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Abstract

D<namic ca'acit< 'ro9isioning is a use+uC tec>niJue +or >andCing t>e muCtiKtimeKscaCe 9ariations seen in 7nterK
net 6orLCoads) 7n t>is 'a'er! 6e 'ro'ose a no9eC d<namic 'ro9isioning tec>niJue +or muCtiKtier 7nternet a''Cications
t>at em'Co<s MiN a !eOiGCe Jueuing modeC to determine >o6 muc> resources to aCCocate to eac> tier o+ t>e a''CicaK
tion! and MiiN a comGination o+ 'redicti9e and reacti9e met>ods t>at determine 6>en to 'ro9ision t>ese resources!
Got> at Carge and smaCC time scaCes) Pe 'ro'ose a no9eC data center arc>itecture Gased on 9irtuaC mac>ine monitors
to reduce 'ro9isioning o9er>eads) Qur eO'eriments on a +ort<Kmac>ine :inuOKGased >osting 'Cat+orm demonstrate
t>e res'onsi9eness o+ our tec>niJue in >andCing d<namic 6orLCoads) 7n one scenario 6>ere a !as> cro6d caused
t>e 6orLCoad o+ a t>reeKtier a''Cication to douGCe! our tec>niJue 6as aGCe to douGCe t>e a''Cication ca'acit< 6it>in
"9e minutes! t>us maintaining res'onse time targets) Qur tec>niJue aCso reduced t>e o9er>ead o+ s6itc>ing ser9ers
across a''Cications +rom se9eraC minutes to Cess t>an a second! 6>iCe meeting t>e 'er+ormance targets o+ residuaC
sessions)

1 Introduction

1.1 Motivation

?n 7nternet >osting 'Cat+orm is a ser9er +arm t>at runs distriGuted a''Cications suc> as an onCine retaiC store or an
onCine GroLerage site) T<'icaC 7nternet a''Cications em'Co< a muCtiKtier arc>itecture! 6it> eac> tier 'ro9iding a certain
+unctionaCit<) 0uc> a''Cications tend to see d<namicaCC< 9ar<ing 6orLCoads t>at contain CongKterm 9ariations suc> as
timeKo+Kda< e++ects as 6eCC as s>ortKterm !uctuations due to !as> cro6ds) Predicting t>e 'eaL 6orLCoad o+ an 7nternet
a''Cication and ca'acit< 'ro9isioning Gased on t>ese 6orst case estimates is notoriousC< di+"cuCt) T>ere are numerous
documented eOam'Ces o+ 7nternet a''Cications t>at +aced an outage due to an uneO'ected o9erCoad) Sor instance! t>e
normaCC< 6eCCK'ro9isioned ?maTon)com site su++ered a +ort<Kminute do6nKtime due to an o9erCoad during t>e 'o'uCar
>oCida< season in Do9emGer U@@@)

Gi9en t>e di+"cuCties in 'redicting 'eaL 7nternet 6orLCoads! an a''Cication needs to em'Co< a comGination o+
d<namic 'ro9isioning and reJuest 'oCicing to >andCe 6orLCoad 9ariations) D<namic 'ro9isioning enaGCes additionaC
resourcesWsuc> as ser9ersWto Ge aCCocated to an a''Cication onKt>eK!< to >andCe 6orLCoad increases! 6>iCe 'oCicing
enaGCes t>e a''Cication to tem'orariC< turn a6a< eOcess reJuests 6>iCe additionaC resources are Geing 'ro9isioned)

7n t>is 'a'er! 6e +ocus on d<namic resource 'ro9isioning o+ 7nternet a''Cications t>at em'Co< a muCtiKtier arc>iK
tecture) Pe argue t>at MiN 'ro9isioning o+ muCtiKtier a''Cications raises ne6 c>aCCenges not addressed G< 'rior 6orL
on 'ro9isioning singCeKtier a''Cications! and MiiN agiCe! 'roacti9e 'ro9isioning tec>niJues are necessar< to >andCe Got>
CongKterm and s>ortKterm 6orLCoad !uctuations seen G< 7nternet a''Cications) To address t>ese issues! 6e 'resent
'redicti9e and reacti9e 'ro9isioning mec>anisms as 6eCC as a no9eC data center arc>itecture Gased on 9irtuaC mac>ine
monitors)
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Figure 1\ 0tra6man a''roac>es +or 'ro9isioning a muCtiKtier a''Cication)

1.2 The Case for A New Provisioning Technique

D<namic 'ro9isioning o+ resourcesWaCCocation and deaCCocation o+ ser9ers to re'Cicated a''CicationsW>as Geen studK
ied in t>e conteOt o+ singCeKtier a''Cications! o+ 6>ic> cCustered ]TTP ser9ers are t>e most common eOam'Ce) T>e
notion o+ !"# $%&'($ and t>eir aCCocation to cCusterKGased a''Cications ")*+(,&)+ 6as "rst 'ro'osed in ^_`) T>e =use
'roaect 'ro'osed a utiCit<KGased a''roac> Gased on an economic t>eor< +or aCCocation and deaCCocation o+ ser9ers to
cCustered PeG ser9ers ^B`) ? modeCKGased a''roac> +or resource 'ro9isioning in singCeKtier PeG ser9ers 6as 'ro'osed
in ^F`) ^b` modeCs a muCtiKtier ecommerce a''Cication as a singCe =ZG7ZA ser9er) P>ereas muCtiKtier 7nternet a''CicaK
tions >a9e Geen studied in t>e conteOt o+ 03D? ^Ac! U@`! t>e e++ort +ocused on admission controC issues to maintain
target res'onse times and did not eO'CicitC< consider 'ro9isioning issues)

7t is nonKtri9iaC to eOtend 'ro9isioning mec>anisms designed +or singCeKtier a''Cications to muCtiKtier scenarios) To
understand 6><! 6e consider t6o stra6man a''roac>es t>at are sim'Ce eOtensions o+ t>e aGo9e singCeKtier met>ods
and demonstrate t>eir Cimitations +or muCtiKtier a''Cications)

0ince man< singCeKtier 'ro9isioning mec>anisms >a9e aCread< Geen 'ro'osed! a straig>t+or6ard eOtension is to
em'Co< suc> an a''roac> at eac> tier o+ t>e a''Cication) T>is enaGCes 'ro9isioning decisions to Ge made inde'endentC<
at eac> tier Gased on CocaC oGser9ations) T>us! our "rst stra6man is to 'ro9ision additionaC ser9ers at a tier 6>en t>e
incoming reJuest rate at t>at tier eOceeds t>e currentC< 'ro9isioned ca'acit<d t>is can Ge in+erred G< monitoring
Jueue Cengt>s! tierKs'eci"c res'onse times! or reJuest dro' rates) Pe re+er to t>is a''roac> as -)+(%()+()# %('*#-('
%'".-$-")-)/)
Example 1: ,onsider a t>reeKtier 7nternet a''Cication de'icted in Sigure AMaN) 7nitiaCC<! Cet us assume t>at one ser9er
eac> is aCCocated to t>e t>ree tiers! and t>is enaGCes t>e a''Cication to ser9ice AE! A@ and A@)E reJuestZs at eac> tier
Msince a user reJuest ma< im'ose di++erent demands at di++erent tiers! t>e 'ro9isioned ca'acit< at eac> tier ma< Ge
di++erentN) :et t>e incoming reJuest rate Ge AF reJZs) Gi9en t>e aGo9e ca'acities! aCC reJuests are Cet in t>roug> t>e
"rst tier! and F reJZs are dro''ed at t>e second tier) Due to t>ese dro's! t>e t>ird tier sees a reduced reJuest rate o+
A@ reJZs and is aGCe to ser9ice t>em aCC) T>us! t>e e++ecti9e good'ut is A@ reJZs) 0ince reJuest dro's are onC< seen
at t>e second tier! t>is tier is 'ercei9ed to Ge t>e GottCenecL) T>e 'ro9isioning aCgorit>m at t>at tier 6iCC aCCocate an
additionaC ser9er! douGCing its e++ecti9e ca'acit< to U@ reJZs) ?t t>is 'oint! t>e "rst t6o tiers are aGCe to ser9ice aCC
incoming reJuests and t>e t>ird tier no6 sees a reJuest rate o+ AF reJZs Msee Sigure AMGNN) 0ince its ca'acit< is onC<
A@)E reJZs! it dro's B)E reJZs) T>us! t>e GottCenecL s>i+ts to t>e t>ird tier! and t>e e++ecti9e good'ut onC< increases
+rom A@ to A@)E reJsZs)
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T>is sim'Ce eOam'Ce demonstrates t>at increasing t>e numGer o+ ser9ers aCCocated to t>e GottCenecL tier does not
necessariC< increase t>e e++ecti9e good'ut o+ t>e a''Cication) 7nstead! it ma< mereC< s>i+t t>e GottCenecL to anot>er
do6nstream tier) ?Ct>oug> t>e 'ro9isioning mec>anism at t>is do6nstream tier 6iCC suGseJuentC< increase its ca'acit<!
suc> s>i+ting GottCenecLs ma< reJuire a numGer o+ inde'endent 'ro9isioning ste's at 9arious tiers Ge+ore t>e e++ecti9e
a''Cication ca'acit< is actuaCC< increased) 7n t>e 6orst case! u'to 'ro9isioning ste's! one at eac> tier! ma< Ge
necessar< in a Ktier a''Cication) 0ince aCCocation o+ ser9ers to a tier entaiCs o9er>eads o+ se9eraC minutes or more
^B`! and since 7nternet 6orLCoads ma< s'iLe suddenC<! inde'endent 'erKtier 'ro9isioning ma< Ge sim'C< too sCo6 to
e++ecti9eC< res'ond to suc> 6orLCoad d<namics)

Qur second stra6man modeCs t>e muCtiKtier a''Cication as a GCacL GoO and aCCocates additionaC ser9ers 6>ene9er
t>e oGser9ed res'onse time eOceeds a t>res>oCd)
Example 2: ,onsider t>e same t>reeKtier a''Cication +rom 3Oam'Ce A 6it> tierKs'eci"c ca'acities o+ AE! U@ and A@)E
reJZs as de'icted in Sigure AMGN) Pe ignore admission controC issues in t>is eOam'Ce) 0ince t>e incoming reJuest
rate is AF reJZs! t>e "rst t6o tiers are aGCe to ser9e aCC reJuests! 6>iCe t>e t>ird tier saturates! causing reJuest Jueues
to GuiCd u' at t>is tier) T>is Jueue GuiCd u' increases t>e endKtoKend res'onse time o+ t>e a''Cication Ge<ond t>e
t>res>oCd) T>us! CiLe in t>e singCeKtier case! a GCacL GoO a''roac> can success+uCC< detect 6>en additionaC ser9ers
need to Ge 'ro9isioned +or t>e muCtiKtier a''Cication)

]o6e9er! determining !"0 ,&)1 ser9ers to 'ro9ision and 0!('( is +ar more com'CeO +or muCtiKtier a''Cications)
Sirst! since t>e a''Cication is treated as a GCacL GoO! t>e 'ro9isioning mec>anism can onC< detect an increase in
endKtoKend res'onse times Gut can not determine 6>ic> tier is res'onsiGCe +or t>is increase) 0econd! +or singCeKtier
a''Cications! an a''Cication modeC is used to determine >o6 man< ser9ers are necessar< to ser9ice aCC incoming
reJuests 6it> a certain res'onse time t>res>oCd ^F`) 3Otending suc> modeCs to muCtiKtier a''Cications is nonKtri9iaC!
since eac> tier >as di++erent c>aracteristics) 7n a t<'icaC ecommerce a''Cication! +or instance! t>is im'Cies 2"33(2#-.(31
modeCing t>e e++ects o+ ]TTP ser9ers! ea9a a''Cication ser9ers and dataGase ser9ersWa com'CeO tasL) T>ird! not aCC
tiers o+ t>e a''Cication ma< Ge re'CicaGCe) Sor instance! t>e dataGase tier is t<'icaCC< di+"cuCt to re'Cicate onKt>eK!<)
7n t>e aGo9e eOam'Ce! i+ t>e t>ird tier is a nonKre'CicaGCe dataGase! t>e GCacL GoO a''roac>! 6>ic> >as no Lno6Cedge
o+ indi9iduaC tiers! 6iCC incorrectC< signaC t>e need to 'ro9ision additionaC ser9ers! 6>en t>e correct action is to trigger
reJuest 'oCicing and Cet no more t>an A@)E reJZs into t>e fGCacL GoOg)

T>e aGo9e eOam'Ce demonstrates t>at due to t>e 9er< nature o+ muCtiKtier a''Cications! it is not 'ossiGCe to treat t>em
as a GCacL GoO +or 'ro9isioning 'ur'oses) hno6Cedge o+ t>e numGer o+ tiers! t>eir current ca'acities! and constraints
on t>e degree o+ re'Cication at eac> tier is essentiaC +or maLing 'ro'er 'ro9isioning decisions)

[ot> eOam'Ces eO'ose t>e Cimitations o+ using 9ariants o+ singCeKtier 'ro9isioning met>ods +or muCtiKtier a''CicaK
tions) T>is 'a'er 'resents a muCtiKtier 'ro9isioning tec>niJue t>at o9ercome t>ese Cimitations)

1.3 Research Contributions

T>is 'a'er addresses t>e 'roGCem o+ d<namicaCC< 'ro9isioning ca'acit< to a muCtiKtier a''Cication so t>at it can ser9ice
its 'eaL 6orLCoad demand 6>iCe meeting contracted res'onse time guarantees) T>e 'ro9isioning tec>niJue 'ro'osed
in t>is 'a'er is tierKa6are! agiCe! and is aGCe to taLe an< tierKs'eci"c re'Cication constraints into account) Qur 6orL
>as Ced to t>e +oCCo6ing researc> contriGutions)

4'(+-2#-.( &)+ 5(&2#-.( 4'".-$-")-)/6 Qur 'ro9isioning tec>niJue em'Co<s t6o met>ods t>at o'erate at t6o di+K
+erent time scaCesW'redicti9e 'ro9isioning t>at aCCocates ca'acit< at t>e timeKscaCe o+ >ours or da<s! and reacti9e
'ro9isioning t>at o'erates at time scaCes o+ minutes to res'ond to !as> cro6ds or de9iations +rom eO'ected CongK
term Ge>a9ior) T>e comGination o+ 'redicti9e and reacti9e 'ro9isioning is a no9eC a''roac> +or deaCing 6it> t>e
muCtiKtimeKscaCe 9ariations in 7nternet 6orLCoads)

7)&31#-2&3 ,"+(3-)/ &)+ -)2"'%"'&#-)/ #&-3$ "8 0"'93"&+ +-$#'-:;#-")$6 Pe 'resent a !eOiGCe anaC<ticaC modeC Gased
on Jueuing t>eor< to ca'ture t>e Ge>a9ior o+ a''Cications 6it> an &':-#'&'1 numGer o+ tiers) Qur modeC determines
t>e numGer o+ ser9ers to Ge aCCocated to eac> tier Gased on t>e estimated 6orLCoad) ? no9eC as'ect o+ our modeCKGased
'ro9isioning is t>at it is Gased on t>e #&-3 o+ t>e 6orLCoad distriGutionWsince ca'acit< is usuaCC< engineered +or t>e
6orstKcase Coad! 6e use taiCs o+ 'roGaGiCit< distriGutions to estimate 'eaL demand)
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<-'#;&3 =&2!-)( :&$(+ %'".-$-")-)/6 P>iCe 9irtuaC mac>ines M4=sN >a9e Cong Geen used to s>are a '><sicaC ser9er
among muCti'Ce a''Cications! 6e use 4=s +or a no9eC 'ur'ose! nameC< agiCe s6itc>ing o+ ser9ers among a''Cications)
TraditionaC met>ods to s6itc> a ser9er +rom an underCoaded to an o9erCoaded a''Cication >a9e entaiCed Catencies o+
se9eraC minutes or more! due to so+t6are instaCCation and con"guration o9er>eads) Pe run a''Cications inside 9irtuaC
mac>ines and use t>e resource 'artitioning +eatures o+ t>e underC<ing 9irtuaC mac>ine monitor to JuicLC< fs6itc>g a
ser9er +rom one a''Cication to anot>er) T>is enaGCes our s<stem to Ge eOtremeC< agiCe to Coad s'iLes 6it> reaction
times o+ tens o+ miCCiseconds)

>&)+3-)/ $($$-")*:&$(+ 0"'93"&+$6 =odern 7nternet 6orLCoads are 'redominantC< session Gased) ,onseJuentC<!
our tec>niJues are in>erentC< designed to >andCe sessionKGased 6orLCoadsWt>e< can account +or muCti'Ce reJuests
t>at com'rise a session and t>e state+uC nature o+ sessionKGased 7nternet a''Cications)

?,%3(,()#&#-") &)+ (@%('-,()#&#-")6 Pe im'Cement our tec>niJues on a +ort<Kmac>ine :inuOKGased >osting 'CatK
+orm and use our 'rotot<'e to conduct a detaiCed eO'erimentaC e9aCuation using t6o o'enKsource muCtiKtier a''CicaK
tions) Qur resuCts s>o6\ MiN our modeC e++ecti9eC< ca'tures Le< c>aracteristics o+ muCtiKtier a''Cications and o9ercomes
t>e s>ortcomings in>erent in eOisting 'ro9isioning tec>niJues Gased on singCeKtier modeCs! MiiN t>e comGination o+ 'reK
dicti9e and reacti9e mec>anisms aCCo6s us to deaC 6it> 'redictaGCe 6orLCoad 9ariations as 6eCC as uneO'ected s'iLes
Mduring a !as> cro6d! our data center couCd douGCe t>e ca'acit< o+ a t>reeKtier a''Cication 6it>in E minN! and MiiiN
t>e use o+ 9irtuaC mac>ines can reduce t>e o9er>ead o+ s6itc>ing ser9ers +rom se9eraC tens o+ minutes to Cess t>an a
second)

T>e remainder o+ t>is 'a'er is structured as +oCCo6s) 0ection U 'resents an o9er9ie6 o+ t>e 'ro'osed s<stem)
0ections BK_ 'resent our 'ro9isioning aCgorit>ms) Pe 'resent our 'rotot<'e im'Cementation in i! our eO'erimentaC
e9aCuation in 0ection b! and concCusions in 0ection c)

2 System Overview

T>is section 'resents an o9er9ie6 o+ 7nternet a''Cications and t>e >osting 'Cat+orm assumed in our 6orL)

2.1 Multi-tier Internet Applications

=odern 7nternet a''Cications are designed using muCti'Ce tiers) ? muCtiKtier arc>itecture 'ro9ides a !eOiGCe! moduCar
a''roac> +or designing suc> a''Cications) 3ac> tier 'ro9ides a certain +unctionaCit<! and t>e 9arious tiers +orm a
'rocessing 'i'eCine) 3ac> tier recei9es 'artiaCC< 'rocessed reJuests +rom t>e 're9ious tier and +eeds t>ese reJuests
into t>e neOt tier a+ter CocaC 'rocessing Msee Sigure UN) Sor eOam'Ce! an onCine GooLstore can Ge designed using t>ree
tiersWa +rontKend PeG ser9er res'onsiGCe +or ]TTP 'rocessing! a middCeKtier ea9a a''Cication ser9er t>at im'Cements
t>e a''Cication Cogic! and a GacLend dataGase t>at stores cataCogs and user orders)

T>e 9arious tiers o+ an a''Cication are assumed to Ge distriGuted across di++erent ser9ers) De'ending on t>e desired
ca'acit<! a tier ma< aCso Ge cCustered) 7n an onCine GooLstore! +or eOam'Ce! t>e +rontKend tier can Ge a cCustered
?'ac>e ser9er t>at runs on muCti'Ce mac>ines) 7+ a tier is Got> cCustered and re'CicaGCe onKdemand! it is assumed t>at
t>e numGer o+ ser9ers aCCocated to it! and t>us t>e 'ro9isioned ca'acit<! can Ge 9aried d<namicaCC<) Dot aCC tiers ma<
Ge re'CicaGCe) Sor instance! i+ t>e GacLend tier o+ t>e GooLstore em'Co<s a dataGase 6it> $!&'(+*)"#!-)/ arc>itecture!
it cannot Ge re'Cicated onKdemand) DataGase ser9ers 6it> a s>aredKe9er<t>ing arc>itecture ^AA`! in contrast! can Ge
cCustered and re'Cicated onKdemand! Gut 6it> certain constraints) Pe assume t>at eac> tier s'eci"es its degree o+
re'Cication! 6>ic> is t>e Cimit on t>e maOimum numGer o+ ser9ers t>at can Ge aCCocated to it)A

3ac> cCustered tier is aCso assumed to em'Co< a Coad GaCancing eCement t>at is res'onsiGCe +or distriGuting reJuests
to ser9ers in t>at tier ^AU`) T>e 6orLCoad o+ an 7nternet a''Cication is assumed to Ge sessionKGased! 6>ere a session
consists o+ a succession o+ reJuests issued G< a cCient 6it> t>inL times in Get6een) 7+ a session is state+uC! successi9e
reJuests 6iCC need to Ge ser9iced G< t>e same ser9er at eac> tier! and t>e Coad GaCancing eCement 6iCC need account +or
t>is ser9er state 6>en redirecting reJuests)

AT>e degree o+ re'Cication o+ a tier can 9ar< +rom one to in"nit<! de'ending on 6>et>er t>e tier is 'artiaCC<! in"niteC<! or not re'CicaGCe)

F



!

0entr<

Tier A

PoCicing [aCancer

7ndi9iduaC ser9er
Dro' sessions

Mi+ neededN

Tier A
dis'atc>er

:oad

Tier U
dis'atc>er

Tier B

Tier U

Mnon!re'CicatedN

Figure 2\ ?rc>itecture o+ a BKtier 7nternet ?''Cication) 7n t>is eOam'Ce! tiers A and U are cCustered! 6>iCe tier B is not)

,ontroC PCane

Tier A Tier U Tier B Tier A Tier U
?''Cication ? ?''Cication [ Sree PooC

0entr<

4=

4==

4=4=

+"',&)#&2#-.(,a'suCe and
DucCeus

$($$-")$

Figure 3\ ]osting PCat+orm ?rc>itecture)

39er< a''Cication aCso runs a s'eciaC com'onent caCCed a sentr<) T>e sentr< 'oCices incoming sessions to an a''CiK
cationjs ser9er 'ooCWincoming sessions are suGaected to admission controC at t>e sentr< to ensure t>at t>e contracted
'er+ormance guarantees are metd eOcess sessions are turned a6a< during o9erCoads Msee Sigure UN) QGser9e t>at! unK
CiLe s<stems t>at use 'erKtier admission controC ^Ac`! 6e assume a 'oCicer t>at maLes a oneKtime admission decision
6>en a session arri9es) Qnce a session >as Geen admitted! none o+ its reJuests can Ge dro''ed at an< intermediate
tier) T>us! su+"cient ca'acit< needs to Ge 'ro9isioned at 9arious tiers to ser9ice aCC admitted sessions) 0uc> a oneKtime
'oCicer a9oids resource 6astage resuCting +rom 'artiaCC< ser9iced reJuests t>at ma< Ge dro''ed at Cater tiers)

SinaCC<! 6e assume t>at eac> a''Cication desires a 'er+ormance Gound +rom t>e >osting 'Cat+orm t>at is s'eci"ed
in t>e +orm o+ a ser9iceKCe9eC agreement M0:?N) Qur 6orL assumes t>at t>e 0:? is s'eci"ed eit>er in terms o+ t>e
a9erage res'onse time or a suitaGCe >ig> 'ercentiCe o+ t>e res'onse time distriGution Me)g)! a 0:? ma< s'eci+< t>at
cEk o+ t>e reJusts s>ouCd incur an endKtoKend res'onse time o+ no more t>an A secondN)

2.2 Hosting Platform Architecture

Qur >osting 'Cat+orm is a data center t>at consists o+ a cCuster o+ commodit< ser9ers interconnected G< gigaGit 3t>erK
net) Qne or more >ig> Gand6idt> CinLs connect t>is cCuster to t>e 7nternet) 3ac> ser9er in t>e >osting 'Cat+orm can
taLe on one o+ t>e +oCCo6ing roCes\ run an a''Cication com'onent! run t>e controC 'Cane! or Ge 'art o+ t>e +ree 'ooC
Msee Sigure BN) T>e +ree 'ooC contains aCC unaCCocated ser9ers)

A('.('$ >"$#-)/ 7%%3-2&#-") B",%")()#$6 T>e >osting 'Cat+orm runs muCti'Ce t>irdK'art< a''Cications concurrentC<
in return +or re9enues ^B! A_! Ai`) T>is 6orL assumes a dedicated >osting modeC! 6>ere eac> a''Cication runs on
a suGset o+ t>e ser9ers and a ser9er is aCCocated to &# ,"$# one a''Cication at an< gi9en time MeOce't in s'eciaC
circumstances t>at 6e eO'Cain CaterN)U T>e dedicated modeC is use+uC +or running Carge cCustered a''Cications suc> as
onCine maiC ^AF`! retaiC and GroLerage sites! 6>ere ser9er s>aring is in+easiGCe due to t>e cCient 6orLCoadWt>e ser9er
'ooC is 'artitioned among a''Cications running on t>e 'Cat+orm)

U? dedicated >osting modeC is di++erent +rom s>ared >osting ^Ai` 6>ere t>e numGer o+ a''Cication eOceeds t>e numGer o+ ser9ers! and eac>
ser9er ma< run muCti'Ce a''Cications concurrentC<)
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T>e com'onent o+ an a''Cication t>at runs on a ser9er is re+erred to as a 2&%$;3() 3ac> ca'suCe runs inside a
9irtuaC mac>ine and eac> ser9er runs a 9irtuaC mac>ine monitor t>at eOecutes t>is 9irtuaC mac>ine) De'ending on
6>et>er t>e ca'suCe is re'CicaGCe or not! t>e ser9er ma< get cCassi"ed as an C38 or an C)#) C38 ser9ers runs re'CicaGCe
cas'uCes! 6>iCe C)#$ run nonKre'CicaGCe com'onents o+ an a''Cication)B ;nCiLe 3nts! an 3C+ can Ge reassigned +rom
one a''Cication to anot>er) =uCti'Ce 4=s and t>eir associated ca'suCes ma< reside on an 3C+! aCt>oug> onC< one o+
t>ese 4=s can Ge acti9e at an< gi9en time! as 'er t>e dedicated >osting modeC) T>e remaining 4=s are dormant
and are assigned minimaC ser9er resources) Dormant 4=s enaGCe +ast ser9er s6itc>ing in t>e 'resence o+ d<namic
6orLCoads as eO'Cained in 0ection _) 3ac> 4= aCso runs a );23(;$Wa so+t6are com'onent t>at 'er+orms onCine
measurements o+ t>e ca'suCe 6orLCoad! its 'er+ormance and resource usaged t>ese statistics are 'eriodicaCC< con9e<ed
to t>e controC 'Cane)

B")#'"3 43&)(6 T>e controC 'Cane is res'onsiGCe +or d<namic 'ro9isioning o+ ser9ers to indi9iduaC a''Cications) 7t
tracLs t>e resource usage on ser9ers! as re'orted G< t>e nucCei! and determines t>e numGer o+ ser9ers to Ge aCCocated
to eac> a''Cication)

3 Provisioning Algorithm Overview

T>e goaC o+ our 'ro9isioning aCgorit>m is to aCCocate su+"cient ca'acit< to t>e tiers o+ an a''Cication so t>at its 0:?
can Ge met e9en in t>e 'resence o+ t>e 'eaL 6orLCoad) ?t t>e >eart o+ an< 'ro9isioning aCgorit>m Cie t6o issues\ !"0
,;2! to 'ro9ision and 0!()l Pe 'ro9ide an o9er9ie6 o+ our 'ro9isioning aCgorit>m +rom t>is 'ers'ecti9e)
How much to provision: To address t>e issue o+ >o6 man< ser9ers to aCCocate to eac> tier and eac> a''Cication!

6e construct an anaC<ticaC modeC o+ an 7nternet a''Cication) Qur modeC taLes as in'ut t>e incoming reJuest rate
and ser9ice demand o+ an indi9iduaC reJuest! and com'utes t>e numGer o+ ser9ers needed at eac> tier to >andCe t>e
aggregate demand)

Pe modeC a muCtiKtier a''Cication as a net6orL o+ Jueues 6>ere eac> Jueue re'resents an a''Cication tier Mmore
'reciseC<! a ser9er at an a''Cication tierN! and t>e Jueues +rom a tier +eeds into t>e neOt tier) Pe modeC a ser9er at a
tier using as a GZGZA s<stem! since it is su+"cientC< generaC to ca'ture arGitrar< arri9aC distriGutions and ser9ice time
distriGutions)

[< using t>is GuiCding GCocL! 6>ic> 6e descriGe in 0ection F! 6e determine t>e numGer o+ ser9ers necessar< at
eac> tier to >andCe a 'eaL session arri9aC rate o+ and 'ro9ision resources accordingC<) Qur a''roac> o9ercomes
t>e dra6GacLs o+ inde'endent 'erKtier 'ro9isioning and t>e GCacL GoO a''roac>es\ MAN P>iCe t>e ca'acit< needed at
eac> tier is determined se'arateC< using our Jueuing modeC! t>e desired ca'acities are aCCocated to t>e 9arious tiers aCC
at once) T>is ensures t>at eac> 'ro9isioning decision immediateC< resuCts in an increase in e++ecti9e ca'acit< o+ t>e
a''Cication) MUN T>e use o+ a GZGZA GuiCding GCocL +or a ser9er at eac> tier enaGCes us to GreaL do6n t>e com'CeO tasL
o+ modeCing an arGitrar< muCtiKtier a''Cication into more manageaGCe units) Qur a''roac> retains t>e aGiCit< to modeC
eac> tier se'arateC<! 6>iCe Geing aGCe to reason aGout t>e needs o+ t>e a''Cication as a 6>oCe)
When to Provision: T>e decision o+ 6>en to 'ro9ision de'ends on t>e d<namics o+ 7nternet 6orLCoads) 7nternet

6orLCoads eO>iGit CongKterm 9ariations suc> as timeKo+Kda< or seasonaC e++ects as 6eCC as s>ortKterm !uctuations suc>
as !as> cro6ds) P>iCe CongKterm 9ariations can Ge 'redicted a>ead o+ time G< oGser9ing 'ast 9ariations! s>ortKterm
!uctuations are Cess 'redictaGCe! or in some cases! not 'redictaGCe) Qur tec>niJues em'Co< t6o di++erent met>ods
to >andCe 9ariations oGser9ed at di++erent time scaCes) Pe use 'redicti9e 'ro9isioning to estimate t>e 6orLCoad +or
t>e neOt +e6 >ours and 'ro9ision +or it accordingC<) Reacti9e 'ro9isioning is used to correct errors in t>e CongKterm
'redictions or to react to unantici'ated !as> cro6ds) P>ereas 'redicti9e 'ro9isioning attem'ts to fsta< a>eadg o+ t>e
antici'ated 6orLCoad !uctuations! reacti9e 'ro9isioning enaGCes t>e >osting 'Cat+orm to Ge agiCe to de9iations +rom
t>e eO'ected 6orLCoad)

T>e +oCCo6ing sections 'resent our Jueuing modeC! and t>e 'redicti9e and reacti9e 'ro9isioning met>ods)
B3C9es are a s6i+t and at>Cetic race in e)R)R) ToCLienjs D!( E"'+ "8 #!( 5-)/$ as o''osed to t>e GuCL<! treeKCiLe 3nts)

_



4 How Much to Provision: Modeling Multi-tier Applications

To determine >o6 man< ser9ers to 'ro9ision +or an a''Cication! 6e 'resent an anaC<ticaC modeC o+ a muCtiKtier a''CiK
cation) ,onsider an a''Cication t>at consists o+ tiers! denoted G< ) :et t>e desired endKtoKend res'onse
time +or t>e a''Cication Ge d t>is 9aCue is s'eci"ed G< t>e a''Cicationjs contracted 0:?) ?ssume t>at t>e endKtoKend
res'onse time is GroLen do6n into 'erKtier res'onse timesF! denoted G< ! suc> t>at ) :et t>e
incoming session rate Ge ) 0ince ca'acit< is t<'icaCC< 'ro9isioned Gased on t>e 6orst case demand! 6e assume t>at

is some >ig> 'ercentiCe o+ t>e arri9aC rate distriGutionWan estimate o+ t>e 'eaL session rate t>at 6iCC Ge seen G< t>e
a''Cication)

Gi9en t>e M'eaLN session rate and 'erKtier res'onse times! our oGaecti9e is to determine >o6 man< ser9ers to aCCocate
suc> t>at eac> tier can ser9ice aCC incoming reJuests 6it> a mean res'onse time o+ )

Qur modeC is Gased on a net6orL o+ Jueues) 3ac> ser9er aCCocated to t>e a''Cication is re'resented G< a Jueue Msee
Sig UN) nueues Mser9ersN re'resenting one tier +eed into t>e t>ose re'resenting t>e neOt tier) T>e "rst ste' in soC9ing
our modeC is to determine t>e ca'acit< o+ an indi9iduaC ser9er in terms o+ t>e reJuest rate it can >andCe) Gi9en t>e
ca'acit< o+ a ser9er! t>e neOt ste' com'utes t>e numGer o+ ser9ers reJuired at a tier to ser9ice t>e 'eaL session rate)
Pe modeC eac> ser9er as a GZGZA Jueuing s<stem) 0ince a GZGZA s<stem can >andCe an arGitrar< arri9aC distriGution
and arGitrar< ser9ice times! it enaGCes us to ca'ture t>e Ge>a9ior o+ a 9arious tiers suc> as ]TTP! eU33! and dataGase
ser9ers)

T>e Ge>a9ior o+ a GZGZA s<stem can Ge ca'tured using t>e +oCCo6ing Jueuing t>eor< resuCt ^c`\

MAN

6>ere is t>e mean res'onse time +or tier ! is t>e a9erage ser9ice time +or a reJuest a t>at tier! and is t>e reJuest
arri9aC rate to tier ) and are t>e 9ariance o+ interKarri9aC time and t>e 9ariance o+ ser9ice time! res'ecti9eC<)

QGser9e t>at is Lno6n! 6>iCe t>e 'erKtier ser9ice time as 6eCC as t>e 9ariance o+ interKarri9aC and ser9ice times
and can Ge monitored onCine in our s<stem) [< suGstituting t>ese 9aCues into 3Juation A! a Co6er Gound on

reJuest rate t>at can ser9iced G< a singCe ser9er can Ge oGtained)
Gi9en an a9erage session t>inLKtime o+ ! a session issues reJuests at a rate o+ ) ;sing :ittCejs :a6 ^c`! 6e can

transCate t>e $($$-") arri9aC rate o+ to a '(F;($# arri9aC rate o+ ! 6>ere is t>e a9erage session duration) T>ere+ore!
once t>e ca'acit< o+ a singCe ser9er >as Geen com'uted! t>e numGer o+ ser9ers needed at tier to ser9ice a 'eaL
reJuest rate o+ is sim'C< com'uted as

MUN

6>ere is a tierKs'eci"c constant) T>e Juantities and are estimated using onCine measurements)
QGser9e t>at a singCe incoming reJuest mig>t trigger more t>an one reJuest Munit o+ 6orLN at intermediate tiers) Sor

instance! a singCe searc> reJuest at an onCine su'erstore mig>t trigger muCti'Ce Jueries at t>e GacLend dataGase! one
in t>e GooL cataCog! one in t>e music cataCog and so on) ,onseJuentC<! our modeC assumes t>at incoming reJuests
im'ose an aggregate demand o+ reJuests at tier A! reJuests at tier U and so on) T>e 'arameters
are deri9ed using onCine measurements) T>e 9aCue o+ ma< Ge greater t>at one t>an i+ a reJuest triggers muCti'Ce
units o+ 6orL at tier or it ma< Ge Cess t>an one i+ cac>ing at 'rior tiers reduces t>e demand at t>is tier)

QGser9e t>at our modeC can >andCe a''Cications 6it> an arGitrar< numGer o+ tiers! since t>e com'CeO tasL o+ modK
eCing a muCtiKtier a''Cication is reduced to modeCing an indi9iduaC ser9er at eac> tier) 3Juation U assumes t>at ser9ers
are >omogeneous and t>at ser9ers in eac> tier are CoadKGaCanced) [ot> assum'tions can Ge reCaOedd t>ese eOtensions
are omitted due to s'ace constraints)

T>e out'ut o+ t>e modeC is t>e numGer o+ ser9ers needed at t>e tiers to >andCe a 'eaL demand o+ ) Pe
t>en increase t>e ca'acit< o+ aCC tiers to t>ese 9aCues in a singCe ste'! resuCting in an immediate increase in e++ecti9e

FQ+!ine 'ro"Cing can Ge used to GreaL do6n t>e endKtoKend res'onse time into tierKs'eci"c res'onse times)
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ca'acit<) 7n t>e e9ent eOceeds t>e degree o+ re'Cication o+ a tier t>e actuaC aCCocation is reduced to t>is Cimit)
T>us! eac> tier is aCCocated no more t>an ser9ers) To ensure t>at t>e 0:? is not 9ioCated 6>en t>e
aCCocation is reduced to ! t>e eOcess reJuests must Ge turned a6a< at t>e sentr<)

5 When to Provision?

7n t>is section! 6e 'resent t6o met>odsW'redicti9e and reacti9eWto 'ro9ision resources o9er Cong and s>ort timeK
scaCes! res'ecti9eC<)

5.1 Predictive Provisioning for the Long Term

T>e goaC o+ 'redicti9e 'ro9isioning is to 'ro9ision resources o9er time scaCes o+ >ours and da<s) T>e tec>niJue uses a
6orLCoad 'redictor to 'redict t>e 'eaL demand o9er t>e neOt se9eraC >ours or a da< and t>en uses t>e modeC 'resented
in 0ection F to determine t>e numGer o+ ser9ers t>at are needed to meet t>is 'eaL demand) Predicti9e 'ro9isioning
is moti9ated G< CongKterm 9ariations suc> as timeKo+Kda< or seasonaC e++ects eO>iGited G< 7nternet 6orLCoads ^i`) Sor
instance! t>e 6orLCoad seen G< an 7nternet a''Cication t<'icaCC< 'eaLs around noon e9er< da< and is minimum in t>e
middCe o+ t>e nig>t) 0imiCarC<! t>e 6orLCoad seen G< onCine retaiC PeG sites is >ig>er during t>e >oCida< s>o''ing
mont>s o+ Do9emGer and DecemGer t>an ot>er mont>s o+ t>e <ear) T>ese c<cCic 'atterns tend to re'eat and can
Ge 'redicted a>ead o+ time G< oGser9ing 'ast 9ariations) [< em'Co<ing a 6orLCoad 'redictor t>at can 'redict t>ese
9ariations! our 'redicti9e 'ro9isioning tec>niJue can aCCocate ser9ers to an a''Cication 6eCC a>ead o+ t>e eO'ected
6orLCoad 'eaL) T>is ensures t>at a''Cication 'er+ormance does not su++er e9en under t>e 'eaL demand)

T>e Le< to 'redicti9e 'ro9isioning is t>e 6orLCoad 'redictor) 7n t>is section! 6e 'resent a 6orLCoad 'redictor
t>at estimates t>e taiC o+ t>e arri9aC rate distriGution Mi)e)! t>e 'eaL demandN +or t>e neOt +e6 >ours) Qt>er statisticaC
6orLCoad 'redicti9e tec>niJues 'ro'osed in t>e Citerature can aCso Ge used 6it> our 'redicti9e 'ro9isioning tec>niJue
^i! AB`)

Qur 6orLCoad 'redictor is Gased on a tec>niJue 'ro'osed in ^AB` and uses 'ast oGser9ations o+ t>e 6orLCoad to
'redict 'eaL demand t>at 6iCC Ge seen o9er a 'eriod o+ >ours) Sor sim'Cicit< o+ eO'osition! assume t>at >our)
7n t>at case! t>e 'redictor estimates t>e 'eaL demand t>at 6iCC Ge seen o9er t>e neOt one >our! at t>e Geginning o+ eac>
>our) To do so! it maintains a >istor< o+ t>e session arri9aC rate seen during eac> >our o+ t>e da< o9er t>e 'ast se9eraC
da<s) ? >istogram is t>en generated +or eac> >our using oGser9ations +or t>at >our +rom t>e 'ast se9eraC da<s Msee
Sigure FN) 3ac> >istogram <ieCds a 'roGaGiCit< distriGution o+ t>e arri9aC rate +or t>at >our) T>e 'eaL 6orLCoad +or a
'articuCar >our is estimated as a >ig> 'ercentiCe o+ t>e arri9aC rate distriGution +or t>at >our Msee Sigure FN) T>us! G<
using t>e taiC o+ t>e arri9aC rate distriGution to 'redict 'eaL demand! t>e 'redicti9e 'ro9isioning tec>niJue can aCCocate
su+"cient ca'acit< to >andCe t>e 6orstKcase Coad! s>ouCd it arri9e) Surt>er! monitoring t>e demand +or eac> >our o+
t>e da< enaGCes t>e 'redictor to ca'ture timeKo+Kda< e++ects)

7n addition to using oGser9ations +rom 'rior da<s! t>e 6orLCoad seen in t>e 'ast +e6 >ours o+ t>e current da< can
Ge used to +urt>er im'ro9e 'rediction accurac<) 0u''ose t>at denotes t>e 'redicted arri9aC rate during a
'articuCar >our denoted G< ) Surt>er Cet denote t>e actuaC arri9aC rate seen during t>is >our) T>e 'rediction
error is sim'C< ) 7n t>e e9ent o+ a consistentC< %"$-#-.( 'rediction error o9er t>e 'ast +e6 >ours!
indicating t>at t>e 'redictor is consistentC< underestimating 'eaL demand! t>e 'redicted 9aCue +or t>e neOt >our is
corrected using t>e oGser9ed error\

6>ere t>e second eO'ression denotes t>e mean 'rediction error o9er t>e 'ast >ours) Pe onC< consider 'ositi9e errors
in order to correct underestimates o+ t>e 'redicted 'eaL demandWnegati9e errors indicate t>at t>e oGser9ed 6orLCoad
is 3($$ t>an t>e 'eaL demand! 6>ic> onC< means t>at t>e 6orstKcase 6orLCoad did not arri9e in t>at >our and is not
necessariC< a 'rediction error)
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Figure 4\ T>e 6orLCoad 'rediction aCgorit>m)

;sing t>e 'redicted 'eaL arri9aC rate +or eac> a''Cication! t>e 'redicti9e 'ro9isioning tec>niJue uses t>e modeC to
determine t>e numGer o+ ser9ers t>at s>ouCd Ge aCCocated to eac> tier o+ an a''Cication) ?n increase in aCCocation must
Ge met G< Gorro6ing ser9ers +rom t>e +ree 'ooC or underCoaded a''CicationsWunderCoaded a''Cications are t>ose
6>ose ne6 aCCocations are Cess t>an t>eir current aCCocations) 7+ t>e totaC numGer o+ reJuired ser9ers is Cess t>an t>e
ser9ers a9aiCaGCe in t>e +ree 'ooC and t>ose reCeased G< underCoaded a''Cications! t>en a utiCit<KGased a''roac> ^B`
can Ge used to arGitrate t>e aCCocation o+ a9aiCaGCe ser9ers to need< a''CicationsWser9ers are aCCocated to a''Cications
t>at Gene"t most +rom it as de"ned G< t>eir utiCit< +unctions)

5.2 Reactive Provisioning: Handling Prediction Errors and Flash Crowds

T>e 6orLCoad 'redictor outCined in t>e 're9ious section is not 'er+ectWit ma< incur 'rediction errors i+ t>e 6orLCoad
on a gi9en da< de9iates +rom its Ge>a9ior on 're9ious da<s) Surt>er! sudden Coad s'iLes or !as> cro6ds are in>erentC<
un'redictaGCe '>enomena) SinaCC<! errors in t>e onCine measurements o+ t>e modeC 'arameters can transCate into errors
in t>e aCCocations com'uted G< t>e modeC) Reacti9e 'ro9isioning is used to s6i+tC< react to suc> un+oreseen e9ents)
Reacti9e 'ro9isioning o'erates on s>ort time scaCesWon t>e order o+ minutesWc>ecLing +or 6orLCoad anomaCies) 7+
an< suc> anomaCies are detected! t>en it aCCocates additionaC ca'acit< to 9arious tiers to >andCe t>e 6orLCoad increase)

Reacti9e 'ro9isioning is in9oLed once e9er< +e6 minutes) 7t can aCso Ge in9oLed onKdemand G< t>e a''Cication
sentr< i+ t>e oGser9ed reJuest dro' rate increases Ge<ond a t>res>oCd) 7n eit>er case! it com'ares t>e currentC< oGser9ed
session arri9aC rate o9er t>e 'ast +e6 minutes to t>e 'redicted rate ) 7+ t>e t6o di++er G< more t>an
a t>res>oCd! correcti9e action is necessar<) 0'eci"caCC< i+ or dro' rate ! 6>ere and are
a''CicationKde"ned t>res>oCds! t>en it com'utes a ne6 aCCocation o+ ser9ers) T>is can Ge ac>ie9ed in one o+ t6o 6a<s)
Qne a''roac> is to use t>e oGser9ed arri9aC rate in 3Juation U o+ t>e modeC to com'ute a ne6 aCCocation o+
ser9ers +or t>e 9arious tiers) T>e second a''roac> is to increase t>e aCCocation o+ aCC tiers t>at are at or near saturation
G< a constant amount Me)g)! A@kN) T>e ne6 aCCocation needs to ensure t>at t>e GottCenecL does not s>i+t to anot>er
do6nstream tierd t>e ca'acit< o+ an< suc> tiers ma< aCso need to Ge increased 'ro'ortionateC<) T>e ad9antage o+ using
t>e modeC to com'ute t>e ne6 aCCocation is t>at it <ieCds t>e ne6 ca'acit< in a singCe ste'! as o''osed to t>e Catter
a''roac> t>at increases ca'acit< G< a "Oed amount) T>e ad9antage o+ t>e Catter a''roac> is t>at it is inde'endent o+
t>e modeC and can >andCe an< errors in t>e measurements used to 'arameteriTe t>e modeC) 7n eit>er case! t>e e++ecti9e
ca'acit< o+ t>e a''Cication is raised to >andCe t>e increased 6orLCoad)

T>e additionaC ser9ers are Gorro6ed +rom t>e +ree 'ooC i+ a9aiCaGCe) 7+ t>e +ree 'ooC is em't< or >as insu+"cient
ser9ers! t>en t>ese ser9ers need to Ge Gorro6ed +rom ot>er underCoaded a''Cications running on t>e >osting 'Cat+orm)
?n a''Cication is said to Ge underCoaded i+ its oGser9ed 6orLCoad is signi"cantC< Co6er t>an its 'ro9isioned ca'acit<\
i+ ! 6>ere is a Co6 6atermarL t>res>oCd)

0ince a singCe in9ocation o+ reacti9e 'ro9isioning ma< Ge insu+"cient to Gring su+"cient ca'acit< onCine during a
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Carge Coad s'iLe! re'eated in9ocations ma< Ge necessar< in JuicL succession to >andCe t>e 6orLCoad increase)
Toget>er! 'redicti9e and reacti9e 'ro9isioning can >andCe CongKterm 'redictaGCe 6orLCoad 9ariations as 6eCC as s>ort

term !uctuations t>at are Cess 'redictaGCe) Predicti9e 'ro9isioning aCCocates ca'acit< a>ead o+ time in antici'ation o+ a
certain 'eaL 6orLCoad! 6>iCe reacti9e 'ro9isioning taLes correcti9e action &8#(' an anomaCous 6orLCoad increase >as
Geen oGser9ed) Put anot>er 6a<! 'redicti9e 'ro9isioning attem'ts to sta< a>ead o+ t>e 6orLCoad !uctuations! 6>iCe
reacti9e 'ro9isioning +oCCo6s 6orLCoad !uctuations correcting +or errors)

5.3 Request Policing

T>e 'redictor and reactor con9e< t>e 'eaL session arri9aC rate +or 6>ic> t>e< >a9e aCCocated ca'acit< to t>e a''CicaK
tionjs sentr<) T>is is done e9er< time t>e aCCocation is c>anged) T>e sentr< t>en ensures t>at t>e admission rate does
not eOceed t>is t>res>oCdWeOcess sessions are dro''ed at t>e sentr<)

6 Agile Server Switching using VMMs

? 4irtuaC =ac>ine =onitor M4==N is a so+t6are Ca<er t>at 9irtuaCiTes t>e resources o+ a '><sicaC ser9er and su''orts
t>e eOecution o+ muCti'Ce 9irtuaC mac>ines M4=sN ^U`) 3ac> 4= runs a se'arate o'erating s<stem and an a''Cication
ca'suCe 6it>in it) T>e 4== enaGCes ser9ers resources! suc> as t>e ,P;! memor<! disL and net6orL Gand6idt>! to
Ge 'artitioned among t>e resident 9irtuaC mac>ines)

TraditionaCC< 4==s >a9e Geen em'Co<ed in s>ared >osting en9ironments to run muCti'Ce a''Cications and t>eir
4=s on a singCe ser9erd t>e 4= 'ro9ides isoCation across a''Cications 6>iCe t>e 4== su''orts !eOiGCe 'artitionK
ing o+ ser9er resources across a''Cications) 7n dedicated >osting! no more t>an one a''Cication can Ge acti9e on
a gi9en '><sicaC ser9er! and as a resuCt! s>aring o+ indi9iduaC ser9er resources across a''Cications is moot in suc>
en9ironments) 7nstead! 6e em'Co< 4==s +or a no9eC 'ur'oseW+ast ser9er s6itc>ing)

TraditionaCC<! s6itc>ing a ser9er +rom one a''Cication to anot>er +or 'ur'oses o+ d<namic 'ro9isioning >as entaiCed
o9er>eads o+ se9eraC minutes or more) Doing so in9oC9es some or aCC o+ t>e +oCCo6ing ste's\ MiN 6ait +or residuaC
sessions o+ t>e current a''Cication to terminate! MiiN terminate t>e current a''Cication! MiiiN scruG and re+ormat t>e disL
to 6i'e out sensiti9e data! Mi9N reinstaCC t>e Q0! M9N instaCC and con"gure t>e ne6 a''Cication) Qur >osting 'Cat+orm
runs a 4== on eac> '><sicaC ser9er) Doing so enaGCes it to eCiminate man< o+ t>ese ste's and drasticaCC< reduces
s6itc>ing time)

Pe assume t>at eac> 3C+ ser9er runs muCti'Ce 9irtuaC mac>ines and ca'suCes o+ di++erent a''Cications 6it>in it)
QnC< one ca'suCe and its 9irtuaC mac>ine is acti9e at an< timeWt>is is t>e ca'suCe to 6>ic> t>e ser9er is currentC<
aCCocated) Qt>er 9irtuaC mac>ines are dormantWt>e< are aCCocated minimaC ser9er resources G< t>e underC<ing 4==
and most ser9er resources are aCCocated to t>e acti9e 4=) 7+ t>e ser9er GeCongs to t>e +ree 'ooC! aCC o+ its resident 4=s
are dormant)

7n suc> a scenario! s6itc>ing an 3C+ ser9er +rom one a''Cication to anot>er im'Cies deacti9ating a 4= G< reducing
its resource aCCocation to ! and reacti9ating a dormant 4= G< increasing its aCCocation to A@@K k o+ t>e ser9er
resources)E T>is onC< in9oC9es adausting t>e aCCocations in t>e underC<ing 4== and incurs o9er>eads in t>e order o+
tens o+ miCCiseconds) T>us! in t>eor<! our >osting 'Cat+orm can s6itc> a ser9er +rom one a''Cication to anot>er in a
+e6 miCCiseconds) 7n 'ractice! >o6e9er! 6e need to consider t>e residuaC state o+ t>e a''Cication Ge+ore it can Ge made
dormant)

To do so! 6e assume t>at once t>e 'redictor or t>e reactor decide to reassign a ser9er +rom an underCoaded to
an o9erCoaded a''Cication! t>e< noti+< t>e Coad GaCancing eCement o+ t>e underCoaded a''Cication tier) T>e Coad
GaCancing eCement sto's +or6arding ne6 sessions to t>is ser9er) ]o6e9er! t>e ser9er retains state o+ eOisting sessions
and ne6 reJuests ma< arri9e +or t>ose sessions untiC t>e< terminate) ,onseJuentC<! t>e underCoaded a''Cication tier
6iCC continue to use some ser9er resources and t>e amount o+ resources reJuired 6iCC diminis> o9er time as eOisting
sessions terminate) ?s a resuCt! t>e aCCocation o+ t>e currentC< acti9e 4= can not Ge instantaneousC< ram'ed do6nd

E is a smaCC 9aCue suc> t>at t>e 4= consumes negCigiGCe ser9er resources and its ca'suCe is idCe and s6a''ed out to disL)
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instead t>e aCCocation needs to Ge reduced graduaCC<! 6>iCe increasing t>e aCCocation o+ t>e 4= GeConging to t>e
o9erCoaded a''Cication) T6o strategies +or ram'ing do6n t>e aCCocation o+ t>e current 4= are 'ossiGCe)

J-@(+ '&#( '&,% +"0)6 7n t>is a''roac>! t>e resource aCCocation o+ t>e underCoaded 4= is reduced G< a "Oed
amount e9er< time units untiC it reduces to d t>e aCCocation o+ t>e ne6 4= is increased corres'ondingC<)
T>e ad9antage o+ t>is a''roac> is t>at it s6itc>es t>e ser9er +rom one a''Cication to anot>er in a "Oed amount
o+ time! nameC< ) T>e Cimitation is t>at CongKCi9ed residuaC sessions 6iCC Ge +orced to terminate! or t>eir
'er+ormance guarantees 6iCC Ge 9ioCated i+ t>e aCCocation decreases Ge<ond t>at necessar< to ser9ice t>em)

=(&$;'(,()#*:&$(+ '&,% +"0)6 7n t>is a''roac>! t>e actuaC resource usage o+ t>e underCoaded 4= is moniK
tored onCine) ?s t>e resource usage decreases 6it> terminating sessions! t>e underC<ing aCCocation in t>e 4==
is aCso reduced) T>e a''roac> reJuires monitoring o+ t>e ,P;! memor<! net6orL and disL usage so t>at t>e
aCCocation can matc> t>e +aCCing usage) T>e ad9antage o+ t>is a''roac> is t>at t>e ram'Kdo6n is more conserK
9ati9e and Cess CiLeC< to 9ioCate 'er+ormance guarantees o+ eOisting sessions) T>e dra6GacL is t>at CongKCi9ed
sessions ma< continue to use ser9er resources! 6>ic> increases t>e ser9er s6itc>ing time)

7n eit>er case! use o+ 4==s enaGCes our >osting 'Cat+orm to reduce s<stem s6itc>ing o9er>eads to a negCigiGCe
9aCue) T>e s6itc>ing time is soCeC< dominated G< a''Cication idios<ncrasies) 7+ t>e a''Cication >as s>ortKCi9ed sessions
or t>e a''Cication tier is stateCess! t>e s6itc>ing o9er>ead is smaCC) 39en 6>en sessions are CongKCi9ed! t>e o9erCoaded
a''Cication immediateC< gets some resources on t>e ser9er! 6>ic> increases its e++ecti9e ca'acit<d more resources
Gecome a9aiCaGCe as t>e current 4= ram's do6n)

?s a "naC detaiC! oGser9e t>at 6e >a9e assumed t>at su+"cient dormant 4=s are aC6a<s a9aiCaGCe +or 9arious tiers
o+ an o9erCoaded a''Cication to arGitrariC< increase its ca'acit<) T>e >osting 'Cat+orm needs to ensure t>at t>ere is
aC6a<s a 'reKs'a6ned 'ooC o+ dormant 4=s +or eac> a''Cication in t>e s<stem) ?s dormant 4=s o+ an a''Cication
are acti9ated during an o9erCoad! and t>e numGer o+ dormant 4=s +aCCs GeCo6 a Co6 6atermarL! additionaC dormant
4=s need to Ge s'a6ned on ot>er 3C+ ser9ers! so t>at t>ere is aC6a<s a read< 'ooC o+ 4=s t>at can Ge ta''ed)

7 Implementation Considerations

Pe im'Cemented a 'rotot<'e data center on a cCuster o+ F@ Pentium ser9ers connected 9ia a AGG's et>ernet s6itc>
and running :inuO U)F)U@) 3ac> mac>ine in t>e cCuster ran one o+ t>e +oCCo6ing entities\ MAN an a''Cication ca'suCe
Mand its nucCeusN or Coad GaCancer! MUN t>e controC 'Cane! MBN a sentr<! MFN a 6orLCoad generator +or an a''Cication) T>e
a''Cications used in our e9aCuation MdescriGed in detaiC in 0ection b)AN >ad t6o re'CicaGCe tiersW+ront tier Gased on
t>e ?'ac>e PeG ser9er and a middCe tier Gased on ea9a ser9Cets >osted on t>e Tomcat ser9Cets container) T>e t>ird
tier 6as a nonKre'CicaGCe =<sJC dataGase ser9er)
Virtual Machine Monitor\ Pe use oen A)U ^U` as t>e 9irtuaC mac>ine monitor in our 'rotot<'e) T>e oen 4==

>as a s'eciaC 9irtuaC mac>ine caCCed domain@ M9irtuaC mac>ines are caCCed domains in t>e oen terminoCog<N t>at gets
created as soon as oen Goots and remains t>roug>out t>e 4==js eOistence) oen 'ro9ides a management inter+ace
t>at can Ge mani'uCated +rom domain@ to create ne6 domains! controC t>eir ,P;! net6orL and memor< resource
aCCocations! aCCocate 7P addresses! grant access to disL 'artitions! and sus'endZresume domains to "Ces! etc) T>e
management inter+ace is im'Cemented as a set o+ CiGrar< +unctions Mim'Cemented in ,N +or 6>ic> t>ere are P<t>on
Canguage Gindings) Pe use a suGset o+ t>is inter+aceWxc dom create.py and xc dom control.py 'ro9ide
6a<s to start a ne6 domain or sto' an eOisting oned t>e controC 'Cane im'Cements a scri't t>at remoteC< Cogs on to
domain@ and in9oLes t>ese scri'ts) T>e controC 'Cane aCso im'Cements scri'ts t>at can remoteC< Cog onto an< eOisting
domain to start a ca'suCe and its nucCeus or sto' t>em) xc dom control.py 'ro9ides an o'tion t>at can Ge used
to set t>e ,P; s>are o+ an eOisting domain) T>e controC 'Cane uses t>is +eature +or 4= ram' u' and ram' do6n)
Nucleus\ T>e nucCeus 6as im'Cemented as a userKs'ace daemon t>at 'eriodicaCC< Monce e9er< AE min in our

'rotot<'eN eOtracts in+ormation aGout tierKs'eci"c reJuests needed G< t>e 'ro9isioning aCgorit>ms and con9e<s it to t>e
controC 'Cane) Qur nucCei use a comGination o+ MiN onCine measurements o+ resource usages and reJuest 'er+ormance!

AA



 0

 10

 20

 30

 40

 50

 0  600  1200  1800  2400

Se
ss

io
n 

ar
riv

al
 ra

te
 (p

er
 m

in
)

Time (sec)

 0

 2

 4

 6

 8

 10

 0  600  1200  1800  2400

Nu
m

be
r o

f s
er

ve
rs

Time (sec)

# web servers
# app servers

 0

 1000

 2000

 3000

 4000

 5000

 6000

 0  600  1200  1800  2400

95
%

 re
sp

. t
im

e 
(m

se
c)

Time (sec)

MaN 0ession arri9aC rate MGN DumGer o+ ser9ers McN Res'onse time

Figure 5\ RuGGos\ 7nde'endent 'erKtier 'ro9isioning

MiiN reaCKtime 'rocessing o+ Cogs 'ro9ided G< t>e a''Cication so+t6are com'onents! and MiiiN o+!ine measurements to
determine 9arious Juantities needed G< t>e controC 'Cane) Pe made sim'Ce modi"cations to ?'ac>e and Tomcat to
record t>e a9erage ser9ice time o+ a reJuest at t>ese tiers) Sor =<sJC! 6as determined using o+!ine 'ro"Cing
^Ai`) T>e 9ariance o+ ser9ice time! ! 6as determined +rom oGser9ations o+ indi9iduaC ser9ice times) Pe con"gured
?'ac>e and Tomcat MG< turning on t>e a''ro'riate o'tions in t>eir con"guration "CesN to >a9e t>em record t>e arri9aC
and residence times o+ indi9iduaC reJuests into t>eir Cogs) T>e Cogs 6ere 6ritten to named 'i'es and 'rocessed in
reaCKtime G< t>e nucCei to determine! ! t>e 9ariance o+ t>e reJuest interKarri9aC time) T>e 'arameter +or tier 6as
estimated G< t>e controC 'Cane as t>e ratio o+ t>e numGer o+ reJuests re'orted G< t>e nucCei at t>at tier and t>e numGer
o+ reJuests admitted G< t>e sentr< during t>e Cast 'eriod) SinaCC<! t>e nucCei used t>e s<sstat 'acLage ^AE` +or onCine
measurements o+ resource usages o+ ca'suCes t>at is used G< t>e reacti9e 'ro9isioning and G< t>e measurementKGased
strateg< +or ram'ing do6n t>e aCCocation o+ a 4=)
Sentry and Load Balancer\ Pe used K(')(3 DB4 <-'#;&3 A('.(' MLtc'9sN 9ersion @)@)AF ^A@` to im'Cement t>e

'oCicing mec>anisms descriGed in 0ection E)B) Ltc'9s is an o'enKsource! :a<erKi reJuest dis'atc>er im'Cemented as
a :inuO moduCe) ? roundKroGin Coad GaCancer im'Cemented in Ltc'9s 6as used +or ?'ac>e) :oad GaCancing +or t>e
Tomcat tier 6as 'er+ormed G< ,"+ L9! an ?'ac>e moduCe t>at im'Cements a 9ariant o+ round roGin reJuest distriGution
6>iCe taLing into account session a+"nit<) T>e sentr< Lee's record o+ arri9aC and "nis> times o+ admitted sessions as
6eCC as eac> reJuest 6it>in a session) T>ese oGser9ations are used to estimate t>e a9erage session duration and t>e
a9erage t>inL time )
Control Plane\ T>e controC 'Cane is im'Cemented as a daemon running on a dedicated mac>ine) 7t im'Cements

t>e 'redicti9e and reacti9e 'ro9isioning tec>niJues descriGed in 0ection E) T>e controC 'Cane in9oLes t>e 'redicti9e
'ro9isioning aCgorit>m 'eriodicaCC< and con9e<s t>e ne6 ser9er aCCocations or deaCCocations to t>e a++ected sentries
and Coad GaCancers) 7t communicates 6it> t>e concerned 9irtuaC mac>ine monitors to start or sto' ca'suCes and nucCei)
Reacti9e 'ro9isioning is in9oLed G< t>e sentries once e9er< E min)

8 Experimental Evaluation

7n t>is section 6e 'resent t>e eO'erimentaC setu' +oCCo6ed G< t>e resuCts o+ our eO'erimentaC e9aCuation)

8.1 Experimental Setup

T>e controC 'Cane 6as run on a duaCK'rocessor FE@=]T mac>ine 6it> AG[ R?=) 3C+ and 3nt ser9ers >ad U)bG]T
'rocessors and EAU=[ R?=) T>e sentries 6ere run on duaCK'rocessor AG]T mac>ines 6it> AG[ R?=) SinaCC<!
t>e 6orLCoad generators 6ere run on uni'rocessor mac>ines 6it> AG]T 'rocessors) 3C9es and 3nts ran t>e oen A)U
4== 6it> :inuOd aCC ot>er mac>ines ran :inuO U)F)U@) ?CC mac>ines 6ere interconnected G< gigaGit 3t>ernet)

Pe used t6o o'enKsource muCtiKtier a''Cications in our eO'erimentaC stud<) 5;:-$ im'Cements t>e core +unctionaCit<
o+ an e[a< CiLe auction site\ seCCing! Gro6sing and Gidding) 7t im'Cements t>ree t<'es o+ user sessions! >as nine taGCes
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in t>e dataGase and de"nes U_ interactions t>at can Ge accessed +rom t>e cCientsj PeG Gro6sers) 5;::"$ is a GuCCetinK
Goard a''Cication modeCed a+ter an onCine ne6s +orum CiLe 0Cas>dot) ;sers >a9e t6o di++erent Ce9eCs o+ access\ reguCar
user and moderator) T>e main taGCes in t>e dataGase are t>e users! stories! comments! and suGmissions taGCes) RuGGos
'ro9ides UF PeG interactions) [ot> a''Cications 6ere de9eCo'ed G< t>e D<na0er9er grou' at Rice ;ni9ersit< ^E`)
3ac> a''Cication contains a ea9aKGased cCient t>at generates a sessionKoriented 6orLCoad) Pe modi"ed t>ese cCients
to generate 6orLCoads and taLe measurements needed G< our eO'eriments) RuGis and RuGGos sessions >ad an a9erage
duration o+ AEmin and Emin! res'ecti9eC<) Sor Got> a''Cications! t>e a9erage t>inL time 6as Esec)

Pe used BKtier 9ersions o+ t>ese a''Cications) T>e +ront tier 6as Gased on ?'ac>e U)@)Fb PeG ser9er) T>e middCe
tier 6as Gased on ea9a ser9Cets t>at im'Cement t>e a''Cication Cogic) Pe em'Co<ed Tomcat F)A)Uc as t>e ser9Cets
container) SinaCC<! t>e dataGase tier 6as Gased on t>e =<sJC F)@)Ab dataGase)

[ot> a''Cications are assumed to reJuire an 0:? 6>ere t>e 'ercentiCe o+ t>e res'onse time is no greater t>an U
seconds) Pe use a sim'Ce >euristic to transCate t>is 0:? into an eJui9aCent 0:? s'eci"ed using t>e a9erage res'onse
timeWsince t>e modeC in 0ection F uses mean res'onse times! suc> a transCation is necessar<) Pe use a''Cication
'ro"Cing ^Ai` to determine a distriGution 6>ose 'ercentiCe is U seconds and use t>e mean o+ t>at distriGution
+or t>e ne6 0:?) T>e 'erKtier a9erage deCa< targets and 6ere t>en set to Ge A@! E@ and F@k o+ t>e mean
res'onse time! +or ?'ac>e! Tomcat and =<sJC res'ecti9eC<)

8.2 Effectiveness of Multi-tier Model

T>is section demonstrates t>e e++ecti9eness o+ our muCtiKtier 'ro9isioning tec>niJue o9er 9ariants o+ singCeKtier met>K
ods)

8.2.1 Independent per-tier provisioning

Qur "rst eO'eriment uses t>e RuGGos a''Cication) Pe use t>e "rst stra6man descriGed in 3Oam'Ce A o+ 0ection A +or
'ro9isioning RuGGos) ]ere! eac> tier em'Co<s its o6n 'ro9isioning tec>niJue) RuGGos 6as suGaected to a 6orLCoad
t>at increases in ste's! once e9er< ten minutes Msee Sig) EMaNN) T>e "rst 6orLCoad increase occurs at tX_@@sec and
saturates t>e tierKA PeG ser9er) T>is triggers t>e 'ro9isioning tec>niJue! and an additionaC ser9er is aCCocated at
tXc@@sec Msee Sigure EMGNN) ?t t>is 'oint! t>e t6o tierKA ser9ers are aGCe to ser9ice aCC incoming reJuests! causing
t>e GottCenecL to s>i+t to t>e Tomcat tier) T>e 3C+ running Tomcat saturates! 6>ic> triggers 'ro9isioning at tier U)
?n additionaC ser9er is aCCocated to tier U at tXAU@@sec Msee Sig) EMGNN) T>e second 6orLCoad increase occurs at
tXAU@@sec and t>e aGo9e c<cCe re'eats) ?s s>o6n in Sigure EMcN! since muCti'Ce 'ro9isioning ste's are needed to <ieCd
an e++ecti9e increase in ca'acit<! t>e a''Cication 0:? is 9ioCated during t>is 'eriod)

? second stra6man is to em'Co< d<namic 'ro9isioning onC< at t>e most com'uteKintensi9e tier o+ t>e a''Cication!
since it is t>e most common GottCenecL ^Ab`) 7n RuGGos! t>e Tomcat tier is t>e most com'ute intensi9e o+ t>e t>ree
tiers and 6e onC< suGaect t>is tier to d<namic 'ro9isioning) T>e ?'ac>e and Tomcat tiers 6ere initiaCC< assigned A
and U ser9ers res'ecti9eC<) T>e ca'acit< o+ a Tomcat ser9er 6as determined to Ge F@ simuCtaneous sessions using our
modeC! 6>iCe ?'ac>e 6as con"gured 6it> a connection Cimit o+ UE_ sessions) ?s s>o6n in Sigure _MaN! e9er< time t>e
current ca'acit< o+ t>e Tomcat tier is saturated G< t>e increasing 6orLCoad! t6o additionaC ser9ers are aCCocated) T>e
numGer o+ ser9ers at tierKU increases +rom U to b o9er a 'eriod o+ time) ?t tXAb@@sec! t>e session arri9aC rate increases
Ge<ond t>e ca'acit< o+ t>e "rst tier! causing t>e ?'ac>e ser9er to reac> its connection Cimit o+ UE_) 0uGseJuentC<!
e9en t>oug> 'Cent< o+ ca'acit< 6as a9aiCaGCe at t>e Tomcat tier! ne6C< arri9ing sessions are turned a6a< due to t>e
connection GottCenecL at ?'ac>e and t>e t>roug>'ut reac>es a 'Cateau Msee Sigure _MGNN) T>us! +ocusing onC< on t>e
t>e commonC< GottCenecLed tier is not adeJuate! since t>e GottCenecL 6iCC e9entuaCC< s>i+t to ot>er tiers)

DeOt! 6e re'eat t>is eO'eriment 6it> our muCtiKtier 'ro9isioning tec>niJue) 0ince our tec>niJue is a6are o+ t>e
demands at eac> tier and can taLe idios<ncrasies suc> as connection Cimits into account! as s>o6n in Sigure iMaN! it is
aGCe to scaCe t>e ca'acit< o+ Got> t>e PeG and t>e Tomcat tiers 6it> increasing 6orLCoads) ,onseJuentC<! as s>o6n
in Sigure iMGN! t>e a''Cication t>roug>'ut continues to increase 6it> t>e increasing 6orLCoad) Sigure iMcN s>o6s t>at
t>e 0:? is maintained t>roug>out t>e eO'eriment)
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Figure 6\ RuGGos\ Pro9ision onC< t>e Tomcat tier
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Figure 7\ RuGGos\ =odeCKGased muCtiKtier 'ro9isioning
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8.2.2 The Black box Approach

Pe suGaected t>e RuGis a''Cication to a 6orLCoad t>at increased in ste's! as s>o6n in Sigure cMaN) Sirst! 6e use t>e
GCacL GoO 'ro9isioning a''roac> descriGed in 3Oam'Ce U o+ 0ection A) T>e 'ro9isioning tec>niJue monitors t>e 'erK
reJuest res'onse times o9er B@s inter9aCs and signaCs a ca'acit< increase i+ t>e 'ercentiCe res'onse time eOceeds
Usec) 0ince t>e GCacL GoO tec>niJue is una6are o+ t>e indi9iduaC tiers! 6e assume t>at t6o Tomcat ser9ers and one
?'ac>e ser9er are added to t>e a''Cication e9er< time a ca'acit< increase is signaCed) ?s s>o6n in Sigure bMaN and
McN! t>e 'ro9isioned ca'acit< Lee's increasing 6it> increasing 6orLCoad and 6>ene9er t>e 'ercentiCe o+ res'onse
time is o9er U seconds) ]o6e9er! as s>o6n in Sigure bMdN! at tXAA@@sec! t>e ,P; on t>e 3nt running t>e dataGase
saturates) 0ince t>e dataGase ser9er is not re'CicaGCe! increasing ca'acit< o+ t>e ot>er t6o tiers Ge<ond t>is 'oint does
not <ieCd an< +urt>er increase in e++ecti9e ca'acit<) ]o6e9er! t>e GCacL GoO a''roac> is una6are o+ 6>ere GottCenecL
Cies and continues to add ser9ers to t>e "rst t6o tiers untiC it >as used u' aCC a9aiCaGCe ser9ers) T>e res'onse time
continues to degrade des'ite t>is ca'acit< addition as t>e ea9a ser9Cets s'end increasingC< Carger amounts o+ time
6aiting +or Jueries to Ge returned G< t>e o9erCoaded dataGase Msee Sigures bMcN and MdNN)

Pe re'eat t>is eO'eriment using our muCtiKtier 'ro9isioning tec>niJue) Qur resuCts are s>o6n in Sigure c) ?s s>o6n
in Sigure cMGN! t>e controC 'Cane adds ser9ers to t>e a''Cication at tXBc@sec in res'onse to t>e increased 6orLCoad)
]o6e9er! Ge<ond t>is 'oint! no additionaC ca'acit< is aCCocated) Qur tec>niJue correctC< identi"es t>at t>e ca'acit<
o+ t>e dataGase tier +or t>is 6orLCoad is around _@@ simuCtaneous sessions) ,onseJuentC<! 6>en t>is ca'acit< is
reac>ed and t>e dataGase saturates! it triggers 'oCicing instead o+ 'ro9isioning) T>e admission controC is triggered at
tXA@i@sec and dro's an< sessions in eOcess o+ t>is Cimit during t>e remainder o+ t>e eO'eriment) Sigure cMdN s>o6s
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Figure 8\ RuGis\ [CacLGoO 'ro9isioning

t>at our 'ro9isioning is aGCe to maintain a satis+actor< res'onse time t>roug>out t>e eO'eriment)
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8.3 Predictive and Reactive Provisioning

7n t>is section 6e 'resent eO'eriments to demonstrate t>e need to >a9e :"#! 'redicti9e and reacti9e 'ro9isioning
mec>anisms) Pe used RuGis in t>ese eO'eriments) T>e 6orLCoad 6as generated Gased on t>e PeG traces +rom t>e
Accb 0occer PorCd ,u' site ^A`) T>ese traces contained t>e numGer o+ arri9aCs 'er minute to t>is PeG site o9er an
bKda< 'eriod) [ased on t>ese 6e created se9eraC smaCCer traces to dri9e our eO'eriments) T>ese traces 6ere oGtained
G< com'ressing t>e originaC UFK>r Cong traces to A >rWt>is 6as done G< 'icLing arri9aCs +or e9er< minute
and discarding t>e rest) T>is enaGCes us to ca'ture t>e timeKo+Kda< e++ect as a ftimeKo+K>ourg e++ect) T>e eO'eriment
in9oLed 'redicti9e 'ro9isioning once e9er< AEmin o9er t>e one >our duration and 6e '(8(' #" #!($( %('-"+$ &$ ?)#('.&3$
I*Qd reacti9e 'ro9isioning 6as in9oLed onKdemand or once e9er< +e6 minutes) Sor t>e saLe o+ con9enience! in t>e rest
o+ t>e section! 6e 6iCC sim'C< re+er to t>ese traces G< t>e da< +rom 6>ic> t>e< 6ere constructed Me9en t>oug> t>e<
are onC< A >r CongN) Due to CacL o+ s'ace 6e 'resent onC< t>ree o+ t>ese traces\ MiN Sigure A@MaN s>o6s t>e 6orLCoad
+or da< _ Ma t<'icaC da<N! MiiN Sigure AAMaN s>o6s t>e 6orLCoad +or da< i! Mmoderate o9erCoadN! and MiiiN Sigure AUMaN
s>o6s t>e 6orLCoad +or da< b MeOtreme o9erCoadN) T>roug>out t>is eO'eriment! 6e 6iCC assume t>at t>e dataGase tier
>as su+"cient ca'acit< to >andCe t>e 'eaL oGser9ed on da< b and does not Gecome a GottCenecL) T>e a9erage session
duration in our trace 6as Emin)

8.3.1 Only predictive provisioning

Sigure A@ 'resents t>e 'er+ormance o+ t>e s<stem during da< _ 6it> t>e controC 'Cane em'Co<ing onC< 'redicti9e 'roK
9isioning M6it> reacti9e 'ro9isioning disaGCedN) Da< _ 6as a ft<'icaCg da<! meaning t>e 6orLCoad cCoseC< resemGCed
t>at oGser9ed during t>e 're9ious da<s) T>e 'rediction aCgorit>m 6as success+uC in eO'Coiting t>is and 6as aGCe to
assign su+"cient ca'acit< to t>e a''Cication at aCC times) 7n Sigure A@MGN 6e oGser9e t>at t>e 'redicted arri9aCs cCoseC<
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Figure 9\ RuGis\ =odeCKGased muCtiKtier 'ro9isioning

matc>ed t>e actuaC arri9aCs) T>e controC 'Cane added ser9ers at tXB@minW6eCC in time +or t>e increased 6orLCoad
during t>e second >aC+ o+ t>e eO'eriment) T>e a''Cication eO'erienced satis+actor< res'onse time t>roug>out t>e
eO'eriment MSigure A@McNN)

5($;3#6 M;' %'(+-2#-.( %'".-$-")-)/ 0"'9$ 0(33 ") R#1%-2&3S +&1$G

8.3.2 Only reactive provisioning

7n Sigure AA 6e 'resent t>e resuCts +or da< i) ,om'aring t>is 6orLCoad 6it> t>at on da< _! 6e "nd t>at t>e a''Cication
eO'erienced a moderate o9erCoad on da< i! 6it> t>e arri9aC rate going u'to aGout AE@ sessionsZmin! more t>an t6ice
t>e 'eaL on da< _) T>e 6orLCoad s>o6ed a monotonicaCC< increasing trend +or t>e "rst F@min)

Pe "rst Cet t>e controC 'Cane em'Co< onC< 'redicti9e 'ro9isioning) Sigure AAMGN s>o6s t>e 'er+ormance o+ our
'rediction aCgorit>m! Got> 6it> and 6it>out using recent trends to correct t>e 'rediction) Pe "nd t>at it se9ereC<
underestimated t>e numGer o+ arri9aCs in 7nter9aC U) T>e use o+ recent trends aCCo6ed it to 'rogressi9eC< im'ro9e its
estimate in 7nter9aCs B and F M'redicted arri9aCs 6ere nearC< b@k o+ t>e actuaC arri9aCs in 7nter9aC B and aCmost eJuaC in
7nter9aC FN) 7n Sigure AAMcN 6e oGser9e t>at t>e res'onse time target 6as 9ioCated in 7nter9aC U due to under aCCocation
o+ ser9ers)

DeOt! 6e re'eated t>e eO'eriment 6it> t>e controC 'Cane using onC< reacti9e 'ro9isioning) Sigure AAMdN 'resents
t>e a''Cication 'er+ormance) ,onsider 7nter9aC U "rstW6e oGser9e t>at! unCiLe 'redicti9e 'ro9isioning! t>e reacti9e
mec>anism 6as aGCe to 'uCC additionaC ser9ers at tXAEmin in res'onse to t>e increased arri9aC rate! t>us Gringing
do6n t>e res'onse time 6it>in target) ]o6e9er! as t>e eO'eriment 'rogressed! t>e ser9er aCCocation 3&//(+ :(!-)+
t>e continuousC< increasing 6orLCoad) 0ince reacti9e 'ro9isioning onC< res'onded to 9er< recent 6orLCoad trends! it
couCd not antici'ate +uture reJuirement 6eCC and tooL muCti'Ce aCCocation ste's to add su+"cient ca'acit<) =ean6>iCe!
t>e a''Cication eO'erienced re'eated 9ioCations o+ 0:? during 7nter9aCs U and B)
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Figure 10\ Pro9isioning on da< _Wt<'icaC da<)

8.3.3 Integrated provisioning

Pe used t>e 6orLCoad on da< b 6>ere t>e a''Cication eO'erienced an (@#'(,(31 3&'/( ".('3"&+ MSigure AUMaNN) T>e
'eaL 6orLCoad on t>is da< 6as an order o+ magnitude MaGout U@ timesN >ig>er t>an on a t<'icaC da<) Sigure AUMGN
s>o6s >o6 t>e 'rediction aCgorit>m 'er+ormed during t>is o9erCoad) T>e aCgorit>m +aiCed to 'redict t>e s>ar' inK
crease in t>e 6orLCoad during 7nter9aC A) 7n 7nter9aC U it couCd correct its estimate Gased on t>e oGser9ed 6orLCoad
during 7nter9aC A) T>e 6orLCoad increased drasticaCC< Mreac>ing u'to AU@@ sessZsecN during 7nter9aCs B and F! and t>e
aCgorit>m +aiCed to 'redict it)

7n Sigure AUMcN 6e s>o6 t>e 'er+ormance o+ RuGis 6>en t>e controC 'Cane em'Co<s Got> 'redicti9e and reacti9e
mec>anisms and session 'oCicing is disaGCed) 7n 7nter9aC A! t>e reacti9e mec>anism success+uCC< added additionaC
ca'acit< Mat tXbminN to Co6er t>e res'onse time) 7t 6as in9oLed again at tXBFmin MQGser9e t>at 'redicti9e 'ro9isioning
6as o'erating in concert 6it> reacti9e 'ro9isioningd it resuCted in t>e ser9er aCCocations at tXAE! B@! FEminN) ]o6e9er!
G< t>is time Mand +or t>e remainder o+ t>e eO'erimentN t>e 6orLCoad 6as sim'C< too >ig> to Ge ser9iced G< t>e ser9ers
a9aiCaGCe) Pe im'osed a resource Cimit o+ AB ser9ers +or iCCustrati9e 'ur'oses) [e<ond t>is! eOcess sessions must Ge
turned a6a< to continue meeting t>e 0:? +or admitted sessions) T>e CacL o+ session 'oCicing caused res'onse times
to degrade during 7nter9aCs B and F)

DeOt! 6e re'eated t>is eO'eriment 6it> t>e session 'oCicing enaGCed) T>e 'er+ormance o+ RuGis is s>o6n in Sigure
AUMdN) T>e Ge>a9ior o+ our 'ro9isioning mec>anisms is eOactC< CiLe aGo9e) ]o6e9er! G< turning a6a< eOcess sessions!
t>e sentr< 6as aGCe to maintain t>e 0:? t>roug>out)

5($;3#6 4'(+-2#-.( &)+ '(&2#-.( ,(2!&)-$,$ &)+ %"3-2-)/ &'( &33 -)#(/'&3 2",%")()#$ "8 &) (88(2#-.( %'".-$-")-)/
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8.4 VM-based Switching of Server Resources

Pe 'resent measurements on our testGed to demonstrate t>e Gene"ts t>at our 4=KGased s6itc>ing can 'ro9ide) Pe
s6itc> a ser9er +rom a Tomcat ca'suCe o+ RuGis to a Tomcat ca'suCe o+ RuGGos) Pe com'are "9e di++erent 6a<s o+
s6itc>ing a ser9er to iCCustrate t>e saCient +eatures o+ our sc>eme\

0cenario A\ De6 ser9er taLen +rom t>e +ree 'ooC o+ ser9ersd ca'suCe and nucCeus >a9e to Ge started on t>e ser9er)
0cenario U\ De6 ser9er taLen +rom t>e +ree 'ooC o+ ser9ersd ca'suCe aCread< running on a 4=)
0cenario B\ De6 ser9er taLen +rom anot>er a''Cication 6it> residuaC sessionsd 6e 6ait +or aCC residuaC sessions to

"nis>)
0cenario F\ De6 ser9er taLen +rom anot>er a''Cication 6it> residuaC sessionsd 6e Cet t>e t6o 4=s s>are t>e ,P;

eJuaCC< 6>iCe t>e residuaC sessions eOist)
0cenario E\ De6 ser9er taLen +rom anot>er a''Cication 6it> residuaC sessionsd 6e c>ange t>e ,P; s>ares o+ t>e

in9oC9ed 4=s using t>e f"Oed rate ram' do6ng strateg< in 0ection _)
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Figure 11\ Pro9isioning on da< iWmoderate o9erCoad

0cenario 06itc>ing time r)t) during s6itc>ing
A sec nZa
U @ nZa
B min nZa
F sec
E sec

Table 1\ Per+ormance o+ 4=KGased s6itc>ingd fnZag stands +or fnot a''CicaGCeg)

TaGCe A 'resents t>e s6itc>ing time and t>e 'er+ormance o+ residuaC sessions o+ RuGis in eac> o+ t>e aGo9e sceK
narios) ,om'aring scenarios U and B! 6e "nd t>at in our 4=KGased sc>eme! t>e time to s6itc> a ser9er is soCeC<
de'endent on t>e residuaC sessionsWt>e residuaC sessions o+ RuGis tooL aGout Aimin to "nis> resuCting in t>e Carge
s6itc>ing time in scenario B) 0cenarios F and E s>o6 t>at G< Cetting t>e t6o 4=s coeOist 6>iCe t>e residuaC sessions
"nis>! 6e can eCiminate t>is s6itc>ing time) ]o6e9er! it is essentiaC to continue 'ro9iding su+"cient ca'acit< to
t>e residuaC sessions during t>e s6itc>ing 'eriod to ensure good 'er+ormanceWin scenario F! ne6 RuGGos sessions
de'ri9ed t>e residuaC sessions o+ RuGis o+ t>e ca'acit< t>e< needed! t>us degrading t>eir res'onse time)

5($;3#6 O$( "8 .-'#;&3 ,&2!-)($ 2&) ()&:3( &/-3( $0-#2!-)/ "8 $('.('$G M;' &+&%#-.( #(2!)-F;($ -,%'".( ;%") #!(
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8.5 System Overheads

T6o sources o+ o9er>ead in t>e 'ro'osed s<stem are t>e 9irtuaC mac>ines t>at run on t>e 3C+ nodes and t>e nucCei
t>at run on aCC nodes) =easurements on our 'rotot<'e indicate t>at t>e ,P; o9er>ead and net6orL tra+"c caused G<
t>e nucCei is negCigiGCe) T>e controC 'Cane runs on a dedicated node and its scaCaGiCit< is not a cause o+ concern) Pe
c>ose t>e oen 4== to im'Cement our s6itc>ing sc>eme since t>e 'er+ormance o+ oenZ:inuO >as Geen s>o6n to
Ge consistentC< cCose to nati9e :inuO ^U`) Surt>er! oen >as Geen s>o6n to 'ro9ide good 'er+ormance isoCation 6>en
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Figure 12\ Pro9isioning on da< bWeOtreme o9erCoad

running muCti'Ce 4=s simuCtaneousC<! and is ca'aGCe o+ scaCing to AUb concurrent 4=s)

9 Conclusions

7n t>is 'a'er!6e argued t>at d<namic 'ro9isioning o+ muCtiKtier 7nternet a''Cications raises ne6 c>aCCenges not adK
dressed G< 'rior 6orL on 'ro9isioning singCeKtier a''Cications) Pe 'ro'osed a no9eC d<namic 'ro9isioning tec>niJue
+or muCtiKtier 7nternet a''Cications t>at em'Co<s MiN a !eOiGCe Jueuing modeC to determine >o6 muc> resources to aCK
Cocate to eac> tier o+ t>e a''Cication! and MiiN a comGination o+ 'redicti9e and reacti9e met>ods t>at determine 6>en to
'ro9ision t>ese resources! Got> at at Carge and smaCC time scaCes) Pe 'ro'osed a no9eC data center arc>itecture Gased
on 9irtuaC mac>ine monitors to reduce 'ro9isioning o9er>eads) Qur eO'eriments on a +ort< mac>ine :inuOKGased
>osting 'Cat+orm demonstrate t>e res'onsi9eness o+ our tec>niJue in >andCing d<namic 6orLCoads) 7n one scenario
6>ere a !as> cro6d caused t>e 6orLCoad o+ a t>reeKtier a''Cication to douGCe! our tec>niJue 6as aGCe to douGCe t>e
a''Cication ca'acit< 6it>in "9e minutes 6>iCe maintaining res'onse time targets) Qur tec>niJue aCso reduced t>e
o9er>ead o+ s6itc>ing ser9ers across a''Cications +rom se9eraC minutes or more to Cess t>an a second! 6>iCe meeting
t>e 'er+ormance targets o+ residuaC sessions)
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