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Abstract

Caching on theedge of the Internetis becominga pop-
ular techniqueto improve the scalability and ef�ciency of
delivering dynamicweb content. In this paper we study
thechallengesin designinga large scalecooperativeedge
cache network, focusingon mechanismsand methodolo-
giesfor ef�cient cooperation amongcachesto improve the
overall performanceof the edge cache network. This pa-
per makesthreeoriginal contributions.First, weintroduce
theconceptof cacheclouds,which formsthe fundamental
framework for cooperation amongcachesin the edge net-
work. Second,wepresentdynamichashing-basedprotocols
for documentlookupsandupdateswithin each cachecloud,
which are not only ef�cient, but also effectivein dynami-
cally balancinglookupandupdateloadsamongthecaches
in the cloud. Third, we outline a utility-basedmechanism
for placingdynamicdocumentswithin a cachecloud. Our
experimentsindicatethat thesetechniquescansigni�cantly
improvetheperformanceof theedgecachenetworks.

1. Intr oduction

The enormousincreaseof the dynamicweb contentin
the pastdecadehasposeda seriouschallengeto the per-
formanceandscalabilityof theWorld Wide Web. Caching
on theedgeof thenetwork hasreceivedconsiderableatten-
tion from the researchcommunityasa promisingsolution
to amelioratethis problem. The underlyingphilosophyof
edgecachingis to move data,andpossiblysomepartsof
theapplication,closerto theuser.

Designinganef�cient cooperativeedgecachingscheme
is very attractive consideringthe potentialbene�ts it can
provide. First, whenanedgecachereceivesa requestfor a
documentthat is not locally available,it cantry to retrieve
thedocumentfrom nearbycachesratherthancontactingthe
remoteserver immediately. Retrieving a documentfrom a
nearbycachecansigni�cantly reducethe latency of a lo-
cal miss. It alsoreducesthe numberof requestsreaching

theremoteservers,therebyreducingtheir load.Thesecond
bene�t of cooperationamongedgecachesis the reduction
in the load inducedby the documentconsistency mainte-
nanceon theorigin servers.Whenthecachesareorganized
ascooperative groups,theserver cancommunicatetheup-
datemessageto a singlecachein a cachegroup,whichdis-
tributesit to theotheredgecacheswithin its group.

Building a large scalecooperative edgecachenetwork
posesseveralresearchchallenges.First,aneffectivemech-
anismis neededto decidethe appropriatenumberof edge
cachesneededfor the edgenetwork, and the geographi-
cal locationswherethey have to be placed. Second,these
cachesneedto be organizedinto cooperative groupssuch
thatthecooperationamongthecacheswithin a groupis ef-
fective andbene�cial. Third, a dynamicandadaptive ar-
chitectureis requiredfor ef�cient cooperationwithin each
cachegroupto dealwith theconstantlyevolving natureof
dynamiccontentdelivery like continuallychangingdocu-
mentupdateanduserrequestpatterns.Concretely, thereis
a needfor methodologiesand techniquesfor �e xible and
low-overheadcooperationamongtheedgecachesin terms
of documentlookups,documentupdates,aswell asdocu-
mentplacementsandreplacements.

The ultimate goal of our researchis to designand de-
veloptechniquesandsystem-level facilitiesfor ef�cient de-
livery of dynamicweb contentin a largescaleedgecache
network,utilizing thepowerof �e xible andlow costcooper-
ation. Towardsthis end,we introducetheconceptof cache
cloudsasa fundamentalframework of cooperationamong
theedgecaches.A cachecloudcontainscachesof anedge
network that are locatedin closenetwork proximity. The
cachesbelongingto a cachecloudcooperatebothfor serv-
ing missesandfor maintainingfreshnessof thecacheddoc-
umentcopies.

The main researchcontributionsin this paperare three
fold: (1) We presentthe architectureof the cacheclouds,
which are designedto supportef�cient and effective co-
operationamongtheir caches.(2) We proposea dynamic
hashing-basedcooperationschemefor ef�cient document
lookupsand documentupdateswithin eachcachecloud.



This schemenot only improvestheef�ciency of document
lookupsandupdates,but alsobalancesthedocumentlookup
and updateloads dynamically amongall cachesin each
edgecachecloud in anticipationof suddenchangesin the
requestandupdatepatterns.(3) We developa utility-based
documentplacementschemefor strategically placingdoc-
umentsamongcachesof a cachecloud, so that available
resourcesareoptimally utilized. This documentplacement
schemeestimatesthe costsandbene�ts of storinga docu-
mentin a particularedgecache,andstoresthedocumentat
thatcacheonly if thebene�t to costratio is favorable. We
evaluatethesetechniquesthroughtrace-basedexperiments
with a real tracefrom a highly accessedwebsite,andwith
a syntheticdataset.Theresultsindicatethat theseschemes
canconsiderablyimprove performanceof edgecachenet-
works.

2. CacheClouds

A cachecloud is a groupof edgecachesfrom an edge
network thatcooperateamongthemselvesto ef�ciently de-
liverdynamicwebcontent.Thecachesin acachecloudco-
operatein severalwaysto improvetheperformanceof edge
cachenetworks. First, whena cacheexperiencesa miss,it
triesto retrievethedocumentfrom anothercachewithin the
cachecloud, insteadof immediatelycontactingthe server.
Second,the cachesin a cachecloud collaboratively share
the cost of documentupdatesin the sensethat the server
needsto sendadocumentupdatemessageto only onecache
in a cachecloud,which is thendistributedto othercaches
that are currentlyholding the document. Third, the edge
cachesin a cachecloudcollaboratewith eachotherto op-
timally utilize their collective resourcesby adoptingsmart
strategies for documentlookups,updates,placementsand
replacements.

An importantfactorthatdeterminestheeffectivenessof
cooperationin cacheclouds is the mannerin which the
cachecloudsareconstructed.In orderfor thecooperationto
beef�cient thecachesbelongingto acachecloudshouldbe
locatedin closevicinity within theInternet.Wehavedevel-
opedanInternetlandmarks-basedtechniqueto createcache
cloudsby accuratelyclusteringthe cachesof an edgenet-
work [12]. Dueto thespacelimitation we omit any further
discussionon this techniquein this paper, andassumethat
thecachecloudsareformedusingthis scheme.In therest
of this paper, we concentrateon thedesignissueswithin a
cachecloud.

2.1. Ar chitectureand DesignIdeas

We have discussedthreeforms of cooperationwithin a
cachecloud,namelycollaboratively servingmisses,coop-
eratively handlingdocumentupdates,andoptimally utiliz-

ing thecollectiveresourceswithin thecachecloud.A cache
thatneedsto retrievea documentneedsto locatethecopies
of thedocumentexistingwithin thecachecloud.Wereferto
themechanismof locatingthecopiesof a documentwithin
a cachecloud for the purposeof retrieving it asthe docu-
mentlookupprotocol. The mechanismusedby the cache
cloudto communicatethedocumentupdateto all its caches
thatarecurrentlyholdingthedocumentis thedocumentup-
dateprotocol.

Amongtheseveralissuesthatin�uence thedesignof the
cachecloud architecture,someof the importantonesare:
(1) providing anef�cient documentlookupprotocol(2) de-
signinga low-overheaddocumentupdateprotocol,and(3)
developinga utility-basedschemefor documentplacement
decisions.

We adopta distributedapproachto designingthecache
cloudarchitecture,whereinall thecachesin thecloudshare
the functionalitiesof lookupsandupdates.Eachcacheis
responsiblefor handlingthe lookup andupdateoperations
for asetof documentsassignedto it. In acachecloud,if the
cache���
	 � is responsiblefor the lookupandupdateopera-
tionsof a document�
� , thenwe call thecache����	 � asthe
beaconpointof ��� . Thebeaconpointof adocumentmain-
tains the up-to-datelookup information,which includesa
list of cachesin thecloudthatcurrentlyhold thedocument.
A cachethat requiresdocument�
� , contacts�
� 's beacon
point, andobtainsits lookupinformation. Thenit retrieves
thedocumentfrom oneof thecachescurrentlyholdingthe
document. Similarly, if the server wantsto updatedocu-
ment �
� , it sendsan updatemessageto its beaconpoint,
which thendistributesthis messageto all theholdersof the
document.

An immediatequestionthatneedsto beaddressedis how
to decidewhich of the cachesin the cloud shouldact as
the beaconpoint of a given document. In designingthe
cachecloudarchitecture,ourgoalis to assignbeaconpoints
to documentssuchthat the following propertiesaresatis-
�ed:�

Thecacheswithin thecachecloudandtheorigin server
candiscoverthebeaconpointof adocumentef�ciently .�

The loaddueto documentlookupsandupdatesis well
distributedamongall beaconpointsin thecachecloud.�

Load balancingis preserved whenthe lookup andup-
datepatternschangeover time.�

Thebeaconpoint assignmentshouldberesilientto fail-
uresof individualcachesin thecloud

A straightforwardsolutionfor thebeaconpoint assignment
problemwould be to usea randomhashfunction. These
hashfunctionsuniquelyhashthe document's URL to one
of the edge caches(beaconpoints) in the cachecloud,
which actsas the document's beaconpoint. We refer to
this schemeasthestatichashingscheme.Thestatichash-
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ing schemehasa signi�cant drawback:Lookupandupdate
loadsoftenfollow thehighly skewedZipf distribution,and
undersuchcircumstancesrandomhashingcannotprovide
good load balancingamongthe cachesbelongingto the
cloud. Consistenthashing[5] hasbeenpopularasa tech-
niquefor providing goodloadbalancingamonga network
of nodes. In this technique,the documentURLs and the
edgecacheidenti�ers areboth mappedon to a unit circle.
Eachdocumentis assignedto the cachenode(its beacon
point) that is nearestto its identi�er on this circle. While
consistenthashingcandistributetheURLsuniformlyacross
thecaches,it signi�cantly increasesthelookupandtheup-
datecosts,especiallyfor thosedocumentsthat are hot or
that are updatedfrequently. If a cloud contains � edge
caches(beaconpoints),with consistenthashing,thebeacon
point discovery processmight take up to ������������� time-
steps.Besides,uniformdistributionof URLsacrossbeacon
pointsdoesnot yield goodloadbalancingwhenthelookup
andupdateloadsfollow askeweddistribution. Theseshort-
comingsmaketheconsistenthashingschemelessattractive
to thescenarioswheretheperformanceof the lookupsand
updatesis very crucial. Further, both staticandconsistent
hashingschemescannotpreserve load balancingwhenthe
updateandlookuploadpatternschangeover time.

Consideringthe drawbacksof the above schemes,we
proposeadynamichashing-basedmechanismfor assigning
thebeaconpoint of a document.This mechanismsupports
ef�cient lookup andupdateprotocols,providesgoodload
balancingproperties,andadaptsto changingload patterns
effectively.

2.2. Designof Dynamic HashingScheme

Considera cachecloud with � edgecaches.Eachof
thesecachesmaintainslookup information abouta set of
documents.In thedynamichashingscheme,theassignment
of documentsto beaconpointscanvary over time so that
theloadbalanceis maintainedevenwhenthe loadpatterns
change.

In ourschemetheedgecachesof acachecloudareorga-
nizedinto substructurescalledbeaconrings. A cachecloud
containsoneormorebeaconrings,andeachbeaconringhas
two or morebeaconpoints. Figure1 shows a cachecloud
with 4 beaconrings,whereeachbeaconring has2 beacon
points.All thebeaconpointsin a particularbeaconring are
collectively responsiblefor maintainingthe lookup infor-
mationof auniquesetof documents.Supposeacachecloud
has� beaconringsnumberedfrom � to � �"! , andadocu-
ment ��� is mappedto thebeaconring # . Any of thebeacon
pointsin thebeaconring # maybeassignedto serve asthe
beaconpoint of ��� . The assignmentof the beaconpoint
within a beaconring is donedynamicallyandmaychange
over time for maintaininggoodbalanceof loadsamongthe

beaconpointswithin a beaconring.
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Figure 1. Architecture of Edge Cache Cloud

We now explain the techniquefor assigningbeacon
points to documentswithin a beaconring. For simplicity,
let ussupposethatthecachecloudcontainsasinglebeacon
ring,which is numbered� . Let the � cachesberepresented
as

�

����$

$&%

����$ '

%)(*()(*%

���+$ ,.-

'

� . A dynamichashingtechnique
calledthe intra-ring hashis usedfor distributing thedocu-
mentsto the � beaconpoints,whichis designedasfollows.
An integerthatis relatively largecomparedto thenumberof
beaconpointsin thebeaconring is chosenanddesignatedas
the intra-ringhashgenerator(denotedas /1032547698�:�0 ). The
rangeof intra-ringhashvalues���

%

/1032547698�:�0;��!�� is divided
into � consecutivenon-overlappingsub-rangesrepresented
as

�

���

%

<

69=>/147?@$

$

�

%

�

<BA

0C/D4&EF$ '

%

<

69=G/D4&EF$ ')�

%)()(*()%

�

<BA

0C/147E
$ ,.-

'

%

/103254H6I8�:�0J�K!��+� . Eachedgecachewithin
the beaconring is allocatedone suchsub-range.For ex-
ample, the beaconpoint ���)$

� is assignedthe sub-range
�

<BA

0C/14H?L$

�

%

<

69=G/D47?@$

�

� . The schemealso hasheseach
document's URL to an integer value between � and

��/1032547698�:�0B�M!H� . This value is called the document's
intra-ring hashvalueor IrH valuefor short. For example,
for a document�
� , the IrH valuewould be /D47?N�O�
�)�QP

<

��RS�UTWVWXY�O�
�)�Z� Mod /D0325476I8�:�0 , where
<

��R repre-
sentsthe MD5 hash function, TWVWX.���
�)� representsthe
URL of the document��� and

<

�7[ representsthe mod-
ulo function. Eachedgecachewould serve asthe beacon
point for all the documentswhose /147? value lies within
thesub-rangeallocatedto it, i.e. ���)$

� will serve asthebea-
conpoint of a document��� , if

<BA

0C/14H?�$
�L\

/147?N���
�*�
\

<

69=>/14H?L$

� .

2.3. Determining the BeaconPoint Sub­Ranges

In this sectionwe explain the mechanismof dividing
theintra-ringhashrangeinto sub-rangessuchthatthe load
due to documentlookupsandupdatesis balancedamong
the beaconpoints of a beaconring. This processis exe-
cutedperiodically(in cycles)within eachbeaconring, and
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it takesinto accountfactorssuchasthebeaconpoint capa-
bilities, andthecurrentloadsuponthem.Any beaconpoint
within thebeaconring mayexecutethis process.This bea-
conpoint collectsthe following informationfrom all other
beaconpointsin thebeaconring.

�

Capability: Denotedby ]_^ $� , it representsthepowerof
machinehostingthebeaconpoint ���)$ � . Variousparam-
eterssuchasCPUcapacityor network bandwidthmay
be usedasmeasuresof capability. We assumea more
genericapproachwhereineachbeaconpoint is assigned
a positiverealvalueto indicateits capability.�

Curr ent Sub-RangeAssignment:Denotedby
�

<BA

0C/D47?@$

�

%

<

69=>/147?@$

�

� , it representsthe sub-range
assignedto thebeaconpoint ��� $� in thecurrentcycle.�

Curr ent Load Inf ormation: Representedby
]W`YaD��Xb�76I[1$

� , it indicatesthe cumulative load due to
documentlookupandupdatepropagationaveragedover
the durationof the currentperiod. The schemecanbe
mademore accurateif the beaconpoints also collect
loadinformationat thegranularityof individualIrH val-
ues,which we denoteby ]W/147?LXb[9$

�

�OEG� . ]W/D47?LXc[D$

�

�OEG�

is thesumof theloadsinducedby all documentswhose
IrH valueis E . However, the ]W/D47?LXc[ informationis
notmandatoryfor theschemeto work effectively.

After obtainingthis information the processof determin-
ing thesub-rangesfor thenext cycle begins. Theaim is to
updatethe sub-rangessuchthat the load a beaconpoint is
likely to encounterin the next cycle is proportionalto its
capability. For eachbeaconpoint we verify whetherthe
fraction of the total load on the beaconring that it is cur-
rentlysupportingis commensuratewith its capability. If the
fractionof loadcurrentlybeinghandledby a beaconpoint
exceedsits sharethenits sub-rangeshrinksfor thenext cy-
cle, thussheddingsomeof its load. In casea beaconpoint
is handlingasmallerfractionof load,its sub-rangeexpands
increasingits loadfor thenext cycle.

Speci�cally, the schemeproceedsas follows. First,
we calculatethe total load being experiencedby the en-
tire beaconring (representedas deV

A

0f��Xb[9$ ), andthe sum
of the capabilitiesof all the beaconpoints belongingto
the ring (representedas gY�H2Z]_^G$ ). Then for eachbeacon
point we calculateits appropriateshareof the total load

on the beaconring as `h^>2iXb[9$

�

P jfk)l m

nfoip

j3k

l

q

deV

A

0f��Xb[1$ .
Now, we examineall thebeaconpointsin the beaconring
startingfrom ���

$

$

, andcomparetheir ]W`YaD��Xb[ with their
`h^F2iXc[ . If ]W`ra1��Xb[1$

�Ks
`b^F2iXb[1$

� , then ����$
� is currently

supportingmoreloadthanits appropriateshare.Thevalue
�O]W`ra1��Xb[1$

�
�B`h^>2iXb[1$

�
� is called the load-surplusat bea-

conpoint ����$
� , andis representedas Xb[Itf^G�Ou9�����)$

�
� . In this

case,theschemeshrinksthesub-rangeof thebeaconpoint
for thenext cycle by decreasingits

<

69=G/D47?�$
� value. The

amount(say 2 ) by whichthe
<

69=>/147?L$
� is decreasedis cal-

culatedusingthe ]W/147?LXb[ information.
<

69=>/147?L$

� is de-
creasedby 2 IrH values,suchthatthesumof theloadsgen-
eratedby theseIrH valuesis equal to the load-surplusat

���+$

� . In otherwords, the schemeshifts 2 IrH valuesfrom
theendof ��� $� 's sub-rangeto thebeaconpoint ��� $�wv

'

, such

that xzyY{+|+}i~Z•

l

m

€)•

yY{
|+}Z~Z•

l

m)‚Iƒ

„_…7†�‡‰ˆCŠ&‹ Œ�••Ž�•C‘’ˆ“ŠD”I•�–˜—7••™;š›‹ Œ+•

. Thenew
<

69=>/14H? value of ���+$ � representedas �L:�œ

<

69=G/D47?L$ �

wouldbeequalto �

<

69=>/147?L$

�

�.2Z� . Whenthesubrangeof a
beaconpoint ��� $

� shrinks,someof its loadwouldbepushed
to thebeaconpoint ����$

�wv

'

. Theschemetakesinto account
thisadditionalloadon thebeaconpoint ���)$

�wv

'

whendecid-
ing aboutits new sub-range.

On the other hand if ]W`ra1�IXc[1$

�ž•

`h^>2iXb[1$

� then the
schemeexpandsthe sub-rangeof the beaconpoint ���*$ �

by increasingits
<

61=G/D47? value. The amountby which
<

69=>/14H? is increasedis determinedin a verysimilarman-
nerastheshrinkingcasediscussedabove. In thiscase,���*$

�

acquiresadditionalload from the beaconpoint ���*$

�wv

'

. In
this mannerthe sub-rangeassignmentsof all the beacon
pointsin thebeaconring areupdated.Somebeaconpoints
might �nd it costly to maintainthe ]W/147?LXb[ information
for eachof the hashvalueswithin its sub-range,in which
casethe ]W/14H?�Xb[1$

�
�Ÿ^G� for all hashvaluesin thesub-range

of the beaconpoint ����$

� are approximatedby averaging
]W`ra1�IXc[D$

� over its sub-rangeof IrH values.

A


B
 C


Pc
0

0
 Pc
1


0


0
 1
 2
 3
 4
 5
 6
 7
 8
 9


Cp
0

0 
= 1


Sub Range = (0, 2)

CAvgLoad
= 410


Cp
1

0 
= 1


Sub Range = (3, 9)

CAvgLoad
= 390


17
5


10
0


13
5


30



60



25



50



10
0


50



75



Sub
-
Range Assignment 

for Cycle 1 with Complete 


Load Information


Pc
0

0
 Pc
1


0


0
 1
 2
 3
 4
 5
 6
 7
 8
 9


Cp
0

0 
= 1


Sub Range = (0, 3)

CAvgLoad
= 440


Cp
1

0 
= 1


Sub Range = (4, 9)

CAvgLoad
= 360


17
5


10
0


13
5


30



60



25



50



10
0


50



75



Sub
-
Range Assignment 

for Cycle 1 with Partial 


Load Information


Pc
0

0
 Pc
1


0


0
 1
 2
 3
 4
 5
 6
 7
 8
 9


Cp
0

0 
= 1


Sub
-
Range = (0, 4)

CAvgLoad
 = 500


Cp
1

0 
= 1


Sub
-
Range = (5, 9)

CAvgLoad
 = 300


17
5


10
0


13
5


30



60



25



50



10
0


50



75



Sub
-
Range Assignment 

for Cycle 0


Figure 2. Illustration of Sub­Rang e Determi­
nation

After determiningthesub-rangeassignmentsfor thenext
cycle, all thecachesin thecachering andtheorigin server
areinformedaboutthenew sub-rangeassignments.Beacon
pointsthathavebeenassignednew IrH valuesobtainlookup
recordsof the documentsbelongingto the new IrH values

4



from their currentbeaconpoints.

We now illustrate the sub-rangedeterminationscheme
with anexample.Considerthebeaconring with two beacon
points ���

$

$

and ���

$ ' . Let boththebeaconpointshaveequal
capabilities,and let /103254H6I8�:�0 be 10. Initially the range

���

%

 

� is divided equally betweenthe two beaconpoints.
Figure2-A illustratesthis scenario.The vertical barsrep-
resenttheupdateandobjectlookuploadscorrespondingto
eachhashvalue. As we see,equaldivision of the intra-
ring hashrangedoesnotensureloadbalancingbetweenthe
two beaconpoints due to the skewnessin the load. The
total load experiencedby the two beaconpointsin cycle �

are 500 and 300 respectively. At the end of cycle 0, the
sub-rangesareupdatedtakinginto accountthecurrentload
patterns. Now we consider2 scenarios.Figure 2-B rep-
resentsthe �rst scenario,whereinthe beaconpointsmain-
tain ]W/D47?LXc[ for eachhashvalue. In this case,two hash
valuesaremovedfrom ���)$

$

to ���+$
' . The loadson the two

beaconpointswould now be 410 and390 respectively. In
thesecondscenario,which is representedin Figure2-C,the
beaconpoints do not maintainthe ]W/147?LXb[ information,
andhencethey have to use ]W`ra1�IXc[9$

� to approximatethe
]W/D47?LXc[ value, which would be !*�1� for all hashvalues
belongingto ����$

$

. We shift only onehashvaluebetween
beaconpoints. The loadson the two beaconpointswould
be ¡D¡9� and ¢D£1� thusshowing thattheschemeis moreaccu-
ratewhentheloadinformationis availableatthegranularity
of IrH values.

In the discussion,up to now we have assumedthat the
cachecloudcontainsa singlebeaconring. However, if the
cachecloud containsseveral caches,having a singlebea-
con ring is not practical,sincethe costandcomplexity of
the sub-rangedeterminationprocessincreasesas the bea-
con ringsbecomelarger. In this caseit is advantageousto
have multiple beaconrings. Supposea cachecloudhas �

beaconrings, andeachbeaconring has
<

beaconpoints.
Thenthebeaconpoint of a document�
� is determinedin
a two-stepprocess.In the �rst step,thebeaconring of the
documentis determinedby a randomhashfunction. For
example,if #¤P

<

�¥RS�¦T�V§X.���
�*�Z� Mod � , thenthering-j
is thebeaconring of ��� . In thesecondstep,out of the

<

beaconpointswithin the #

p�¨

beaconring, thebeaconpoint
of ��� is determinedthroughtheintra-ringhashfunctionas
we discussedbefore.Thebeaconpoint whosecurrentsub-
rangecontains/147?N�����)� wouldbethebeaconpoint of �
� .
In our scheme,thedocumentlookup andupdateprotocols
work asfollows. Whena cacheneedsto locatea document

�
� , it determinesthe document's beaconpoint using the
two-stepprocessdescribedabove. Thenit contactsthedoc-
ument'sbeaconpointandobtainsthelist of cachesthathold
the cachedcopiesof the documentwithin the given cache
cloud. When the server needsto communicatean update
to thedocument�
� , it usesthetwo-stepprocessanddeter-

minesthe document's beaconpoint for eachcachecloud.
It sendsa documentupdatemessageto thesebeaconpoints
(onefor eachcloud), which in turn communicateit to the
cachesin their cacheclouds,which are currentlyholding
thedocument.

An important questionthat needsto be addressedis:
Whatshouldbesizeof thebeaconringsin a cachecloudfor
optimal performanceof the scheme?While larger beacon
rings provide betterload balancing,they also increasethe
costandcomplexity of thesub-rangedeterminationprocess.
However, theotherextremewould beto have beaconrings
with singlebeaconpointsin them.In this casethedynamic
hashingschemereducesto the statichashingscheme,and
hencecannotprovide good load balancing. It canbe the-
oretically shown thatby having two beaconpointsin each
beaconring we canobtainsigni�cantly betterloadbalanc-
ing whencomparedwith statichashing,andfurtherincreas-
ing thesizeof beaconringsimprovestheloadbalancingin-
crementally, but at a higherloadbalancingcost[11]. Con-
sideringtheseissueswe concludethatbeaconringsshould
haveat least2 beaconpoints,but theirsizesshouldbesmall
enoughfor thesub-rangedeterminationprocessto besim-
ple andef�cient. Our experimentalresultsvalidatethis ob-
servation.

The dynamic hashingmechanismcan be extendedto
provideresilienceto failuresof individualbeaconpointsby
lazily replicatingthelookupinformation.Dueto spacecon-
straintswe do not discussthe failureresiliencepropertyin
this paper.

3. DocumentPlacementin CacheClouds

A gooddocumentplacementschemeis very important
for a cachecloud to optimally utilize the resourcesavail-
able. In this section we brie�y discussa utility-based
schemefor placingdynamicdocumentsin cacheclouds.

A simpledocumentplacementschemewouldbeto place
a documentat eachcachethat hasreceived a requestfor
thatdocument.We refer to this schemeasthead hocdoc-
umentplacementscheme.Although the ad hocplacement
schemeseemsnatural,it leadsto uncontrolledreplicationof
documents,which not only increasesthe documentfresh-
nessmaintenancecosts,but alsocauseshigherdisk-space
contentionat the caches,therebyreducingthe aggregate
hit rate of the cloud [10]. Theseperformancelimitations
are the manifestationsof the shortcomingsof the ad hoc
placementscheme,which regardsthe cachesin the cloud
as completelyindependententities, and makes document
placementdecisionswithout theknowledgeabouttheother
cachesin thecachecloud.

An alternativeapproachfor documentplacement,called
thebeaconpointcaching, wouldbeto storeeachdocument
only at its beaconpoint. This policy resultsin the beacon
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pointsof hotdocumentsencounteringheavy loads.Further,
thispolicy causestheedgecachesto contacteachothervery
frequentlyfor retrieving documents.This not only causes
heavy network traf�c within thecachecloud,but alsoleads
to clientsexperiencinghigh latenciesfor their requests.

3.1. Utility­based DocumentPlacement

In this sectionwe discussthe designof a utility-based
documentplacementscheme,in which the cachingdeci-
sionsrely upontheutility of a document-copy to thecache
storingit andto theentirecachecloud.Thisutility valueof
thedocumentcopy is representedas TW2

A

�

A

25©f�O�
�)� for docu-
mentcopy ��� . Theutility of documentcopy �
� estimates
thebene�t-to-costratio of storingandmaintainingthenew
copy. A highervalueof utility indicatesthat bene�ts out-
weigh thecosts,andvice-versa.Whena cacheretrievesa
documentit calculatesits utility valueanddecideswhether
or not to storethedocumentbasedon this utility value.

Our formulation of the utility function has four com-
ponents. Eachof thesecomponentsquanti�es oneaspect
of the interplay betweenbene�ts and the costs. We now
give a brief overview of eachof thesecomponents. A
detailed description of the utility function components
including their mathematicalformulationsis available in
thetechnicalreportversionof this paper[11]. Throughout
this discussionwe assumethat a cachecloud ]�] has �

edgecachesrepresentedas
�

���

$

%

���

'

%)(*()(�%

���

,.-

'

� , and
the edgecache ���

� hasretrieved the documentcopy �
� ,
andis calculatingits utility valueto decidewhetherto store
it locally.

DocumentAvailability Impr ovementComponent
Representedby ��`Y/I]����
�

%

���

�

� , thiscomponentquan-
ti�es the improvementin the availability of the document
in the cachecloudachievedby storingthedocumentcopy
at ���

� . Improving theavailability of a documentincreases
theprobabilitythata futurerequestfor thedocumentwould
be served within the cachecloud, therebyyielding higher
cumulativehit rates.

Disk-SpaceContention Component
This component (representedas ��uH]�]��O�
�

%

���

�

� )
capturesthe storagecostsof cachingthe documentcopy
at ���

� in termsof the disk-spacecontentionat ���

� . The
disk-spacecontentionat thecache���

� determinesthetime
durationfor which thedocumentcanbeexpectedto reside
in the cache���

� beforeit is replaced. A highervalueof
��uH]�]����
�

%

���

�

� implies that the new documentcopy of
�
� at thecache���

� is likely to remainlongerin thecache
cloud than the existing copies(if any) of �
� within the
cloud,andhence,it is bene�cial to storethis copy.

ConsistencyMaintenanceComponent
Denotedby ]

<

]����
�

%

���

�

� , this componentaccounts
for the costsincurred for maintainingthe consistency of
the new documentcopy at ���

� , and the advantagesthat
areobtainedby storing �
� at ���

� by avoiding the costof
retrieving the documentfrom other cacheson eachlocal
access. A high value of ]

<

]��O�
�

%

���

�

� indicatesthat
the document ��� is accessedmore frequently than it is
updated,andvice-versa.

AccessFrequencyComponent
This componentof our utility function (representedas

`Y/I]����
�

%

���

�

� ) quanti�es how frequently the document
�
� is accessedin comparisonto otherdocumentsstoredin
thecache.If theaccessfrequency of �
� at thecache���

� is
high whencomparedto otherdocumentsin thecache,it is
advantageousto storethedocument��� at ���

� .

The Utility Function
The above-mentionedfour componentsform the build-

ing blocksof theutility function. We observe that for each
component,a highervalueimpliesthat thebene�tsof stor-
ing �
� arehigherthantheoverheads,andvice-versa.We
de�ne theutility of storingthedocument�
� at cache���

� ,
denotedas TW2

A

�

A

25©f�O�
�

%

���

�

� , to be a weightedlinear sum
of theabovefour components.
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PÊ! . Theseconstantsareas-
signedvaluesre�ecting the relative importanceof thecor-
respondingcomponentof theutility functionto theperfor-
manceof thesystem.

Concretely, the utility-based document placement
schemeworks asfollows: Supposethecache���

� encoun-
tersa local missfor document��� , andretrievesit from an-
othercachein thecachecloud,or from theorigin server (in
theeventof agroupmiss).Thecache���

� now evaluatesthe
utility function T§2

A

�

A

25©3���
�

%

���

�

� locally usingthe request
andupdatepatternsof thedocumentcollectedthroughcon-
tinuedmonitoringin therecenttime duration. �
� is stored
at ���

� only if the value of the utility function exceedsa
threshold,representedas T§2i��g.EF4H:7uHE>�7��[G�����

�

� .

4. Experiments and Results

We have evaluatedtheproposedschemesthroughtrace-
basedsimulationsof an edgecachenetwork. The simula-
tor can be con�gured to simulatedifferent cachingarchi-
tecturessuchasedgenetwork without cooperation,coop-
erative cachingwith statichashing,andcooperative cache
clouds with dynamic hashing. It can also simulate ad
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Figure 3. Load Distrib ution for
Zipf­0.9 Dataset

1 2 3 4 5 6 7 8 9 10
1000

1200

1400

1600

1800

2000

2200

2400
Loads at Various Beacon Points

Beacon Points in Decreasing Load Order

Lo
ad

 (
N

um
. U

pd
at

es
 &

 L
oo

ku
ps

 p
er

 U
ni

t T
im

e)

Mean Load
Dynamic Hashing
Static Hashing

Figure 4. Load Distrib ution for
Sydne y Dataset

10 20 50
0

0.1

0.2

0.3

0.4

0.5

0.6
Effect of Beacon Ring Size on Load Balancing

Number of Caches in Cache Cloud

C
oe

ffi
ci

en
t o

f V
ar

ia
tio

n

Static Hashing
Dynamic Hashing: 2 Beacon Points in Ring
Dynamic Hashing: 5 Beacon Points in Ring 
Dynamic Hashing: 10 Beacon Points in Ring

Figure 5. Impact of Beacon
Ring Size on Load Balancing

hoc, beaconpoint and utility-baseddocumentplacement
schemes.Eachcachein the cachecloud receivesrequests
continuouslyaccordingto arequest-trace�le, andtheserver
continuouslyreadsfrom anupdatetrace�le. Uponreading
anupdateentryfor adocument�
� , theserversendstheup-
datedversionof �
� to its beaconpointswithin eachcache
cloud,which is thendistributedby thebeaconpointsto all
thecachesin theircachecloudswhicharecurrentlyholding
the document.The documentrequestrates,the document
updaterate,the numberof cachesandthe numberof bea-
conringsin thecachecloudaresystemparametersandcan
bevaried.

Weusetwo typesof tracesfor ourexperiments.The�rst
traceis a syntheticdataset,calledas the Zipf-0.9 dataset.
In this datasetthereare ËDR

%

�D�1� uniquedocuments.Both
accessesandinvalidationsfollow theZipf distribution with
theZipf parametervaluesetto �

(

 

. Theseconddatasetis a
real tracefrom a major IBM sportingandeventweb site1.
This tracewasobtainedby capturingtheaccessesandup-
datesin a 24-hourtime period.Thenumberof uniquedoc-
umentsin thisdatasetis R1Ë

%

R1ÌH¡ . Wereferto thisdatasetas
theSydney dataset.

4.1. Evaluating the Effectivenessof BeaconRings

In the �rst setof experimentswe studythe loadbalanc-
ing propertiesof thedynamichashingmechanism.All the
beaconpointswithin thecachecloudareassumedto beof
equalcapabilities,which implies that perfectload balanc-
ing is achieved when all the beaconpoints encounterthe
sameamountof load. In all threeexperimentsin this set
theintra-ringhashgenerators( /D0325476I8�:�0 s) aresetto 1000
for all beaconringsin thecachecloudandthecycle length
of sub-rangedeterminationis setto 1 hour. We usetheco-
ef�cient of variationof the loadson the beaconpoints to
quantify loadbalancing.Coef�cient of variationis de�ned

1The2000Sydney OlympicGameswebsite

astheratioof thestandarddeviationof theloaddistribution
to themeanload. The lower thecoef�cient of variationis,
thebetteris theloadbalancing.

First, we comparethe load balancingaccomplishedby
thestaticandthedynamichashingschemesin acachecloud
with 10caches.For thedynamichashingschemethecache
cloud is con�gured to contain5 beaconrings,eachwith 2
beaconpoints. The bar-graphsin Figure 3 and Figure 4
show theloaddistribution amongthebeaconpointsfor the
staticandthedynamichashingschemesontheZipf-0.9data
setandtheSydney datasetrespectively. On theX-axesare
thebeaconpointsin decreasingorderof their loads,andon
the Y-axesare the loadsin termsof the numberof docu-
mentupdatesanddocumentlookupsbeinghandledby the
beaconpointsper unit time. The dashed-linesin the two
graphsindicatethe meanvalueof the loadson thebeacon
points. TheZipf-0.9 datasetinducesa high degreeof load
imbalancein the cachecloud with static hashing. In this
case,the load on the mostheavily loadedbeaconpoint is
1.9 timesthemeanloadof thecachecloud. In thedynamic
hashingschemethis ratio decreasesto 1.2, thusproviding

¢9Ì1Í improvementover statichashing.Thedynamichash-
ing schemealso providesa £D¢IÍ improvementon the co-
ef�cient of variation when comparedwith static hashing.
On the Sydney dataset, the dynamichashingschemeim-
proves the ratio of the heaviest load to the meanload by
around Ë&�IÍ , andthe coef�cient of variationby £D¢IÍ . For
this dataset,the ratio of heaviest load to meanload for the
dynamichashingschemeis just1.06,thusshowing thatthis
schemeachievesverygoodloadbalancing.Thebetterload
balancingachievedby thedynamichashingschemeis a re-
sultof thedynamicsub-rangedeterminationprocess,which
takes into accountthe current load on the beaconpoints,
while allocatingthesub-rangesfor thenext cycle.

The secondexperiment(Figure5) studiesthe effect of
thesizeof thebeaconringson theloadbalancingusingthe
Sydney dataset.We evaluatethedynamichashingscheme
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Figure 8. Network Load Under
Diff erent Placement Schemes
(DsCC Turned Off)

on cachecloudsconsistingof 10, 20 and50 caches.For
eachcachecloudweconsiderthreecon�gurationsin which
eachbeaconring contains2, 5 and10 beaconpoints. The
dynamichashingschemewith 2 beaconpointsperring pro-
videssigni�cantly betterload balancingin comparisonto
statichashing.Whenthesizeof thebeaconringsis further
increasedwe observe an incrementalimprovementin the
load balancingachieved by the dynamichashingscheme.
This observation,namelybiggerbeaconringsyielding bet-
ter load balancing,canbe explainedasfollows: The bea-
conpoint sub-rangedeterminationprocesstries to balance
the loadonly amongthebeaconpointswithin eachbeacon
ring. Largerbeaconringsresultin the loadbeingbalanced
amonglargernumbersof beaconpoints,andhenceprovide
betterloadbalancing.

In the third experiment(Figure6), we studythe impact
of thedatasetcharacteristicson thestaticandthedynamic
hashingschemes.For this experimentwe considerseveral
datasetsall of which follow the Zipf distribution with pa-
rametersrangingfrom �

(

� to �

(

 D 

. The skewnessof the
load increaseswith increasingvalueof theZipf parameter.
At low Zipf valuesboth schemesyield low coef�cient of
variationvalues.As the load-skewnessincreasesthecoef-
�cient of variationvaluesalso increasefor both schemes.
However, the increaseis morerapid for the statichashing
scheme.At a Zipf parametervalueof 0.9,thecoef�cient of
variationfor thestatichashingschemeis around¡9Î9Í more
thanthatof thedynamichashingscheme.

4.2. Evaluating the Utility­based Scheme

We reporta setof experimentsto show theevaluationof
ourutility-baseddocumentplacementscheme.The�rst ex-
perimentconsidersa cachecloud comprisedof 10 caches.
On this cachecloudwe simulateadhoc,beaconpoint and
utility-basedplacementpolicies. Thecachesin this exper-

iment are assumedto have an unlimited amountof disk-
space. Thereforethe disk-spacecomponentof the utility
functionis turnedoff by setting Æ

®cÁ

j“j

to � . Theweights
of availability, consistency maintenance,and accessfre-
quency componentsareall setto �

(

¢D¢ . The T§2i�•g.EF47:7u�E>�7��[

valuesfor all the cachesaresetto �

(

R . In this experiment
the accessratesat cachesare �x ed, whereaswe vary the
documentupdaterateto studytheeffect of thethreedocu-
mentplacementpolicies. We have experimentedbothwith
theSydney datasetandtheZipf-0.9 syntheticdataset.Due
to spaceconstraintswe restrictour discussiononly to the
resultsobtainedon theSydney dataset.
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Figure 9. Network Load Under Diff erent Place­
ment Schemes (DsCC Turned On)

Thegraphin Figure7 shows thepercentageof the total
documentsin the tracethatarestoredat eachcachein the
cachecloudat variousdocumentupdaterates.TheX-axis
representsthe documentupdateratein numberof updates
per minuteon the log scale,andthe Y-axis representsthe
percentageof documentscached.The vertical broken line
indicatestheobserveddocumentupdaterate.As theadhoc
policy placeseachdocumentat everycachewhich receives
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a request,almostall documentsarestoredat all caches.In
contrastthe beaconpoint placementstoreseachdocument
only at its beaconpoint. Hence,eachcachestoresaround

!*�9Í of thetotal documents.Thepercentageof documents
storedpercachein theutility-basedschemevarieswith the
updaterate. When the updateratesare low, a large per-
centageof documentsarestoredateachcache,owing to the
smallconsistency maintenancecost. As theupdateratein-
creases,the ]

<

] (consistency maintenancecomponent)
valuesof all thedocumentsdecrease,leadingto a decrease
in thepercentageof documentsstoredat eachcache.This
shows the sensitivity of the utility-baseddocumentplace-
mentto thecostsof handlingdocumentupdateswithin the
cachecloud.

One may ask why is it important for the placement
schemeto be sensitive to the costsof handlingdocument
updates.To answerthis questionwe plot the total network
traf�c in thecloudsgeneratedby thethreedocumentplace-
mentpoliciesin theFigure8. Theresultsindicatethat the
utility-baseddocumentplacementcreatestheleastnetwork
traf�c at all update-rates.The improvementprovided by
the utility-basedplacementschemeover the ad hoc place-
ment schemeincreaseswith increasingupdaterate. This
is becausewhile thenumberof replicaspresentin thecache
cloudessentiallyremainsaconstantin theadhocplacement
scheme,the utility-basedschemecreatesfewer replicasat
higherupdaterates,therebyreducingtheconsistency main-
tenancecostssigni�cantly. With the beaconpoint policy,
thenetwork traf�c is veryhigh at all updaterates,asin this
schemeonly onecopy of eachdocumentis storedpercache
cloudirrespectiveof its requestrate.

In the next experiment(Figure9), we studythe perfor-
manceof the threedocumentplacementpolicieswhenthe
disk-spacesavailableattheedgecachesarelimited. In these
experimentsthedisk-spaceateachcacheis setto R&�IÍ of the
sumof sizesof all documentsin thetrace.We usetheleast
recentlyused(LRU) policy for documentreplacement.As
the disk-spaceis a limiting factor in this seriesof experi-
ments,we turn on the disk-spacecomponentof the utility
function.Theweightsof all theutility functioncomponents
areset to �

(

ËDR . Figure9 indicatesthe total network traf-
�c generatedby the threedocumentplacementpoliciesat
variousupdaterates. As in the previous experiment,the
utility-baseddocumentplacementplacesthe leastload on
thenetwork. However, theresultsin this experimentdiffer
from the previous experimentconsiderably. The percent-
ageimprovementin thenetwork loadprovidedby theutil-
ity schemeover theadhocschemeis higherin the limited
disk-spacecaseat low documentupdaterates. For exam-
ple, the improvementis ËDÎ9Í when the documentupdate
rate is !*� updatesper unit time for the limited disk-space
experiment,whereasit is aroundÎIÍ for theunlimiteddisk-
spacecase. However, the percentageimprovementin the

unlimiteddisk-spacecasegrows muchfasterin the limited
disk-spacescenario.Theseobservationsarethemanifesta-
tions of the differentrolesthe utility placementschemeis
playing at differentupdateratesin the limited disk-space
scenario.At low documentupdateratestheutility scheme
assumesthe predominantrole of reducingdisk-spacecon-
tentionat individualcaches.Whereasathigherupdaterates
its predominanteffect is to reduceconsistency maintenance
cost.

In theaboveexperimentswe have settheweightsof the
componentsby analyzingthescenarioat hand.Eachcom-
ponentof theutility functioncapturesa differentaspectof
thebene�t-to-costratio of placinga documentat a particu-
lar cache.In ourexperimentsweturnonacomponentif the
bene�t-to-costaspectrepresentedby it is likely to affect the
performanceof thecachecloud. Otherwisethecomponent
is turnedoff. In eachof thescenarios,if œ componentsare
turnedon, thenwe set the weight of eachturnedon com-
ponentto

'

Ï

. We stronglybelieve that moresophisticated
approachesto settingtheweightvaluescanfurtherimprove
theperformanceof theutility scheme.Onesuchapproach
would be to continuouslymonitor varioussystemparam-
etersand usea feedbackmechanismto adjustthe weight
parametersasneeded.Studyingthis andotherapproaches
to settingweightvaluesis a partof our ongoingwork.

5. RelatedWork

Cachingdynamicweb contenton theedgeof the Inter-
net hasreceived considerableattentionfrom the research
community in recent years. Motivated by the idea of
moving data and applicationcloser to users,researchers
have proposedseveral variantsof edgecachingdepending
uponhow muchof theapplicationis of�oaded to theedge
caches[1, 2, 4]. Yuanet al. [17] presentan in-deptheval-
uationof thesevariantsstudyingtheprosandconsof each
approach.However, very few of the currentedgecaching
techniquespromotecooperationamongtheindividualedge
caches.

Cooperationamongcacheswas�rst studiedin thecon-
text of client-sideproxy caches[5, 14, 15]. Most of these
schemesweredesignedto cachestaticweb pages,andas-
sumedtheTime-to-Live-basedmechanismfor maintaining
their consistency. Our work providesenhancedsupportfor
cachingdynamicdataover theseprevious works suchas
strongerconsistency mechanismsandconsiderationof ob-
jectupdatecosts.

Ninan et al. [8] describecooperative leases- a lease-
basedmechanismfor maintainingdocumentconsistency
amonga setof caches.They staticallyhasheachdocument
to acache,which is assignedtheresponsibilityof maintain-
ing its consistency. Shahet al. [13] presenta dynamicdata
disseminatingsystemamongcooperative repositories,in
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whichadisseminationtreeis constructedfor eachdataitem
basedon the coherency requirementsof the repositories.
The server circulatesthe updatesto the dataitem through
this tree. The focusof both theseworks is on theproblem
of consistency maintenanceof documentsamonga setof
caches.In contrast,our cachecloudarchitecturesystemat-
ically addressesvariousaspectsof cooperationsuchascol-
laborative misshandling,cooperativeconsistency manage-
ment,ef�cient documentlookups,andcost-sensitive doc-
umentplacements,aimingat understandingandenhancing
thepower of cachecooperationon the performanceof the
cachecloudsin a large-scaleedgecachegrid.

In additionto theabove,researchershavestudiedvarious
problemsin thegeneralareaof cachingdynamicwebcon-
tentincludingcachingat differentgranularitiesfor improv-
ing performance,minimizing theoverheadsof consistency
maintenance,andperformanceanalysisandcomparisonof
variouscachingapproaches[1, 6, 7, 16]. Researchershave
alsoproposedvariousdocumentreplacementschemesfor
webcaches[3, 9]. While a replacementalgorithmdecides
which documentshave to beevictedfrom a cachewhenits
disk-spacebecomesfull, the documentplacementscheme
discussedin this paperaimsat strategically placingdocu-
mentsin acachecloudin orderto improveits performance.

6. Conclusion

We have studiedthe challengesof designinga cooper-
ative edgenetwork for cachingdynamicweb content,and
proposedthecachecloudsasa framework for cooperation
in large-scaleedgecachenetworks. This paperpresents
the architecturaldesignof a cachecloud, which includes
dynamichashing-basedmechanismsfor documentlookups
andupdates.Thesemechanismsareef�cient and involve
minimal communicationoverhead.Further, theloaddueto
documentlookupsand updatesis dynamicallydistributed
amongall thecachesin a cachecloud. Our dynamichash-
ingschemeisadaptiveto varyingdocumentupdateanddoc-
umentrequestpatterns. We have also presenteda utility-
basedschemefor placing documentswithin eachcache
cloud so that the systemresourcesare optimally utilized,
and the client latency is minimized. Our experimentsin-
dicatethat the techniquesproposedin this paperarevery
effective in improving theperformanceof cooperativeedge
cachenetworks.
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