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ABSTRACT

Datacenternetworkshaveattractedalotofresearchinterestinthepastfewyears.BCubeisproved
tobeapromisingschemedue to its lowcost.Byusingarecursiveconstructionscheme,BCube
can exponentially scale a datacenter. Industry experiences, however, articulate the importance
of incrementalexpansionofdatacenter.In thisarticle, theauthorsshowthatBCube’sexpanding
schemesufferslowutilizationofswitchports.TheyproposeIBCube,anoveleconomicaldesignfor
incrementallybuildingdatacenternetworks.Theinsightisthat:bylettingthenumberofswitchesin
eachBCubelayerequalthenumberofthebuildingblocks,theauthorscanenabletheswitchportsto
befullyutilizedtosupportthetotalnumberofnetworkinterfacecardsofthedeployedserversinthe
datacenters.Accordingly,theirIBCubedesignsanovelautomaticportallocationscheme.Simulation
resultsshowthattheIBCubedesignreducesthebudgetforthedatacenternetworksby94%aswell
asimprovesthepacketdelayandthroughputby10.3%and11.5%,respectively,comparedtothe
previouspartialBCubedesign.

KEyWoRDS
Data Center, Data Center Networks, Incremental Data Center Networks, Routing, Topology

1. INTRoDUCTIoN

Withtheemergenceofcloudservicesandapplications,howtoefficientlybuilddatacentersbecomes
animportantissue(Liuetal.2016).Maximizingtheprofitsofdatacentersisamajorconcernof
datacenteroperatorsforeconomicalconsideration(Zhanetal.2016).Amongthebudgetofafully
functionaldatacenter,afractionof15%goestonetworking,i.e.,thenetworkequipmentsandthe
wires(Greenbergetal.2008).Inrecentyears,therehavebeenanumberofproposalsforefficient
datacenternetworks(Leeetal.2016;Portsetal.2015;Zhuetal.2015;Perryetal.2014).Existing
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systemsadoptquitedifferentapproachesforconstructingdatacenternetworks(Al-Faresetal.2008;
Guoetal.2009;Guoetal.2008).

Existingdatacenternetworkarchitecturescanbeclassifiedintothreestyles,switch-centric,server-
centricandhybriddesigns(Popaetal.2010).Theswitch-centricarchitectureutilizesswitchesfor
packetforwarding(e.g.,thefat-treebasedarchitecture(Al-Faresetal.2008)usesswitchesforpacket
forwarding;Arjunetal.(2015)proposetouseClostopologiesforconnectingtheswitchestoachieve
goodscalability).Differentfromtheswitch-centricdesign,theserver-centricarchitecturerelieson
serversforpacketforwarding,i.e.,packetsareforwardedbetweenserversinsteadofswitches.For
instance,Abu-libdehetal.(2010)designanarchitecturewhichconnectsserversusinga3Dtorus
structure.Byconsideringhybridarchitectures,Guoetal.proposetheDCell(2008)andBCube(2009)
structures.DCell(Guoetal.2008)andBCube(Guoetal.2009)architecturesforwardpacketsusing
acombinationofswitchesandservers.Toevaluatethecostefficiencyofexistingdiversedatacenter
networkingdesigns,Stoicaetal.(2010)proposeahigh-levelmodeltoquantifyandcomparethe
costofadatacenternetwork.Stoica’sresultsshowthatBCubeachievesthelowestcostamongthose
architectures(Popaetal.2010).

InBCube,aserverwithmultiplenetworkportsconnectstomultiplelayersofCommodity Off-
The-Shelf(COTS)mini-switches(Guoetal.2009).TheserversinBCubeactasnotonlytheend
hosts,butalsorelaynodesfornetworkcommunication.Formally,BCubeisarecursivelyconstructed
structure, where a BCube0 is constructed by connecting n servers to an n-port switch, while a
BCubek(k≥1)isconstructedfromnBCubek−1sandanewswitchlayerwithnk n-portswitchesfor
connectingthoseBCubek−1s(InSection2,wewillreviewtheBCubedesigninmoredetail).Thus,
aBCubekhasnk+1servers,wherethenumberincreasesexponentiallywiththevalueofk.However,

Figure 1. The port utilization in partial BCubek with n=8 (N ∈ [2, 512])
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industryexperiencesarticulatetheimportanceofincrementalexpansionindatacenters.Forexample,
Facebook’sdatacentersaddcapacityonadailybasisbyincrementallyexpandingexistingfacilities
(Datacenterknowledge,n.d.);SGI’sIceCubemodulardatacenterexpandsfourracksatatime(SGI-
Products,n.d.).Tosupportanarbitrarily incremental structure,adatacenter requires itsnetwork
capacitytoincreaseondemand.

Inpractice,forconstructingaBCubek,thedesignfirstbuildstheneededBCubek−1sandthen
connectsthoseBCubek−1susinglevel-kswitches.Itisnotdifficulttoseethatapar-tialBCubesuffers
fromtheproblemoflowutilizationofnetworkequipment.IftheBCubek−1sinapartialBCubekare
completeBCubek−1structures,theswitchesinlevel-kofthepartialBCubekarecommonlynotfully
utilizedandtheincreasinggranularityofthispartialBCubekwithn-portswitchesisnk.Tosupport
incrementalexpansion,apartialBCubekneedstobebuiltwithanumberof(lessthann)complete
BCubek−1sandapossiblepartialBCubek−1.Itisclearthatsuchadesignmayhavemuchlowerswitch
portutilizationthantheBCubekwhichisbuiltwithcompleteBCubek−1s.Forexample,theswitch
portutilizationinapartialBCube1withtwoBCube0sand8-portswitchesisonly40%.Figure1
illustratestheutilizationofswitchportsbasedontheanalysisonBCubewithdifferentnumberof
servers.ThelowutilizationoftheswitchportsinpartialBCubekleadstoaseriouswasteofnetwork
equipmentinvestment.

Figure 2. The network structure of BCubek

Figure 3. The network structure of BCube1 with n = 4



International Journal of Web Services Research
Volume 15 • Issue 1 • January-March 2018

30

Tosolvetheproblem,wedesignannovelstructure,calledIBCube(incrementalBCube).Our
observationisthatinBCubestructureifthenumberofswitchesineachlayerequalsthenumber
ofthebuildingblocks(i.e.,BCube0s),theportscanbefullyutilized.Basedontheobservation,we
design a novel port allocation scheme which elaborately utilizes the ports to achieve aminimal
numberofrequiredswitches.WefurtherdesignaroutingalgorithmtoexploitthemeritsofIBCube
design.Compared to thepreviousBCubeexpandingdesign (Guoet al. 2009), IBCubeachieves
threeadvantages.First,IBCubesupportsthenetworkstructurewithanarbitrarynumberofservers.
Second,theswitchportsineachlayerarefullyutilizedtominimizetheexpenses.Third,IBCube
minimizestherewiretaskstofurtherreducethecost.Weconductcomprehensivesimulationsbased
onrealworldsystemconfigurationstoevaluatethisdesign.TheresultsshowthatourIBCubedesign
significantlycutsdownthebudgetfordatacenternetworkingaswellasachievesbetterlatencyand
throughputthanthepreviouspartialBCubedesign(Guoetal.2009).

Therestofthepaperisorganizedasfollows.Section2introducesthebackgroundoftheBCube
andtheprobleminapartialBCube.Section3presentsthedesignofourIBCubeandtherouting
algorithm.Section4evaluatestheperformanceofourdesign.Section5concludesthepaper.

2. RELATED WoRK

In this section, we first review the related work of datacenter networks. Then we introduce the
backgroundinformationoftheBCube(Guoetal.2009)architecture,whichismostrelatedtoour
design.AtlastwepresenttheproblemofthepartialBCubeandthemotivationofthisdesignindetail.

2.1. Datacenter Networks
Thenetworkplaysmoreandmoreimportantroleintoday’sdatacenters.Theyhaverecentlyattracted
alotofresearchinterestinthecommunity(Leeetal.2016;Portsetal.2015;Zhuetal.2015;Perry
etal.2014;Gyarmatietal.2013).Amongtheexistingdesigns,themostfundamentalworkmainly
focusesonimprovingthescalabilityandcost-effectivenessofthedatacenternetworkarchitecture.
Generally,existingdatacenternetworkarchitecturescanbeclassifiedintothreetypes,switch-centric,
server-centricandhybriddesigns(2010).Theswitch-centricarchitecturereliesonswitchesforpacket
forwarding.Traditionalswitch-centricdesigns,suchasVL2(Greenbergetal.2008)andetc.,usetree
structurestointer-connecttheswitchesinthedatacenternetwork.Mohammadetal.(2008)organize
theswitchesusingafat-treestructuretoimprovethecapacityoftherootofatree.Recently,Arjunet
al.(2015)useClostopologiestointer-connecttheswitches.Suchaschemeachievesgoodscalability
fordifferentdatacenter sizesbyaddingstages to the topology.Different from theswitch-centric
design,theserver-centricdatacenterarchitecturereliesonserversforbothserverinter-connecting
andpacketforwarding.Differentfromtheswitch-centricdesigns,thepacketsoftheservercentric
datacenternetworkareforwardedbetweenserversinsteadofswitches.Forexample,Abu-libdehet
al.(2010)designanarchitecturewhichconnectsserversusinga3Dtorusstructure.Byconsidering
hybridarchitectures,Guoetal.proposeDCell(2008)andBCube(2009)structures.Insuchdesigns,
serversandswitchesarecombinedforthefunctionofinter-connectionandpacketforwarding.

2.2. Background of BCube Design
BCubeisanovelnetworkstructurefordatacenter(Guoetal.2009).TheBCubedesignemploysthe
server-centricarchitecture,ratherthantheswitch-centricarchitecture.Followingtheserver-centric
designphilosophy,BCubebuildsanovelinterconnectionstructureaswellastheroutingprotocol.
BCubeconnectsserverswithasmallnumberofnetworkportstomultipleCOTSmini-switchlayers
andputsroutingintelligenceattheserverside.InBCube,themultipleparallelpathsbetweenanypair
ofserversprovidehighone-to-onebandwidthandachievegoodfaulttolerance.Suchadesignalso
acceleratesone-to-severalandone-to-alltraffic.ThelowdiameterofBCubeprovideshighnetwork
capacityforall-to-alltraffic.Thus,BCubesupportsvariousbandwidth-intensiveapplications.Inthe
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following,wefollowtheframeworkpro-posedbyGuoet al.(2009)andbrieflyintroducethestructure
ofBCubeanditsroutingalgorithmandtheproblemofthepartialBCubedesign.

TherearetwotypesofdevicesinBCube:serverswithmultipleportsandn-portCOTSmini-
switches.BCubeisarecursivelydefinedstructure.ABCube0includesnserversconnectingtoan
n-portswitch,andaBCube1isconstructedwithnBCube0sandn n-portswitches.Generally,aBCubek
(k≥1)isconstructedwithn BCube s

k
 

−1
andnk n-portswitches.InaBCubekstructure,eachserver

hask+1ports,whicharenumberedfromlevel-0tolevel-k.Thus,aBCubekhas nk +1 serversand
k+1levelofswitches,whereeachswitchlevelhasnk n-portswitches.

ThenetworkstructureofBCubekisillustratedinFigure2.ThenBCubek−1sarenumberedfrom
0to(n-1)andtheserversineachBCubek−1arenumberedfrom0to(n-1).InBCubek,thei-th(i ∈
[0,n-1])portofthej-th(j ∈[0,nk-1])level-kswitchconnectstothelevel-kportofthej-thserverin
thei-thBCubek−1.Forinstance,thenetworkstructureofaBCube1withn=4isshowninFigure
3,whichisconstructedwithfourBCube0sandfour4-portswitches.

InBCubek, theaddressofaserver isdenotedbyanarray b b
k k −1 0…

 (bi∈[0,n-1], i∈[0,k]).

Equivalently,theIDofaBCubeserver bsID b n
i

k

i
i=

=
∑
0

canalsobeusedtodenoteaserver.The

addressofaswitchisdenotedby< >
− −

l s s s
k k

,
1 2 0…

(si∈[0,n-1],i∈[0,k-1]),wherelisthenumber
oftheswitchlevel.AccordingtotheconstructionprincipleofBCubek,wecanachievethatthei-th
(i∈[0,n-1])portofaswitch< >

− −
l s s s
k k

,
1 2 0…

(l∈[0,k])connectstothelevel-lportoftheserver

s s is s
k l l− −1 1 0… …

.

2.3. Routing in BCube
TheBCuberoutingisbasedonthehammingdistance(Hamming,1950)oftheserveraddresses.The
hammingdistanceoftwoserversisthenumberofdifferentdigitsoftheiraddressarrays.Specially,
whentwoserversinaBCubeconnect tothesameswitch, thetwoserversareneighborsandthe
hammingdistanceofthemisone.

Figure 4. The connecting way of BCubek
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BCubeRoutingprovidessingle-pathroutinginBCubearchitecturetofindapathfromasource
servertoadestinationserver.Formally,theaddressofthesourceserverisS=sksk−1…s0whilethe
addressofthedestinationserverisD d d

k k
=

−1
…d0.BCubeRoutingbuildsapathfromStoDby

continually“correcting”onedigitofthecurrentservereachtimeuntilnodifferentdigitsareremained.
Thedigitcorrectingorderisdeterminedbyapredefinedpermutation∏,whichisapermutationof
theset{k,k-1,?,1,0}.Forexample,thepathbetweenS(01)andD(10)inaBCube1is01→11→10
with thepermutation [1,0].The intermediate switchesarenot shown in thepath,whichcanbe
determinedbyitstwoneighboringservers.ItiseasytoseethatthediameterinBCubekisk+1.Since
kisasmallinteger,BCubeisalow-diameternetwork.

According to different permutationsof the set {k,k-1, ?, 1, 0},BCubeRouting can achieve
differentpathsfromthesourceservertothedestination.Specifically,wehavek+1parallelpaths
foranytwoserversinaBCubek.Here,twoparallelpathsbetweenapairofserversmeanthatthe
intermediateserversandswitchesononepathdonotappearontheother.Thepermutation∏of
eachpathinthosek+1parallelpathsis[ij,(ij-1)mod(k+1),?,(ij-k)mod(k+1)](ij∈[0,k]),which
startsfromdifferentlocationsoftheaddressarrayandcorrectsthedigitssequentially.Forexample,
therearetwoparallelpathsbetweenS(01)andD(10)inaBCube1.Onepathoftheparallelonesis
01→11→10with∏=[1,0]andtheotheris01→00→10with∏=[0,1].

ItisnotdifficulttoseethatifwebuildapartialBCubekwithBCubek−1sandusepartiallevel-k
switches to interconnect those BCubek−1s, the corresponding partial BCubek will encounter the
unreachableproblem.Thatistosay,BCubeRoutingdoesnotworkforsomepairsofservers.Consider
asimpleexamplethatwebuildapartialBCube1withn=4usingtwoBCube0sandthetwoswitches
<1,0>and<1,1>oflevel-1switchesforconnectingthoseBCube0s.Itisnotdifficulttoseethat
nomatterwhichpermutationisused,wecannotfindapathfromtheserverwiththeaddress02to
theserverwiththeaddress13usingBCubeRouting.Therootcauseoftheunreachableproblemis
thatsomeserversdonotconnecttoanylevel-1switch.TousetheBCubeRoutinginapartialBCube
structure,theonlyeffectivewaytobuildapartialBCubekistofirstbuildtherequiredBCubek−1s
andthenusefulllevel-kswitchestoconnectthoseBCubek−1s.

Basedontheaboveanalysis,aseriousproblemofapartialBCubeisthattheportsofswitches
arenotfullyutilized.Formally,whenthenumberofBCube0sinapartialBCubekisN(k=⌈lognN⌉),
theportnumberoftheswitchesisn.Correspondingly,thepartialBCubekincludesk+1levelof
switches,wherethelevel-kswitcheshavenkswitchesandtheotherlevel-iswitcheshavem*ni(m=
⌈N/ni⌉)switches.InthepartialBCubek,thenumberofactuallyusedswitchportsarek+1timesthe
numberofservers.TheportutilizationoftheswitchesinthepartialBCubekisquantifiedasU(N,n),

U N n
N log N

n n
N

n
n
N

n

n

log N log N

log N
n n

n

,( ) =
+( )

+ + +−( )
−( )

1

1

1

0

0
�

 (1)

AccordingtoEquation(1),wecanachievetheswitchportutilizationofapartialBCubek.As
aforementioned,Figure1showstheportutilizationofswitchesinapartialBCubekwiththeswitch
portnequalingeightandNvaryingfromtwoto512.Figure1illustratesthattheutilizationofswitches
canbequitelow(e.g.,30.3%whenthevalueofNisnine),resultinginaseriouswasteofnetwork
equipmentinvestment.
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i

k

i
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=
∑1
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InBCubek,thenumberofnetworkportsofaserverisk+1.Asserversincurrentdatacentersare
equippedwithaconstantnumberofnetworkportstosupportalargerdatacenterwiththesamevalue
ofk,thenumberofswitchportsshouldbeaslargeaspossible.BCubecanusetheCOTSswitchto
reducethecostofadatacenter.Inthecurrentmarket,theswitchesupto48/64portsareatafixed
per-portpricewiththesametrendextendingto100-150ports(Popaetal.,2010).TheBCubecanlet
thevalueofntobeaslargeaspossibletosupportalargerdatacenter.Forexample,theBCubecan
support4,096serverswithn=8andk=3whileitcansupport331,776serverswithn=24andk
=3.However,choosingaswitchwithalargernumberofportstosupportalargerscaledatacenter
resultsinlowerutilization.Forexample,thepartialBCube2consistingof25BCube0swith24-port
switcheshasanextremelylowportutilizationof11.6%,i.e.,U(25,24)=11.6%,whichbringsahuge
wasteofequipmentcostandspacecost.

3. IBCUBE DESIGN

Inthissection,wepresentourIBCubestructure,whichsupportstheconstructionofdatacenterwith
anarbitrarynumberofbuildingblocks(i.e.,BCube0).

TheIBCubeusesthesamedevicesasBCubearchitectureincludingserverswithmultipleports
andswitcheswithaconstantnumberofportstoconnectservers.TheexpansionstyleofIBCubeis
tobuildtheBCube0sfirstandthenconnecttheserversinthoseBCube0s.WithIBCubedesign,we
canincrementallyexpandtheexistingdatacenterwithadditionalBCube0sondemand.Thatistosay
theincreasinggranularityofIBCubeisaBCube0withnservers.Forsimplicity,wedenoteanIBCube
constructedwithNBCube0andn-portswitchesasIBCube(N,n).InIBCube(N,n),theaddressof
aservercanberepresentedasthearraybkbk−1…b0(bi∈[0,n-1],i∈[0,k]).Thevalueofkcanbe
obtainedfromtheexpressionnk−1<N<=nk,i.e.,k=⌈lognN⌉.Equivalently,anIBCubeserveris

alsodenotedbytheserverID S b n
i

k

i
i=

=
∑

0

.SincethereareatmostN*nserversinIBCube(N,n),

theIBCubeserverIDSbelongsto[0,N*n-1].Wecanobtaintheupperboundmkmk−1…m0(mi∈
[0,n-1],i∈[0,k])oftheserveraddressb b

k k −1
…b0fromEquation(2),

ToconnecttheserversinIBCube,weshoulddecidethenumberofswitchlayersinIBCubeand
thenumberofswitchesineachswitchlayerfirst.Assumingthatthenumberofnetworkportsineach
serveristhesame,itisnotdifficulttoseethatthenumberofswitchesineachlayershouldbeNin
IBCube(N,n);otherwisethoseswitcheswillnotbefullyutilized.AstheswitchesinIBCubeare
used to realize theconnectionamongservers, thenumberof switch layers inan IBCubecanbe
determinedaccordingtothefunctionofeachlayerinthestructure.Toachieveahighnetworkcapacity,
theconnectingfunctionofeachswitchlayerinIBCubeisinaccordancewithBCube.IntheBCube
structure, the level-0switchesrealize theconnectionofservers in thesameBCube0.The level-k
switchesrealizetheconnectionoftheserversindifferentBCubek−1butinthesameBCubek.More
generally,level-l(l∈[1,k])switchesrealizetheconnectionofserversindifferentBCube

l −1
butin

thesameBCubel.
Basedontheaboveanalysis,wedefinetheconnectingfunctionoflevel-l(l∈[1,k])switchesin

IBCubeas:1)connectingtheserversindifferentBCube
l −1

butinthesameBCubel;2)usingthe
level-0switchesineachbuildingblocktoconnecttheserversinthesameBCube0.Torealizethe
connectionamongserversinIBCube,weshouldhavecorrespondinglevel-l(l∈[0,k])switches,as
theabsenceofanylayermayincurunreachableproblembetweensomepairsofservers.Thus,the
numberoftheswitchlayersneededinIBCube(N,n)isk+1(k=⌈lognN⌉).Correspondingly,the
numberofportsneededbyeachserverinIBCube(N,n)isk+1.TheswitchaddressinIBCubeis
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thesameasBCube,whichisdenotedas< >
− −

l s s s
k k

,
1 2 0…

(l∈[1,k])andlindicatesthelevelofthe
switch.

Torealize thefullutilizationof theswitches,wedefineadifferentconnectingwaybetween
switchesandservers for the IBCubestructure. InSection3.2,wefurtherdesignanovel routing
algorithmfor the IBCubestructure.Wedefine thecorrespondingconnectingwayfor IBCube to
realizetheconnectingfunctionofeachswitchlayer.Specifically,weachievetheconnectingwayof
IBCubebyregardingBCube0asavertexasthebuildingblockinIBCube,i.e.,thenserversina
BCube0 is regardedas aunit.The addressof aBCube0 canbedenoted as b b b

k k −1 1…
* ,where*

representsb0ofalltheservers’addressintheBCube0andthevalueof*isactuallyin[0,n-1].As
theconnectionfunctionofthelevel-0switchesinIBCubeisrealized,wefurtheranalyzetheconnecting
wayofthelevel-l(l∈[1,k])switchesinBCube.AsBCube0isregardedasavertex,aswitchconnecting
tooneserverofaBCube0meanstheswitchconnectingtotheBCube0.

InBCubek,thoselevel-kswitchesnumberedfromzeroto(n-1)realizetheconnectionofthefirst
BCube0 in different BCube

k −1
through a complete bipartite graph, where every switch of the n

switchesisconnectedtoeveryBCube0ofthenBCube0s.IntheperspectiveofBCube0,thelevel-k
switchescanbegroupedaccordingtotheirconnectingBCube0,whereeachswitchgroupincludesn
level-kswitches.Theaddressofalevel-kswitchgroupconnectingtothebk − 1bk − 2…b1*thBCube0
ofeachBCubek − 1intheBCubek,i.e.,theibk − 1bk − 2…b1*thBCube0(i∈[0,n-1]),isdenotedas<k,
bk − 1bk − 2…b1*>(*=[0,n-1]).TheconnectingwayofBCubekwhichregardsBCube0asavertex
isshowninFigure4.Moregenerally,theswitchgroup<l,bkbk − 1…bl + 1bl − 1…b1*>(l∈[1,k],*
=[0,n-1])connectstothebl − 1…b1*thBCube0ineachBCubel − 1ofthebkbk − 1…bl+1BCubel,i.e.,
thebkbk − 1…bl + +1ibl − 1…b1*thBCube0(i∈[0,n-1]).

Fromtheaboveanalysis,theBCubestructurerealizestheconnectionofBCube0sbyusinga
completebipartitegraphbetweenthecorrespondingswitchgroupandthoseBCube0stobeconnected.

Figure 5. The connection of level-2 switches in IBCube (6, 4)
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In thesamewayasBCube, IBCuberealizes theconnectionbetween thoseBCube0s in thesame
positionofeachBCubek − 1usingalevel-kswitchgroupwithacompletebipartitegraph.Asthe
numberofswitchesinlevel-kisthesameasthenumberofBCube0sinIBCube,thenumberofswitches
inaswitchgroupshouldbethesameasthenumberofitsconnectingBCube0s.Toobtaintheswitch
numberofthelevel-kswitchgroupinIBCube(N,n)whichrealizestheconnectionbetweenthebk −

1bk − 2…b1*thBCube0ofeachBCubek − 1,weonlyneedtoobtainthenumberofBCubek − 1which
hasthebk − 1bk − 2…b1*thBCube0denotedasM(k,bk − 1bk − 2…b1*).

WecanachievethevalueofM(k,bk − 1bk − 2…b1*)intheIBCube(N,n)accordingtothenetwork
structure. From Equation (2), we can find that the IBCube (N, n) has mk complete BCubek − 1s
(numberedfromzeroto(mk-1))andthemkthcompleteorincompleteBCubek − 1.Here,acomplete
oranincompleteBCubek − 1inIBCuberepresentsthatallorafractionoftheserversoftheBCubek −

1areinthestructure.Wecanobtainthenumberofserversinthemkthcomplete/incompleteBCubek−1
throughEquation(2).ThosemkcompleteBCubek − 1shavethebk − 1bk − 2…b1*thBCube0without
doubt.Ifthemkthcomplete/incompleteBCubek − 1hasmorethanbk − 1bk − 2…b1*BCube0,themkth

Figure 6. The connecting way of level-1 switches in IBCube (6, 4)

Figure 7. The connection of some servers in IBCube (3,4)
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BCubek − 1willhavethebk − 1bk − 2…b1*thBCube0.Ifnot,thereareonlymkBCubek − 1shavingthe
bk − 1bk − 2…b1*thBCube0.M(k,bk − 1bk − 2…b1*)canbecalculatedaccordingtoEquation(3),

M k b b b
m b b b m m m

m bk k
k k k k k

k

, *
,

,− −
− − − −…( ) =

… > …
+1 2 1

1 2 1 1 2 1

1
kk k k k
b b m m m− − − −… ≤ …






 1 2 1 1 2 1

 (3)

Correspondingly,thenumberofswitchesintheswitchgroupusedtoconnectthebk − 1bk − 2…
b1*thBCube0ofeachBCubek − 1inIBCube(N,n)isM(k,bk − 1bk − 2…b1*)andtheaddressofthe
switchgroupis<k,bk − 1bk − 2…b1*>(*=[0,M(k,bk − 1bk − 2…b1*)-1]).AccordingtoEquation
(2),wecanseethatthenumberofBCube1whichhavethe3*thBCube0inanIBCube(6,4)isone,
i.e.,M(2,3*)=1.Thus,theswitchnumberofthelevel-2switchgroupusedtoconnectthe3*th
BCube0ofeachBCube1intheIBCube(6,4)isonlyone.Byusingthecompletebipartitegraph,the
connectingwayofthelevel-2switchesinIBCube(6,4)isshowninFigure5.

Moregenerally,weuseM (l,bkbk − 1…bl − 1bl − 1…b1*) (l∈ [1,k]) todenote thenumberof
BCubel − 1whichhavethebl − 1…b1*thBCube0andinthebkbk − 1…bl + 1thBCubel.Ifthebkbk − 1…
bl + 1BCubelisthelastBCubelinIBCube(N,n),i.e.,bkbk − 1…bl + 1equalsmkmk − 1…ml + 1,the
BCubelhasthefirstmlcompleteBCubel − 1snumberingfromzeroto(ml-1)andthemlthcomplete/
incompleteBCubel − 1.ThosefirstmlBCubel − 1sdefinitelyhavethebl − 1bl − 2…b1*thBCube0without
doubt.IfthelastmlthBCubel − 1hasmorethanbl − 1bl − 2…b1*BCube0,themlthBCubel − 1willhave
thebl − 1bl − 2…b1*BCube0.Ifnot,thebkbk − 1…bl + 1thBCubelonlyhasmlBCubel − 1whichhave
thebl − 1bl − 2…b1*thBCube0.Ifbkbk − 1…bl + 1BCubelisnotthelastBCubelinIBCube(N,n),the
bkbk − 1…bl + 1BCubelisacompleteBCubel.Thus,thebkbk − 1…bl + 1BCubelhasnBCubel − 1which
hasthebl − 1…b1*thBCube0.M(l,bkbk − 1…bl + 1bl − 1…b1*)canbecomputedbyEquation(4),

M l b b b b b
k k l l

, *− + −… …( ) =1 1 1 1


m b b m m b b m m
l k l k l l l
, &… = … … > …+ + − −1 1 1 1 1 1 

m b b m m b b m m
l k l k l l l
+ … = … … ≤ …+ + − −1

1 1 1 1 1 1
, & 

Figure 8. The structure of IBCube (3,4)



International Journal of Web Services Research
Volume 15 • Issue 1 • January-March 2018

37

n b b m m
k l k l

, ��� … ≠ …+ +1 1
 (4)

InIBCube(N,n),thenumberofswitchesintheswitchgroupusedtoconnectthebl − 1…b1*th
BCube0ofeachBCubel − 1inthebkbk − 1…bl + 1BCubelisM(l,bkbk − 1…bl + 1bl − 1…b1*)andthe
addressoftheswitchgroupis<l,bkbk − 1…bl + 1bl − 1…b1*>(*=[0,M(l,bkbk − 1…bl + 1bl − 1…
b1*)-1]).Theconnectingwayofthelevel-1switchesusingthecompletebipartitegraphinIBCube
(6,4)isshowninFigure6.

Inthefollowing,wewilltrytoobtainaconnectingwaybetweenswitchesandserversinthe
IBCubestructuretorealizethecompletebipartitegraphbetweentheswitchgroupanditsconnected
BCube0s.RealizingacompletebipartitegraphispossiblebecausetherearenserversinaBCube0
andtheswitchnumberofaswitchgroupthataBCube0connectstoislessthanorequalton.

Itisclearthattherewiringisinevitablewhenanexistingdatacenterneedstobeexpandedby
addingadditionalBCube0sandswitches.Asrewiringinadatacenteriscostly,weshouldminimizethe
scaleoftherewiringwhenadatacenterneedstobeexpanded.Wehavetwogoalsintheconnecting
designbetweenserversandswitchesinIBCube.Thefirstgoalistorealizethecompletebipartitegraph
betweenswitchgroupanditsconnectedBCube0s.Thesecondgoalistominimizetherewiringscale.

Fromtheaboveanalysis,wecanseethattheBCube0bkbk − 1…b1*connectingtoeveryswitch
oftheswitchgroup<l,bkbk − 1…bl + 1bl − 1…b1*>(*=[0,M(l,bkbk − 1…bl + 1bl − 1…b1*)-1]).
Here,aBCube0connectingtoaswitchmeansthatatleastoneserverintheBCube0connectstothe
switchwherethenumberoftheswitchgroup<l,bkbk − 1…bl + 1bl − 1…b1*>isequaltoorlessthan
n.Weconnectthelevel-lportofserverbkbk − 1…b1b0(b0∈[0,M(l,bkbk − 1…bl + 1bl − 1…b1*)-1])
totheblportoftheswitch<l,bkbk − 1…bl + 1bl − 1…b1b0>.Thisnotonlyrealizestheconnection
betweentheswitchesandBCube0saswedefineabove,butalsominimizestherewiringscalewhen
anexistingIBCubeneedstobeexpanded.Sincetheswitchnumberofaswitchgroup(i.e.,M(l,
bkbk − 1…bl + 1bl − 1…b1*))willnotdecreasewhenanexistingdatacenterexpandstoalargerone,
thoseserversbkbk − 1…b1b0(b0∈[0,M(l,bkbk − 1…bl + 1bl − 1…b1*)-1])intheexistingdatacenter
willconnecttothesameswitchintheexpandeddatacenter.Figure7showstheconnectionofsome
serversinIBCube(3,4).

Havingdefinedtheconnectingwayoftheserverbkbk − 1…b1b0(b0∈[0,M(l,bkbk − 1…bl + 1bl −

1…b1*)-1])oftheBCube0bkbk − 1…b1*,wedesigntheconnectingwayofthebkbk − 1…b1b0(b0∈[M
(l,bkbk − 1…bl + 1bl − 1…b1*),n])serveroftheBCube0.Itisnotdifficulttoseethattheconnecting
wayhasadirectimpactonthenetworkcapacityofastructure.Toachieveahighernetworkcapacity
inIBCube,weanalyzetheconnectingwayofBCubewhichsupportsbandwidthhungryservicesin
more details (Ports et al. 2015). In the BCube structure, a BCube0 bkbk − 1…b1* connects to its
correspondingswitchgroup<l,bkbk − 1…bl + 1bl − 1…b1*>throughconnectingthebkbk − 1…b1b0
(b0∈[0,n-1])serveroftheBCube0toswitch<l,bkb − 1…bl+1bl − 1…b1b0>,wherethenetworktraffics
oftheBCube0aredistributedquiteevenlyamongthoseswitchesofitscorrespondingswitchgroup.

InIBCube,wealsobalancethetrafficofaBCube0amongalltheswitchesofitsconnectedswitch
grouptoachieveahighernetworkcapacity.Specifically,weachievethebalancedtrafficofaBCube0
bylettingthevalueofb0todeterminetheaddressoftheswitchthataserverbkbk − 1…b1b0connects
to. The switch group <l, bkbk − 1…bl + 1bl − 1…b1*> connects to M (l, bkbk − 1…bl + 1bl − 1…b1*)
BCube0swiththeaddressbkbk − 1…b1*(bl∈[0,M(l,bkbk − 1…bl + 1bl − 1…b1*)-1]),whichonlydiffers
atthedigitbl.Iftheaddressoftheswitchthataserverbkbk − 1…b1b0connectstoisdeterminedonly
bythevalueofb0,therewillbeanumberofM(l,bkbk − 1…bl + 1bl − 1…b1*)serverswiththesame
valueofb0connecttothesameswitchoftheswitchgroup.However,therearen-M(l,bkbk − 1…bl +

1bl − 1…b1*)remainingportstobeconnectedineachswitch.Thus,wedeterminetheaddressofthe
switchtowhichaserverbkbk − 1…b1b0connectsusingthevaluesofblandb0.Specifically,thelevel-l
portofaserverbkbk − 1…b0(b0∈[M(l,bkbk − 1…bl + 1bl − 1…b1*),n-1])connectstothej-thportof
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alevel-lswitch<l,bkbk − 1…bl + 1bl − 1…b1s0>.Thevalueofjisb0andthevalueofs0iscalculated
byEquation(5),

s b b n M l b b b b b
l k k l l0 0 1 1 1 1

1�= + − + … …( )− + −( )% ,� *  (5)

Thus,thosen-M(l,bkbk − 1…bl + 1bl − 1…b1*)serversintheM(l,bkbk − 1…bl + 1bl − 1…b1*)
bkbk − 1…b1*BCube0arefullyconnectedtothen-M(l,bkbk − 1…bl + 1bl − 1…b1*)remainingports
of the switchgroup<l,bkbk − 1…bl + 1bl − 1…b1*> (*= [0,M (l,bkbk − 1…bl + 1bl − 1…b1*)-1]).
Accordingtotheaboveanalysis,wecanseethatthevalueofs0shouldbedeterminedbythevalue
ofb0andbl.InEquation(5),weusethevalueof(1-n)todeterminethevalueofs0toreducethe
rewiringscale.Wecomparetheachievedrewiringscalewiththecaseusingthesumofb0andblto
determinethevalueofs0.

Insummary,thelevel-lportofaserverbkbk − 1…b0connectstothej-thportofalevel-lswitch
<l,bkbk − 1…bl + 1bl − 1…b1s0>.Thevalueofs0iscalculatedbyEquation(6)andthevalueofthej
portiscomputedbyEquation(7),
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InFigure8weobtainthestructureofIBCube(3,4)accordingtoEquation(6)andEquation(7).
Thelevel-1portofaserverb1b0connectstothej-thportofalevel-1switch<1,s0>.Whenb0isless
thanthree,wehaves0=b0andj=b1.Forexample,01connectstothe0-thportoflevel-1switch<1,
1>.Whenb0isnotlessthanthree,s0=(b0+b1-3)%3andj=b0.Forexample,03connectstothe
thirdportoflevel-1switch<1,0>.ThereddottedlinesintheexampleinFigure8clearlyshowthe
IBCube’sdifferencewiththatofBCube.

3.1. IBCube Routing
BCubeusesthesourceroutingtodecidethepaththroughwhichapacketfromasourceserverflows
byprobingthenetwork.Thereasonsforusingthesourceroutingaretwofold.First,thesourceserver
controls the routing path without the need of coordination of intermediate servers. Second, the
intermediateserversonlyneedtoforwardthepackets.AstheconnectingwayofIBCubestructure
isobtainedaccordingtotheBCubestructureandthestructureofIBCubeincludingnkBCube0is
actuallythesameasBCubek,theIBCubestructurealsousesthesourceroutingprotocol.

IntheIBCubestructure,twoneighboringserversconnectingtothesamelevel-lswitchmaydiffer
atthelthdigitandthe0-thdigitintheiraddressarrays.Thus,wecannotapplytheBCubeRouting
directly toIBCube.Weuse theBFSalgorithmon thesourceserver tofindasinglepathfor the
destinationserver.InIBCube,thewaytoachieveparallelpathsistoremovetheexistingparallel
pathsfromtheIBCubestructureandthenuseBFStosearchforanother.Thenewlyfoundpathisin
parallelwiththeexistingpaths.Whenanewflowcomes,thesourcesendstheprobingpacketsto
alltheparallelpathstoobtaintherequiredinformationofeachpath,i.e.,theavailablebandwidth
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ofeachpath.Ineachintermediateserver,theprobingpacketsobtaintheneededinformation.The
destinationreturnsaresponsepacketfortheprobingpackettothesource.Whenthesourcereceives
alltheresponses,itselectsthebestpathaccordingtotheobtainedinformationofeachpath.

InIBCube,tohandlenetworkfailures,asourceserverperiodicallyperformspathselectionto
adapttothenetworkfailures.Whenanintermediateserverfindsthenexthopunreachable,itsends
apathfailuremessagetothesourceserver.Iftherearestillotheravailablepaths,thesourceserver
willswitchtheflowtoanotheravailablepath.Whenitisthetimetoexplorethepath,thesourcewill
performapathselectionandtrytoachieveallparallelpaths.

3.2. Rewiring in IBCube
Asaforementioned,therewiringisrequiredwhentheexistingdatacenterneedstoexpand.Wecan
obtaintherewiringscaleofIBCubeaccordingtoitsconnectingway.Whenanexistingnetworkneeds
toexpandbyaddingadditionalBCube0sandswitches,thosecablestoberewiredcanbeobtainedby
comparingthenewstructurewiththeoriginalone.

Forexample,whenweexpandIBCube(3,4)toIBCube(4,4),weshouldrewirethreecablesand
connectfournewcables.ThestructureofIBCube(4,4)isthesamestructureshowninFigure3.By
comparingthestructureofIBCube(4,4)inFigure3andthestructureoftheIBCube(3,4)inFigure
8,itisnotdifficulttoseethatthosecablesrepresentedusingreddottedlinesinFigure8shouldbe
reconnectedtotheswitch<1,3>andthefourcablesofthe3*BCube0shouldbeconnectedtoeach
switchoflevel-1switches.

TocopewiththelinknumberscalabilityprobleminBCubeandacceleratethemanualcabling
whenwebuildadatacenterorexpandadatacenter,wecanusethepatchpanel(Singla,2012)sothat
wecanplugcablesfromtheswitchesintothepanelinaneasy-to-wirepattern.Thetotalnumberof
wiresintheIBCube(N,n)isk*N*n,whereNisanumberintheset(nk − 1,nk].Thetotalnumberof
wiresintheIBCube(N,n)isavalueintheset(k*nk,k*nk + 1].WhenweexpandanIBCube(N,n)
(N∈(nk − 1,nk))byaddingaBCube0andkswitchestoeachswitchlevel-i(i∈[1,k]),itiseasytosee
thattherewiringscaleislessthank*n2.Thisisbecausetherewiringonlyhappensinthecomplete
bipartitegraphs,wherethenewBCube0willjoinin.WhenweexpandanIBCube(N,n)(N=nk)by
addingaBCube0,alayer-(k+1)switchlayershouldbeaddedtothenewstructurebesidesthek
switchestobeaddedtoeachswitchlayer-i(i∈[1,k]),thatistosay,anumberofk+1+nkswitches
shouldbeconnectedtothoseserversinthenewstructurewithnorewiringdemand.

Table 1. Experiment setups

Parameters Setups

#ofswitchlevels 3(k=2)

#ofnodesinBCube0(n) 16

#ofnodesinthestructure 512-3,840

Runningtime 100s

Packetsize 1,024bytes

Datarateforpacketsending 1Mbps

Dataratefordevicechannel 1,000Mbps

Communicationpairsselection Uniformandrandomselection

Trafficflowpattern Exponentialrandomtraffic

Routingprotocol Nix-routing
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ThedetailedrewiringofexpandinganIBCube(N,n)(N∈(nk − 1,nk))byaddingaBCube0and
kswitchisasfollows.TheconnectingwayinthenewIBCubecanbeobtainedaccordingtoEquation
(6)andEquation(7).Inlevel-lswitches,anewswitchwillbeaddedtoaswitchgroup,whichrealizes
theconnectionofthoseBCube0swhoseaddressesareonlydifferentatthel-thdigitwiththenew
BCube0.Correspondingly,thenewBCube0willconnecttothoseBCube0sbythenewlyobtained
switchgroup.ItiseasytoseethattheconnectionsofotherswitchgroupsinthenewIBCubearethe
sameastheoriginalIBCube.TherewiringonlyhappensinthoseswitchgroupswherethenewBCube0
willjoinin.

AssumingtheaddressofthenewBCube0tobeaddedtotheoriginalIBCubestructureisakak −

1…a1a0,thewiresofthoseserversakak − 1…al + 1ial − 1…a1b0withb0=M(l,akak + 1…al − 1al − 1…
a1*)shouldreconnecttothenewswitchinlevel-l,andthewiresofthoseserverswithb0>M(l,akak −

1…al + 1al − 1…a1*)shouldreconnecttotheswitchwiths0=(b0+i-n+1)%(M(l,akak − 1…al + 1al −

1…a1*)+1).Whentheswitchtobereconnectedisthesameastheconnectingswitchintheoriginal
IBCube,i.e.,(b0+i-n+1)%(M(l,akak − 1…al + 1al − 1…a1*)+1)=(b0+i-n+1)%M(l,akak − 1…
al + 1al − 1…a1*),theserverakak − 1…al + 1ial − 1…a1b0doesnotneedtorewireitslevel-lwires.Itis
easytoseethatthoseserverssatisfying(b0+i)∈[n-1,n-1+M(l,akak − 1…al + 1al − 1…a1*))donot
needtorewireitslevel-lwires,wherethevalueof(b0+i)(b0>M(l,akak − 1…al + 1al − 1…a1*))isin
(M(l,bkbk − 1…bl + 1bl − 1…b1*),n-1+M(l,akak − 1…al + 1al − 1…a1*)].Thisisthereasonwhywe
use(1-n)todeterminethevalueofs0toreducetherewiringscale.Whenweonlyusethesumofb0
andbltodeterminethevalues0,thelevel-lwiresofthoseserverswithb0>M(l,akak − 1…al + 1al −

1…a1*)willneedtoberewiredasthevalueofthe(b0+i)inthoseserversislargerthanM(l,akak −

1…al + 1al − 1…a1*).

4. EXPERIMENT RESULTS

SinceIBCubeaimsatreducingtheexpenseonswitchesinthepartialBCube,wecomparetheswitch
costofadatacenterusingIBCubewiththatofadatacenterusingthepartialBCubestructure.We
conductcomprehensivesimulationsbasedonns-3(Ns-3,n.d.),whichisanopen-sourceplatform
widelyusedbytheresearchcommunityforsimulatingthenetworks.Intheevaluation,wecomparethe
switchcostofthetwostructuresusingboth1Gbpsswitchesand10Gbpsswitches.Aftercomparingthe
switchcostofIBCubewithapartialBCube,wefurtherexaminetheperformanceofIBCubestructure.

TocomparethecostofourIBCubestructurewiththatofthepreviouspartialBCube,weexamine
adatacenterwhichcouldexpand to60,000servers.AsIBCubecansupport65,536serverswith
16-portswitcheswhenthevalueofkisuptothree,weuse16-portswitchesineachstructure.The
difficultyinthecostanalysisisthattheequipmentpricesvarygreatlyacrossvendorsandproducts.
Asrelativelyaggressiveprices,weusevalueof$10per1Gbpsswitchport(Chenetal.2016).

Inthefollowing,wecomparetheswitchcostofadatacenterwhichincrementallyexpandsto
60,000serversusing the IBCubestructurewith thatof thepartialBCube. In the twostructures,
weexpandthedatacenterwithoneBCube0eachtime.Figure9comparestheswitchcostsofthe
datacentersusingdifferentstructures.

WhenapartialBCubewith4,112serversneedstoexpand,thecorrespondingswitchcostfor
expandingwiththepreviousBCube0structureis$699,040.TheswitchcostforexpandingtheIBCube

(256,16)isonly$41,600.TheresultshowsthatourIBCubedesignneedsonly 1

17
ofthecostof

networkequipmentsofthepreviouspartialBCubedesign.
Asusingthe10Gbpsswitchismoreandmorecommonindatacenter(Popaetal.2010),wealso

comparetheswitchcostofourIBCubedesignwiththatofthepartialBCubebothusing10Gbps
switches.Wesetthevalueofpriceto$450per10Gbpsswitchport.Wecanseethatthecostfor
expandingapreviouspartialBCubewith4,112serversusingaBCube0is$31,456,800,whilethe
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costforexpandingourIBCube(256,16)usingaBCube0isonly$1,872,000.Theresultalsoshows
thatourIBCubedesigndecreasesthecostofnetworkby94%.

For a fair comparison, in the evaluation, we use the same number of servers, the same
configurationsofnetworkdevicesandexaminethesametrafficpatterninbothstructures.Themain
differenceinthecomparisonisthenetworkstructure.WealsousetheBFSroutingasthesingle-path
routinginapartialBCube.Actually,theBFSroutingandtheBCubeRoutingmakenosignificant
differenceinapartialBCube.Table1summarizestheexperimentsetupsusedfortheperformance
evaluationofourIBCubeandthepartialBCubestructureindetail.Thescaleofbotharchitectures
rangesfrom512to3,840servers.Thetrafficflowpatternforeachstructurefollowsanon-offbehavior
withexponentialrandomdistribution,whichiswidelyacceptedasareasonablemodeloftrafficflows
inrealdatacenters(Bensonetal.2010;Fuetal.2015;Kongetal.2017;Wangetal.2016).

Intheperformanceevaluation,weconsidertwoperformancemetrics,theaveragepacketdelay
andtheaveragethroughput(Chenetal.2016).Theaveragepacketdelayiscalculatedaccordingto
Equation(8),

D
n
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i

n

i
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=
∑

1

1
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Figure 9. The switch cost
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Here,thenotationDrepresentstheaveragepacketdelay;ndenotesthetotalnumberofreceived
packets;anddiisthedelayofpacketi.

TheaveragethroughputiscomputedbyEquation(9),
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∑
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wherethenotationTprepresentstheaveragethroughput.Thevalueofpiiszeroifpacketiislost;
otherwise,thevalueofpiisone.Thenotationsirepresentsthesizeofpacketi;nisthetotalnumber
ofpackets,anddiisthedelayofpacketi.

Weplot theaveragepacketdelay inFigure10and theaverage throughput inFigure11.As
IBCubeusesfewerswitchestoconnectthesamenumberofserversasthepartialBCube,thiswill
increasethetrafficloadofeachswitchinIBCube.However,wecanseethattheperformanceofour
IBCubedesignismuchbetterthanthatofthepreviouspartialBCubeaccordingtoFigure10and
Figure11.TheresultsinFigure10showthatIBCubereducestheaveragepacketdelayby10.3%
comparedtothepartialBCubedesign.ThisisbecausethereisashorteraveragehopinIBCubedue
tothesmallernumberofswitches.Forexample,theserver01andtheserver13areneighborsin
IBCube(3,4).However,thehammingdistanceoftheserver01andtheserver13istwoinapartial
BCube1withthreeBCube0s.Figure11showsthatIBCubeoutperformspreviouspartialBCubeby
11.5%intermsofthroughput.

Figure 10. Average packet delay
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5. CoNCLUSIoN AND FUTURE WoRK

Inthiswork,weproposeIBCube,anoveldesignforeconomicallyconstructingadatacenternetwork.
In summary, we have achieved the contribution in threefold. First, we propose an economically
structurewhichcan interconnectanarbitrarynumberofservers.Specifically,wedesignanovel
automaticportallocationalgorithmwhich fullyutilizes theswitchports toachieveaminimized
numberofrequiredswitchesfordatacenterswithanarbitrarynumberofservers.Second,basedon
theIBCubedatacenternetworkarchitecture,wedesignaroutingalgorithm.Third,weexaminethe
efficiencyandperformanceoftheIBCubedesignusingcomprehensivesimulationsbasedonreal
world system configurations. The results show that the IBCube design significantly reduces the
expensesonnetworkequipmentsby94%aswellasachievesbetterlatencyandthroughputcompared
tothepreviouspartialBCubedesign.
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