use a Way=taR

tionJ it *ust !e assured o5 t6e 3rivacy and integrity o5 cac6ed dataJ and o5 nonR

re3udiation o5 u3dates. :reventing eT3osure t6roug6 encry3tion is straig6t5orKardJ

t6oug6 *anaging &eys can !e su!tle. Mt is also easy to relia!ly detect unaut6oriPed

*odications using cry3togra36ic 6as6es. HoKeverJ guaranteeing t6at a Way=tation

Kill correctly 5orKard u3dates is di5cultJ i5 not i*3ossi!le.

• Experience with Fluid ReplicationG W6ile t6e IF= traces are in5or*ativeJ t6ey do

not ca3ture 3recisely 6oK users Kill use Fluid Re3lication. Mt Kould !e use5ul to gain

eT3eriences Kit6 Fluid Re3lication !y de3loying a server in a sc6ool de3art*ent 5or

dayRtoRday storage re7uire*entsJ and 3rovide users Kit6 Way=tations and Kireless

gateKays at 6o*e. A6is Kill alloK client la3to3s to sea*lessly *igrate !etKeen

localesJ 3roviding valua!le insig6ts into t6e syste*hs use.
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ABSTRACT

:roviding =a5ety and Visi!ility 5or #o!ile Bsers

!y

#in&yong )i*

<6airG Hrian 8. Io!le

#o!ile users !ring neK c6allenges to distri!uted le syste*s. FirstJ t6e netKor& costs

!etKeen clients and servers vary due to *o!ility o5 clients. =econdJ *o!ile clients are less

availa!le due to t6e a!sence o5 netKor& connectivity or !eing sus3ended 5or 3oKer savings.

A6irdJ *o!ile clients are unrelia!le !ecause t6ey are 6ig6ly susce3ti!le to !rea&age and

t6e5t.

<urrent le syste*s needlessly co*!ine sa5ety and visi!ilityj a client 3ro3agates t6e

contents o5 an u3dateJ i*3licitly noti5ying t6e server t6at t6e u3date eTists. Fluid Re3licaR

tion se3arates t6e* t6roug6 t6e addition inter*ediate serversJ called WayStations. W6ile

travelingJ a client associates itsel5 Kit6 a near!y Way=tation t6at 3rovides re3lication serR

vices. B3dates are sent to t6e near!y Way=tation 5or sa5etyJ K6ile Way=tations and servers

5re7uently eTc6ange &noKledge o5 u3dates t6roug6 reconciliation to 3rovide visi!ility. Mn

t6is KayJ Fluid Re3lication 3rovides sa5ety and visi!ility to le u3dates over t6e KideRarea

Kit6 3er5or*ance co*3ara!le to t6e localRarea.



Ao c6oose a near!y Way=tationJ clients need to &noK t6e availa!le netKor& ca3acity

to Way=tations. A6is is 3articularly di5cult in *o!ile netKor&s K6ere ca3acity c6anges

5re7uently. <urrent syste*s de3end on static eT3onentially Keig6ted *oving average

(?W#+) lters. A6ese lters are eit6er a!le to detect true c6anges 7uic&ly or to *as&

transientsJ !ut cannot do !ot6. A6is *otivated t6e design o5 a neK netKor& lter. A6is

lter is agile K6en 3ossi!le and sta!le K6en necessaryj it ada3ts to t6e 3revailing netKor&

conditions.

8uring reconciliationJ a Way=tation sends t6e server u3date notications Kit6out t6e

contents o5 t6ose u3dates. W6ile sending notications 5re7uently is i*3ortant to i*3rove

consistencyJ sending data s6ould !e de5erred to reduce server load. HoKeverJ de5erring o5

data s6i3*ent 3enaliPes clients K6o s6are !ecause to serve t6ese clientsJ t6e server *ust

5etc6 u3dated les 5ro* ot6er Way=tationsJ called back-fetchJ over a KideRarea netKor&.

Ao solve t6is 3ro!le*J a 6euristic t6at 3redicts 5uture le s6aring 6as !een develo3ed. Mt

is !ased on t6e o!servation t6at 3ast instances o5 s6aring are li&ely to lead to 5uture ones.

Mt reduces data s6i33ed !y orders o5 *agnitude co*3ared to aggressive sc6e*esJ K6ile

reducing t6e nu*!er o5 !ac&R5etc6es !y nearly 6al5 co*3ared to onRde*and s6i3*ent.


