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Abstract

Internetapplicationssuchasthe HTTP-Web,audio-video
streamingand le sharingdependon wide-areadatadis-
semination Clientsof theseapplicationssuffer from long
delaysdueto network queuing bandwidthlimitationsand
adwerseeffects of bandwidthsharingbetweendifferent
traf c.

Cachingreducesdelaysand saves network bandwidth
by holding the fetcheddataandrespondingo the subse-
guentrequestdocally. Existingdistributedcachingsolu-
tions areapplication-speci canddo not supportdelivery
in the push-pulldirectionsat the sametime. Our pro-
posedarchitecture called Storage Embedded\etworks
givesapplication-anddirection-independemachingsup-
port by usingmemory-embeddedlata-snoopingouters.
Theserouter cachescan act both as a client proxy and
a sener acceleratar We compareour architectureto the
web cachegoperatingin forward proxy mode. We report
additionalreductionsin client responsdimesandsener
loadsover proxiesusingthe samecachesizes.

Keywords: StorageEmbeddedNetworks, web proxy,
push-pull,GUOID, network modeling.
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Internetapplicationslependnwide-areadatadissemina-
tion. Thedelaysincurredby clientsof theseapplications
overthenetwork arestill a big problem.For instancethe
delaysdistractstudent®f distancdearningfrom theiron-
line lecturesandanng customer®f onlinestoredeading
to monetarjlosses Cacheslleviatetheadwerseeffectsof
network dynamicsonwide-arealatadisseminatiorby re-
tainingthefetcheddataandrespondingo the subsequent
requestdor the samedatalocally. We proposethe inte-
grationof a cacheserviceinto the Internetinfrastructure
throughroutercachingto improve datadissemination.
Recentinternettraf ¢ studies[12] shov HTTP-Web
to be the dominantsourceof the Internettrafc. How-
ever, they alsoreporttheemeping Peefto-Peer(P2P) le
sharing[20] andmediastreamingapplicationg15] to be
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Figurel: StorageEmbeddedNetwork (SEN)architecturagives
caching service within networks by using cache-embedded,
data-snoopingouters. SEN routersresideinside Internetand
Network ServiceProviders(ISP NSP).

signi cant traf ¢ contributors;reachingup to 60% of the
traf ¢ transferredon somelinks [11]. All of theseexist-
ing andemeging applicationsdependon wide-areadata
disseminatiorand are subjectto long delaysand unpre-
dictable network dynamicsdue to sharingof the band-
width betweenapplications. The useraccesscharacter
istics of theseemeging applicationg15, 23] aresimilar
to thewebaccessharacteristic§6]. The staticnatureof
the contentexchangedandthe skewed-popularityor Zipf
distribution [24], makestheselnternetapplicationsgood
candidateso bene t from distributedcaching.
Distributedweb proxy cached8, 3] have successfully
beenusedover the last decadeto reduceresponsdimes
for webclients.However, they aredesignedo sene only
tothewebclientsandoperatemostlyin theclients' down-
loador pull direction[4]. Thisis alsocalledforward proxy
mode. Push-basedlelivery happensvhendataitemsare
sentby the senerstowardsthe clientswithout explicit re-
guestdromtheclients. Today websenersneedo deploy
reverse proxiesor HTTP acceleratorgor a limited push
capabilityof their content.ContentDistribution Networks
(CDN) [1] emegedasa new businessnodelby combin-
ing the sener-side acceleratiorwith client-sidecaching.
Researctshons the bene ts of supportingboth pushand
pull paradigmsfor wide-areadatadisseminatior(4, 9].
However, dueto thelack of agenericcachingsupportthat
coversmary applicationsand both push-pulldirections,
emeging applicationsare obliged to reinvent and reim-
plementsimilar, but non-interoperableacheservices.
Our proposedStorage Embedded\Networks(SEN) ar
chitectureshavn in Figurel,providesanapplicationand
direction-independentacheservicewithin the Internet



infrastructure.lt usescache-embeddednoopingrouters
asits building blocks. Cornventionalroutersdo not have
this capability SEN routersare capableof making fast
cache-tabldookupsusingglobally-uniqueobjectidenti-
ers (GUOIDs). Applicationsusea new protocol called
Object TransportProtocol (OTP) to requestand retrieve
objectsusingtheir GUOIDs.

In this paper we rst introducethe operationof exist-
ing routersandshav how we extendthemwith a caching
capability Then,we describethe detailsof SEN archi-
tecture, the data-cachingoutersand the OTP protocol.
We useextensive modelingandsimulationsfor compari-
sonof web proxy cachesand SEN architecture.We nd
thatwhencachesansene requestsrom all directionsas
SENcachegslo, they utilize the cachespacebetterleading
to additionalhit ratesover forward proxy cacheghatuse
the sameamountf cache.

2 Background

Routersare network-level devices that forward paclets
from their sourceaddresse their destinatioraddresses.
They canbeconsideredhe“building blocks” of thelnter-
netinfrastructureasthey areubiquitous.Packetstravers-
ing the Internetthroughrouterscarry the datapertaining
to applicationsandnetworked protocols.Existing routers
commonlyusethe InternetProtocol(IP) headetinforma-
tion to forward pacletsandignorethe restof the paclet
contents. Here, we overview the operationof existing
routersto shav how we extend theserouterswith the
cachingcapabilityin the next section.

2.1 Router Details

Figure 2 shavs the simplied hardware model of a

router[18]. The dataplaneis the fastpaththat canfor-

ward several million paclets per second. The contwol

plane[22] is the slow paththathandleshe routeupdates
andothermanagementutines.

Line cards(Fig. 2) arenetwork interfacecardswith in-
put and outputportsthroughwhich pacletsarereceved
and transmitted,respectiely. The core dataforwarding
functionof theline cardsis doneby a Forwarding Engine
(FE). EachFE maintainsa Forwarding InformationBase
(FIB) table, which is a partial or full copy of the rout-
ing table. FIB is downloadedfrom the route processor
andkeptup-to-date The processoon the FE consultsits
local FIB to quickly nd the next hopinformation. The
switch fabric (Fig. 2) hasa switchingcapacityfasterthan
thecombinedspeedof all theinput ports.Accessinto and
out of the sharedmemoryin the switchis doneby Direct
Memory Access(DMA). The route processor(Fig. 2) is
responsibldor maintainingtheroutingtables.It performs
spanning-treealculationsusingtherouteupdatenforma-
tion disseminatedby the routing protocols.

Route Processor

Routing
Table

Control Plane

Data Plane

Switch

Line Card Fabric

FE| FIB

FE = Forwarding Engine
FIB = Forwarding Info. Base

FE
FE

Figure2: A simpli ed modelof existing routers.

2.2 Packet Forwarding Operation

The paclets are receved and temporarily storedon the
line cardsin existing routers.As soonasthe paclethead-
ersarereadfrom thelink-layer (e.g. Ethernet)rame,the
paclet processoforwardsthe paclket headerto the For-

warding Engine (FE). The FE is either physically em-
beddedin theline cardor is connectedo it throughthe
switch. FE readsthe destinationlP addressand nds

the matchingnext-hop entry from the Forwarding Infor-

mation Base(FIB). The resultsare quickly (e.g. in 2.5
microsecond$2]) returnedto the packet processar An

adjacenyg table holds the link-layer information for the
next hops.Theprocessomovesthe packetfrom line card
memoryto the switch fabric interface. Each paclet is

movedinto theswitchfabricframe-by-frameandis stored
with a pointerto the outputport. A schedulingalgorithm
suchasWeightedRoundRobin (WRR) is usedto deter

mine which frame shouldbe scheduledo its outputin-

terfacenext. The destinationoutputinterfaceis signaled
to take the paclet framesout of a known memoryloca-
tion. Theframesaresentoutto the network via the MAC

protocoloncethey areonthe outputinterface.

2.3 Enabling Technologies

Network Processor Units (NPUs) are software pro-
grammablgrocessordesignedo procespacletsatwire
speeds.They combinethe speedof ASICswith the e x-
ibility of CPUs. NPUscanusepaclet elds to perform
tablelookups patternmatcing, anddata manipulation
Becausaf theseadvantageNPU markethasbecomehe
fastestgrowing segmentof the microprocessoimdustry
soonafterits introduction[14]. Thesharednternalmem-
ory in NPUscanbe usedto storethe programcodeand
possiblysmalllookuptables.Additional datais storedin
theexternalmemories NPUsenabledatacachingatwire
speedsn SENrouters.

Recently fast tree-basedlookup techniques have
beenmplementedn hardware[17, 13]. Thesetechniques
are currently being usedfor routelookupsusingthe 32-
bit IPv4 or the 128-bitIPv6 addresse<Cachingin routers



requiresa similar table lookup for GUOID to determine
whetherthe requesteabjectis cachedor not. With 1Pv4
addresse20 and 80 million lookupsper secondarere-
ported using DRAM and SRAM technologies,respec-
tively [17]; for 128-bitIPv6 addresse2 million lookups
persecondareprojected13].

3 StorageEmbeddedNetworks

SENarchitecturgorovidescachingservicewithin thecur
rentinternetinfrastructurelt extendscurrentrouterswith
anetwork cardwith embeddednemoryfor datacaching.
Applications use globally unique identi ers (GUOIDSs)
anda presentation-laygprotocolcalledObjectTransport
Protocol(OTP)to requestndretrieve objects.

3.1 Object Identi cation

Connectionapplicationandprotocolspeci c numbersare
not meaningfulbeyond their limited domain. To give a
genericcacheservice,a SEN router hasto identify ob-
jectsfrom differentapplicationsusinga commonformat.
Theseidenti ers alsoneedto be globally uniqueto avoid
nameclashes. Therefore,we use Globally Unique Ob-
jectldenti ers (GUOID) thatwe obtainby hashinga le' s
contents[5]. Emeging Peerto-Peer(P2P)applications
andobject-basede systemsarealreadyidentifying their
objectswith GUOIDs. Therefore,they don't needary
namingchangeo bene t from SENcaches.
Applicationsthat want to make useof routercaching
will have to includea GUOID of the embeddedbijects.
Whenever anobjectis modi ed, it essentialljbecomesa
new objectandis givenanew GUOID value. Theclients
male requestausing GUOID offset pairs. As with
the caseof web pagesmary objectshave otherembed-
dedstaticobjects.An updateoperationmay only change
the GUOID of thetop-level object;if so,only thatobject
would needto be retransmitted.Upon reception,clients
canhashthe contentsand comparethe resultagainstthe
expectedGUOID of theobjectto checkdataintegrity.

3.2 Object Transport Protocol (OTP)

The datacachingservicewe provide in the routersis not
enforcedon all by-passingpaclets. Therefore,existing
andemegingapplicationghatseebene tin cachingneed
to indicatetheir willingnessto the routersby settinga bit
in theIP-headeandincludingan OTP header
OTP runson top of transportprotocolsandcarriesob-

jectsidenti ed by GUOIDs. OTP is a generalizatiorof
the Real Time Protocol(RTP) [21], whichis successfully
beingemployedtodayto carryreal-timetrafc. RTP in-
troducesobjectawarenesdy taggingeachpaclet with a
globally uniqgueSynchronizatiorS5ouRCeSSRC)identi-
er, whichis thecamera-idandatime-offsetfor thereal-
time payloadbeingcarried.However, thesespeci ¢ elds
malke RTP suitableonly for real-timetraf c.
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(b) Encapsulatiorof OTP header
Figure3: OTP headerandits encapsulation.

The OTP headershavn in Figure 3(a) keepsa generic
GUOID for the objectandan offsetvaluefor the datain
paclet beingtransmitted. The length of the payloadcan
be obtainedfrom thetransportiayer. The Type eld indi-
cateswhatkind of actiontheapplicationwantsfrom OTP.
Currently a Read type for a readrequestand a Data
type for the returnedpayloadsare de ned. Othertypes
suchasWrite , Publish ,andError arebeingconsid-
ered.Port numberof the original applicationcanbe used
to communicatehe requestor receptionof the objectto
the original application. Finally, thereservedeld could
be usedto assignprioritiesto objectsto provide differen-
tiated cachingservices. Figure 3(b) shows the encapsu-
lation of OTP headeiinto the transport(TCP, UDP) and
network (IP) headerdeforeit is sentoutto network.

3.3 Data-CachingRouter

Figure 4 shows the hardware detailsof our data-caching
router We addanew cardthatwe call Data-CaheEngine
to therouterto enablethe cachingof objectsandprocess
the Object TransportProtocol(OTP) headers.The route
lookupin theline cardsandthe cachdookupin the Data-
CacheEnginearedonein parallel. The Network Proces-
sor Unit (NPU) quickly searcheshe globally uniqueob-
jectidenti ers (GUOID) in thecacheableanddetermines
whetherit is a hit in the cacheor amiss.If hit, thesource
anddestinatioraddressem thelP headerare ipped and
the datais returnedto the client. Otherwise,the paclet
processoiis informed of the missresultand the paclet
forwardingproceedsasusual.

Theclientapplicatiorre ectsits readrequesby choos-
ing the OTP-READ option in the requesttype eld of
OTP header For example,the HTTP-GETrequestaised
by web browsersto retrieve web pagesaremappedo an
OTP-READrequestlf therouterdoesnt have the object
cachedthentheobjectis retrieved from the senerin one
or more paclets. Eachpaclet carriesthe bytesstarting
from the offsetbytewherethe previouspaclket stopped If
the transportis reliable, it handlesthe paclet lossesand
ordering. After the objectis cachedby therouter, a sub-
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Figure4: Data-Caché&ngineis aspecializedine cardaddedo
theSENrouters.It makesGUOID lookupsto determinevhether
anobjectis cachedor not.

sequentOTP-READ requesimay resultin a hit. The ob-

jectis sentthe clientwith OTP-Data eld setin the OTP

header If the Maximum TransferUnit (MTU) between
therouterandtheclientis biggerthanthe MTU between
therouterandthe sener, thenthe routermay sendmore
bytesin onejumbo-paclet. WhentheincomingIP paclet

is marked, denaotingthatit containscache-ablalata,it is

forwardedbothto the outputline cardfor thenext-hopto-

wardsthedestinatiorandto the Data-Caché&ngine.This

operationis similar to theIP multicastoperation.

SEN architecturds backwardscompatible.Therefore,
it can be deplgyed in an incrementalfashioninto the
currentinternetinfrastructure. Existing routerswill for-
wardIP pacletswith embeddedTP headerasusualand
SENTrouterswill forvardunmarledIP headerssexisting
routersdo.

4 Methodology

We useevent-drivensimulationsto comparethe proposed
StorageEmbeddedNetwork (SEN) architectureto the

web cachesthat operatein forward proxy mode. We

modela multi-level network topology with nodesrepre-
sentingtheclients,seners,cachesandrouters.Theclients
andthe senersareat the edgesf thetopology asshavn

in Figure5. We parsewvebrequestérom arealproxytrace
le andassignthemto randomly selectedclients. The

simulatednetwork nodesforward theserequestdowards
thewebsenersthatcontainthoseobjects;calculatedy a

modulooverthe objectidenti er. Cachesareonthepaths
from clientsto the sener.

4.1 Network Model

We generatavide-scalenetwork topologieswith userdi-
rectedinput for (1) the numberof nodesin a Wide Area
Network (WAN), (2) the numberof Metropolitan Area
Network (MAN) nodesperWAN, (3) thenumberof Local
AreaNetwork (LAN) nodesper MAN (4) the numberof

Figure5: Network topologyusedfor the simulation.

hostsin aLAN, (5) the propagationatielays,and(6) the
bandwidthgfor eachlink. Delaysandbandwidthsarethe
samefor links of the sametype, e.g. all thelinks between
theLAN andthe MAN levelsarethesame.

The topology usedin the simulationsis illustratedin
Figure 5. There are 58 directedlinks. The network
delayswere basedon our traceroute collectionsfrom
our university machinesto different universities. The

delay bandwidth parameterdor the links are as fol-

lows: WAN-to-WAN 10ms 655Mbps, WAN-to-MAN
2ms 155vbps, MAN-to-LAN links 1ms1 5Mbps,
andLAN-to-Host 0 5ms 10Mbps .

4.1.1 Network Queuing Delays

Weusea uid- o w network queuingmodel[16]. Thedata
thatpasseshrougharouteris queuedn aFIFOqueueand
servicedat the bandwidthspeedof the outgoinglink. We

usetwo parametersTimeSamp andQueueTme, in each
node.TimeSamp is thelasttime whenan objectwasre-

ceivedinto the FIFO queue.QueueTmeis anestimateof

how muchtime the next objectwill bewaiting or delayed
in this router QueueTme is updatedevery time a new

objectis receved:

ServiceTime ObjedSze Bandwidth
DT  Now TimeSamp
NewQueueTme Queueime DT ServiceTime

1)

For eachqueuethe TimeSamp parameters initialized to
the currentsimulationtime andthe QueueTmeis initial-
izedto zero.

4.1.2 PendingClient Requests

Nodes with caching capabilities can implement a
pending-requestjueueto measurethe round trip times
(RTT) andto avoid duplicaterequestgrom traversingthe
samenetwork paths.GUOIDsfor theobjectsthatarecur-

rently being fetchedare enqueuedn this pendingqueue
togethemwith theclientandtimestampnformation.When
theobijectis retrieved,all requestshatarependingonthis

objectare dequeuedand responded.So, in our contet

pendingis de ned as: holding on to the subsequente-

guestsfor an objectthathasalreadybeenrequestedWe

measurethe effects of using this strateyy for both web
proxiesandSENarchitecture.



4.2 WebProxyvs. SEN

Webproxy cacheg8, 3] aresuccessfullypeingusedtoday
to reduceresponséimesfor webclients[6]. Thesecaches
de ne parent-childrelationshipsandstructurehemseles
in a hierarchythusforming a treetopologyfrom bottom
(leaf) to top layers. Clients connectto the leaf caches,
malke web requestandwait until the proxy returnsa re-
sponself theleaf cachecannotful Il therequestjt con-
tactsits parentandsoon until the sener is contactecand
the objectis fetched. The objecttraverseshe samepath
backwardsgettingcachedalongthe hierarchy
SENcachesaretopologicallytransparento the clients
andseners. ClientsappendOTP headergo their request
paclets and expectimprovementsfrom the SEN caches
within the Internetinfrastructure. The requestsare di-
rectedtowardsthe sener. They arenot delayedby addi-
tional forwardingto off-the-pathparentcachesHowever,
for fairnessof comparisorwe usethe sametreetopology
andsameamountf cachefor botharchitectures.

4.3 Workload

National Laboratory for Applied Network Research
(NLANR) operatesa global cachehierarchyusing Squid
proxy cachesaindhasprovidedimportantwebtraceq10].
We usea daylong tracecollectedfrom a busyweb proxy
sener, SV, in the NLANR Squid cachehierarchy It
containsabout 675,342requests( 4.20 Gigabytes)to
269,031uniquewebobjects( 1.17Gigabytes)Thein -
nite hit rateis 60%andin nite bytehit rateis 72%. Each
clientnodeseesa portionof thisworkload.

4.4 CacheReplacement

A cadhe replacemenpolicy keepsthe cachedobjectsin
a priority order and replacesthe leastvaluableobjects.
An object's accesgime, accesdrequeny and size are

sizesaretested put thetwo architecturesirealwayscom-
paredatthe samecachesizesfor fairness.

5.1 Hit Rates

Figure6 compareshehit ratesachievedby thesamenode
in the network (node6 in Figure5) whenusedasa for-
wardweb proxy or asa SEN routercache.The hit rates
are plotted as a function of increasingcachesizes. The
network topologycontainscachesonly atthe LAN-level,
thus at the edgesof the wide-areanetwork. Figure 6(a)
shaws that the samenodeachierzesup to 20% higherhit
rateswhenuseda SEN noderatherthanasa web proxy
nodeand both with LRU replacement.This is because
SENTroutersoperateébothasforwardandreverseproxies,
simultaneouslythusgettinghits in bothdirections.

Figure 6(b) shows the hit ratesfor Greedy-DualSize
with Frequeng (GDSF)thatusesfrequeny andsizecri-
teria for replacemenin addition to the receng of ac-
cesses. This policy canreachthe hit ratesachiesed by
LRU replacemenby usingonly a fraction of the cache
sizesusedby LRU. Thisresultsin thesteepincreasen hit
ratesseenin Figure6(b). The pendingstratgyy doesnot
effectthe hit rates,sincethe decisionon whetherto pend
arequesbr notcomesaftera cachemissoccursandafter
thehit ratesarecalculated.

Figure 7 comparesthe hit rates of web proxy and
SEN cacheswith cachesat both the LAN and MAN
levels. The hit ratesreportedin this gure are path
hit rates (PHR), calculated by adding the hit rate
of the rst level (HR1) to the hit rate of the sec-
ond level over the trafc missedfrom the rst level:
PHR1 HR1 1 HR1 HR2 Notethatthe path
hit ratemetricis independensof thedirectionof thetraf ¢
asPHR2 HR2 1 HR2 HR1 PHR1. Due
to theincreasedotal cachespacehehit ratesin Figure7
areapproximatelys% higherin comparisorto hit ratesin
Figure6. However, the gapbetweenthe web proxy and

the mostcommonlyusedcriteriafor makingreplacement SEN cachehit ratescloseby 5-10%. The two reasons

decisions. We comparetwo replacemenpolicies: LRU

andGDSF LeastRecentlyUsed(LRU) replacegheleast
recently accessedbject from the cache. GreedyDual

Sizewith Frequeng (GDSF)policy [7] replaceghe ob-
ject with the smallestkey K; CG K S L, where
G is the costof fetchingthe object,F; is the accesdre-

queng, S is the objectsizeandL is arunningagefactor

L is setto the key value of the objectsthat arereplaced
from thecacheandCi=1.

5 Resultsand Discussion

We compareweb proxy and SEN architecturesisingthe
describedhetwork topologyandwebworkload. Thecom-
parisonis basedn performancenetricssuchashit rates,
effectson client responsdimesandeffectson the sener
load. For eachmetric,the web proxy andSENnodesare
alsoevaluatedseparatelyaccordingto their requesipend-
ing stratey, i.e. with or without pending.Differentcache

for this reductionare asfollows. First, the web proxies
arenow servingarelatively larger, uni ed community(al-

thoughstill only in downloador pull direction),thuscre-
atinganaccelerateghathbetweerntwo LANSs within each
MAN. Secondwith multi-level cacheslient sharingbe-
tweencommunitiesis exploited to avoid duplicationsin

cachesandthe saved cachespaceis usedto avoid some
capacitymisses. Again, the GDSF policy achieveshigh
hit rateswith smallercachesizesthanLRU andpending
stratgly doesnot affectthe hit rates.

5.2 Client ResponseTimes

Figure 8 comparesthe average client responsetimes
(CRT) of proxy andSEN cacheswith cachedocatedonly
at the LAN level. We nd that the additional hit rates
achievedby SEN cachesver proxy cachesllustratedin
Figure 6 did notimmediatelyresultin additional reduc-
tionsin CRT. Thisis becausesa singlelevel cachethe
SEN router could only acceleratghe sener contentone
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Figure7: Hit ratecomparisorof forwardweb proxiesvs. SENrouters;Cachesreatthe LAN andMAN levels.

hop(0.5ms)closerto theclientsandnotmore. We will see
the immediateresultsof increasedit rateson the sener
load laterin this section. Note that, in Figure8 the CRT

for SEN cachesareslightly lowerthanthe CRT for proxy
caches. The emepging distinctionis seenbetterin Fig-

ure 8(b) for GDSF policy that achieves higher hit rates
thanLRU with smallercachesizes.

In Figure9 the succes®f multi-level SEN cachesver
multi-level web proxies becomesmore eminent. SEN
cacheseducethe client responsdimes additionally 30-
50% over the CRT's achieved by the web proxy caches.
Providing caching on the pathsfor datatraversingin all
directionsand not limiting the cache serviceto only the
client's pull directionresultsin better use of the same
amountof cachespace

Anotherimportantresultseenin both Figure 8 and 9
is the effect of pendingpolicy over clientresponsdimes.
For both SEN andweb proxy cachesijf the requestdor
alreadyrequesteabjectscanbe pendednsidethe cache,
thenmary repeatingrequestswill be respondedat once
whenthe objectis fetchedfor the rst request.Pending
arequestn aroutercanbe morechallengingthanpend-
ing requestdan web proxies, sinceroutersare meantto
forwardpacletsasfastaspossible.

5.3 Sewer Load

Figure 10 shavs the comparisonof the effects of web
proxy vs. SEN cacheson the sener load expressedas
numberof requestshandledby the web seners (cumu-
lative). The cachesare locatedonly at the LAN level.
Thewebsenersexperiencgheadditionalbene tsof SEN
cachesstartingwith LAN-level caching. The additional
hits achieved by SEN cachesresultin additionalreduc-
tionsin theloadof thesener, whichis onehopawayfrom
the cache.This leadsto increasedener scalability The
resultsfor two-level cachingaresimilarandareomitted.

6 RelatedWork

Ourproposedjlobally-distritutedcachenfrastructuree-
latesto mary distributedsystemswith distributedcaches.
Theseinclude web proxy caches[8, 19], ContentDis-
tribution Networks (CDNs) [1], and Peerto-Peer(P2P)
networks [20]. Our techniquedifferentiatesitself and
complementsthe mentioned architecturesby provid-
ing an application-and direction-independentyidely-
distributedcacheresourcewithin the Internet.
ContentDistribution Networks (CDN) such as Aka-



Average Client Response Time (sec)

Figure8: Clientresponsdimes(CRT) comparisorof web proxy caches/s. SENroutersCachesareonly atthe LAN level.

Average Client Response Time (sec)

Server Load (Requests x 1000/day)

Proxy-NoPend
SEN-NoPend
Proxy-Pend
SEN-Pend

200 300 400 500
Cache Size (Megabytes)
(a) LRU replacement.

Proxy-NoPend —&—
SEN-NoPend —x—
Proxy-Pend —¥— 4
SEN-Pend —H—

200

300
Cache Size (Megabytes)
(a) LRU replacement.

400 500

Average Client Response Time (sec)

Average Client Response Time (sec)

Proxy-NoPend —&—

SEN-NoPend —x—
Proxy-Pend —¥— 4
SEN-Pend ———

—

N

0 100 200 300 400 500
Cache Size (Megabytes)
(b) GDSFreplacement.

Proxy-NoPend —&—
SEN-NoPend —x—
Proxy-Pend —¥— 4
SEN-Pend —H—

200 300
Cache Size (Megabytes)
(b) GDSFreplacement.

400

Figure9: CRT comparisorof webproxy cachesss. SENrouters;,Cachesareatthe LAN andMAN levels.

700

600 A

500

400

300

200

100

Proxy-NoPend —&—
Proxy-Pend —>X—
SEN-NoPend —¥—

SEN-Pend —H—

100 200 300
Cache Size (Megabytes)

(a) LRU replacement.

400 500

Server Load (Requests x 1000/day)

400

300

200

100

Proxy-NoPend —&—
Proxy-Pend —<—
SEN-NoPend —X—

SEN-Pend —H—

X
100 200 300 400 500
Cache Size (Megabytes)
(b) GDSFreplacement.

Figure10: Senerloadreductioncomparisorof web proxy caches/s. SENrouters;Cachesareonly atthe LAN level.



mai[1] “akamaize”the sener-sidewebcontentandcom-
bine push-pull of this contentwithin their private net-
works. SEN cachearchitectureusesglobally uniqueob-
ject identi ers (GUOIDs) and routersto male its cache
serviceglobally accessibldo all entitieson the Internet.
Therefore SENarchitecturecanactasa cachenfrastruc-
ture for CDNs, so thatthey canpushtheir contentalong
client pathsto ensurethe delivery of closestcopies.SEN
architecturecan also provide stablecachingservicebe-
tweenthe peersof anoverlaynetwork.

7 Conclusions

We describedthe designof a new cachingarchitecture
for the Internetinfrastructure called StorageEmbedded
Networks (SEN). We comparedthe SEN architectureto
web cachesoperatingin forward proxy mode. We used
the samenetwork topology, the samewebworkload,and
samecachesizesfor comparisons.We found that being
ableto servicerequestver all network pathshelpsuti-
lize cachespacedetterleadingto improvedperformance.
The bene ts of SEN cachedncreaseasmore cachesare
installedalong the network paths: i.e additionalreduc-
tions of client responsdimes and sened loads can be
achieved over the web proxy caches. The network cost
is continuous put memorycostis a one-timeinvestment.
Evenwith modesthit ratesrouterdatacachesanpay for
themseleswithin a shortperiodof time.
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