
CachingSupportfor Push-PullDataDissemination
usingData-SnoopingRouters

IsmailAri
ari@cs.ucsc.edu

EthanL. Miller
elm@cs.ucsc.edu

StorageSystemsResearch Center
�

Universityof California SantaCruz

Abstract

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

Cachingreducesdelaysandsavesnetwork bandwidth
by holding the fetcheddataandrespondingto thesubse-
quentrequestslocally. Existingdistributedcachingsolu-
tionsareapplication-speci�canddo not supportdelivery
in the push-pull directionsat the sametime. Our pro-
posedarchitecture,called Storage EmbeddedNetworks,
givesapplication-anddirection-independentcachingsup-
port by usingmemory-embedded,data-snoopingrouters.
Theserouter cachescan act both as a client proxy and
a server accelerator. We compareour architectureto the
webcachesoperatingin forwardproxy mode.We report
additionalreductionsin client responsetimesandserver
loadsoverproxiesusingthesamecachesizes.

Keywords: StorageEmbeddedNetworks,web proxy,
push-pull,GUOID, network modeling.

1 Intr oduction

Internetapplicationsdependonwide-areadatadissemina-
tion. Thedelaysincurredby clientsof theseapplications
over thenetwork arestill a big problem.For instance,the
delaysdistractstudentsof distancelearningfrom theiron-
line lecturesandannoy customersof onlinestoresleading
to monetarylosses.Cachesalleviatetheadverseeffectsof
network dynamicsonwide-areadatadisseminationby re-
tainingthefetcheddataandrespondingto thesubsequent
requestsfor the samedatalocally. We proposethe inte-
grationof a cacheserviceinto the Internetinfrastructure
throughroutercachingto improvedatadissemination.

RecentInternet traf�c studies[12] show HTTP-Web
to be the dominantsourceof the Internettraf�c. How-
ever, they alsoreporttheemergingPeer-to-Peer(P2P)�le
sharing[20] andmediastreamingapplications[15] to be
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Figure1: StorageEmbeddedNetwork (SEN)architecturegives
caching service within networks by using cache-embedded,
data-snoopingrouters. SEN routersresideinside Internetand
Network ServiceProviders(ISP, NSP).

signi�cant traf�c contributors;reachingup to 60%of the
traf�c transferredon somelinks [11]. All of theseexist-
ing andemerging applicationsdependon wide-areadata
disseminationandaresubjectto long delaysandunpre-
dictablenetwork dynamicsdue to sharingof the band-
width betweenapplications. The useraccesscharacter-
istics of theseemerging applications[15, 23] aresimilar
to thewebaccesscharacteristics[6]. Thestaticnatureof
thecontentexchangedandtheskewed-popularity, or Zipf
distribution [24], makestheseInternetapplicationsgood
candidatesto bene�t from distributedcaching.

Distributedweb proxy caches[8, 3] have successfully
beenusedover the last decadeto reduceresponsetimes
for webclients.However, they aredesignedto serveonly
to thewebclientsandoperatemostlyin theclients'down-
loadorpull direction[4]. Thisis alsocalledforward proxy
mode.Push-baseddelivery happenswhendataitemsare
sentby theserverstowardstheclientswithout explicit re-
questsfrom theclients.Today, webserversneedto deploy
reverseproxiesor HTTP acceleratorsfor a limited push
capabilityof theircontent.ContentDistributionNetworks
(CDN) [1] emergedasa new businessmodelby combin-
ing the server-sideaccelerationwith client-sidecaching.
Researchshows thebene�ts of supportingbothpushand
pull paradigmsfor wide-areadatadissemination[4, 9].
However, dueto thelackof agenericcachingsupport,that
coversmany applicationsandboth push-pulldirections,
emerging applicationsareobliged to reinvent and reim-
plementsimilar, but non-interoperablecacheservices.

Our proposedStorage EmbeddedNetworks(SEN) ar-
chitecture,shown in Figure1,providesanapplicationand
direction-independentcacheservicewithin the Internet



infrastructure.It usescache-embedded,snoopingrouters
asits building blocks. Conventionalroutersdo not have
this capability. SEN routersare capableof making fast
cache-tablelookupsusingglobally-uniqueobject identi-
�ers (GUOIDs). Applicationsusea new protocolcalled
ObjectTransportProtocol(OTP) to requestandretrieve
objectsusingtheirGUOIDs.

In this paper, we �rst introducetheoperationof exist-
ing routersandshow how we extendthemwith a caching
capability. Then,we describethe detailsof SEN archi-
tecture,the data-cachingroutersand the OTP protocol.
We useextensive modelingandsimulationsfor compari-
sonof web proxy cachesandSEN architecture.We �nd
thatwhencachescanserverequestsfrom all directionsas
SENcachesdo,they utilize thecachespacebetterleading
to additionalhit ratesover forwardproxy cachesthatuse
thesameamountsof cache.

2 Background

Routersare network-level devices that forward packets
from their sourceaddressesto theirdestinationaddresses.
They canbeconsideredthe“building blocks”of theInter-
net infrastructureasthey areubiquitous.Packetstravers-
ing the Internetthroughrouterscarry the datapertaining
to applicationsandnetworkedprotocols.Existingrouters
commonlyusetheInternetProtocol(IP) headerinforma-
tion to forwardpacketsandignorethe restof the packet
contents. Here, we overview the operationof existing
routersto show how we extend theserouterswith the
cachingcapabilityin thenext section.

2.1 Router Details

Figure 2 shows the simpli�ed hardware model of a
router[18]. The data planeis the fastpaththat canfor-
ward several million packets per second. The control
plane[22] is theslow paththathandlestherouteupdates
andothermanagementroutines.

Line cards(Fig. 2) arenetwork interfacecardswith in-
put andoutputportsthroughwhich packetsarereceived
and transmitted,respectively. The coredataforwarding
functionof theline cardsis doneby aForwardingEngine
(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.Theprocessoron theFE consultsits
local FIB to quickly �nd the next hop information. The
switch fabric (Fig. 2) hasa switchingcapacityfasterthan
thecombinedspeedof all theinputports.Accessinto and
out of thesharedmemoryin theswitch is doneby Direct
Memory Access(DMA). The routeprocessor(Fig. 2) is
responsiblefor maintainingtheroutingtables.It performs
spanning-treecalculationsusingtherouteupdateinforma-
tion disseminatedby theroutingprotocols.

FE FIB

FE FIB

FE FIB

Route Processor

Table
Routing

Data Plane

Control Plane

Line Card Fabric

FIB = Forwarding Info. Base
FE = Forwarding Engine

Switch

Figure2: A simpli�ed modelof existing routers.

2.2 Packet Forwarding Operation

The packets are received and temporarilystoredon the
line cardsin existing routers.As soonasthepackethead-
ersarereadfrom thelink-layer (e.g. Ethernet)frame,the
packet processorforwardsthe packet headerto the For-
warding Engine (FE). The FE is either physically em-
beddedin the line cardor is connectedto it throughthe
switch. FE readsthe destinationIP addressand �nds
the matchingnext-hop entry from the ForwardingInfor-
mation Base(FIB). The resultsare quickly (e.g. in 2.5
microseconds[2]) returnedto the packet processor. An
adjacency table holds the link-layer information for the
next hops.Theprocessormovesthepacket from line card
memory to the switch fabric interface. Eachpacket is
movedinto theswitchfabricframe-by-frameandis stored
with a pointerto theoutputport. A schedulingalgorithm
suchasWeightedRoundRobin (WRR) is usedto deter-
mine which frameshouldbe scheduledto its output in-
terfacenext. Thedestinationoutputinterfaceis signaled
to take the packet framesout of a known memoryloca-
tion. Theframesaresentout to thenetwork via theMAC
protocoloncethey areon theoutputinterface.

2.3 Enabling Technologies

Network Processor Units (NPUs) are software pro-
grammableprocessorsdesignedto processpacketsatwire
speeds.They combinethespeedof ASICswith the �e x-
ibility of CPUs. NPUscanusepacket �elds to perform
tablelookups, patternmatching, anddata manipulation.
Becauseof theseadvantagesNPUmarkethasbecomethe
fastestgrowing segmentof the microprocessorindustry
soonafterits introduction[14]. Thesharedinternalmem-
ory in NPUscanbe usedto storethe programcodeand
possiblysmall lookuptables.Additional datais storedin
theexternalmemories.NPUsenabledatacachingatwire
speedsin SENrouters.

Recently, fast tr ee-basedlookup techniques have
beenimplementedin hardware[17, 13]. Thesetechniques
arecurrentlybeingusedfor routelookupsusingthe 32-
bit IPv4or the128-bitIPv6addresses.Cachingin routers
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requiresa similar table lookup for GUOID to determine
whethertherequestedobjectis cachedor not. With IPv4
addresses20 and 80 million lookupsper secondare re-
ported using DRAM and SRAM technologies,respec-
tively [17]; for 128-bit IPv6 addresses2 million lookups
persecondareprojected[13].

3 StorageEmbeddedNetworks

SENarchitectureprovidescachingservicewithin thecur-
rentInternetinfrastructure.It extendscurrentrouterswith
a network cardwith embeddedmemoryfor datacaching.
Applications use globally unique identi�ers (GUOIDs)
anda presentation-layerprotocolcalledObjectTransport
Protocol(OTP) to requestandretrieveobjects.

3.1 Object Identi�cation

Connection,applicationandprotocolspeci�c numbersare
not meaningfulbeyond their limited domain. To give a
genericcacheservice,a SEN router hasto identify ob-
jectsfrom differentapplicationsusinga commonformat.
Theseidenti�ers alsoneedto beglobally uniqueto avoid
nameclashes. Therefore,we useGlobally Unique Ob-
ject Identi�ers (GUOID) thatweobtainby hashinga�le' s
contents[5]. Emerging Peer-to-Peer(P2P)applications
andobject-based�le systemsarealreadyidentifying their
objectswith GUOIDs. Therefore,they don't needany
namingchangeto bene�t from SENcaches.

Applicationsthat want to make useof routercaching
will have to includea GUOID of the embeddedobjects.
Whenever anobjectis modi�ed, it essentiallybecomesa
new objectandis givena new GUOID value.Theclients
make requestsusing � GUOID � offset 	 pairs. As with
the caseof web pages,many objectshave otherembed-
dedstaticobjects.An updateoperationmayonly change
theGUOID of thetop-level object;if so,only thatobject
would needto be retransmitted.Upon reception,clients
canhashthecontentsandcomparethe resultagainstthe
expectedGUOID of theobjectto checkdataintegrity.

3.2 Object Transport Protocol (OTP)

Thedatacachingservicewe provide in theroutersis not
enforcedon all by-passingpackets. Therefore,existing
andemergingapplicationsthatseebene�t in cachingneed
to indicatetheir willingnessto theroutersby settinga bit
in theIP-headerandincludinganOTPheader.

OTP runson top of transportprotocolsandcarriesob-
jects identi�ed by GUOIDs. OTP is a generalizationof
theRealTime Protocol(RTP) [21], which is successfully
beingemployed todayto carry real-timetraf�c. RTP in-
troducesobjectawarenessby taggingeachpacket with a
globally uniqueSynchronizationSouRCe(SSRC)identi-
�er , which is thecamera-id,andatime-offsetfor thereal-
timepayloadbeingcarried.However, thesespeci�c �elds
makeRTP suitableonly for real-timetraf�c.

31
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Figure3: OTPheaderandits encapsulation.

TheOTP headershown in Figure3(a)keepsa generic
GUOID for the objectandan offsetvaluefor thedatain
packet beingtransmitted.The lengthof the payloadcan
beobtainedfrom thetransportlayer. TheType�eld indi-
cateswhatkind of actiontheapplicationwantsfrom OTP.
Currently, a Read type for a readrequestand a Data
type for the returnedpayloadsare de�ned. Other types
suchasWrite , Publish , andError arebeingconsid-
ered.Port numberof theoriginal applicationcanbeused
to communicatethe requestor receptionof the objectto
theoriginal application.Finally, the reserved�eld could
beusedto assignprioritiesto objectsto providedifferen-
tiatedcachingservices.Figure3(b) shows the encapsu-
lation of OTP headerinto the transport(TCP, UDP) and
network (IP) headersbeforeit is sentout to network.

3.3 Data-CachingRouter

Figure4 shows the hardwaredetailsof our data-caching
router. Weaddanew cardthatwecallData-CacheEngine
to therouterto enablethecachingof objectsandprocess
theObjectTransportProtocol(OTP) headers.The route
lookupin theline cardsandthecachelookupin theData-
CacheEnginearedonein parallel. TheNetwork Proces-
sorUnit (NPU) quickly searchestheglobally uniqueob-
jectidenti�ers (GUOID) in thecachetableanddetermines
whetherit is a hit in thecacheor a miss.If hit, thesource
anddestinationaddressesin theIP headerare�ipped and
the datais returnedto the client. Otherwise,the packet
processoris informed of the miss result and the packet
forwardingproceedsasusual.

Theclientapplicationre�ects its readrequestby choos-
ing the OTP-READ option in the requesttype �eld of
OTP header. For example,theHTTP-GETrequestsused
by webbrowsersto retrieve webpagesaremappedto an
OTP-READrequest.If therouterdoesn't have theobject
cached,thentheobjectis retrievedfrom theserver in one
or more packets. Eachpacket carriesthe bytesstarting
from theoffsetbytewherethepreviouspacketstopped.If
the transportis reliable, it handlesthe packet lossesand
ordering.After theobjectis cachedby therouter, a sub-
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Figure4: Data-CacheEngineis aspecializedline cardaddedto
theSENrouters.It makesGUOID lookupstodeterminewhether
anobjectis cachedor not.

sequentOTP-READrequestmay resultin a hit. Theob-
ject is senttheclient with OTP-Data�eld setin theOTP
header. If the Maximum TransferUnit (MTU) between
therouterandtheclient is biggerthantheMTU between
the routerandthe server, thenthe routermay sendmore
bytesin onejumbo-packet.WhentheincomingIP packet
is marked,denotingthat it containscache-abledata,it is
forwardedbothto theoutputline cardfor thenext-hopto-
wardsthedestinationandto theData-CacheEngine.This
operationis similar to theIP multicastoperation.

SENarchitectureis backwardscompatible.Therefore,
it can be deployed in an incrementalfashion into the
currentInternetinfrastructure.Existing routerswill for-
wardIP packetswith embeddedOTPheadersasusualand
SENrouterswill forwardunmarkedIP headersasexisting
routersdo.

4 Methodology

Weuseevent-drivensimulationsto comparetheproposed
StorageEmbeddedNetwork (SEN) architectureto the
web cachesthat operatein forward proxy mode. We
modela multi-level network topologywith nodesrepre-
sentingtheclients,servers,cachesandrouters.Theclients
andtheserversareat theedgesof thetopology, asshown
in Figure5. Weparsewebrequestsfrom arealproxytrace
�le and assignthem to randomlyselectedclients. The
simulatednetwork nodesforward theserequeststowards
thewebserversthatcontainthoseobjects;calculatedby a
moduloover theobjectidenti�er. Cachesareon thepaths
from clientsto theserver.

4.1 Network Model

We generatewide-scalenetwork topologieswith userdi-
rectedinput for (1) the numberof nodesin a Wide Area
Network (WAN), (2) the numberof MetropolitanArea
Network (MAN) nodesperWAN, (3) thenumberof Local
AreaNetwork (LAN) nodesperMAN (4) thenumberof
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Figure5: Network topologyusedfor thesimulation.

hostsin a LAN, (5) thepropagationaldelays,and(6) the
bandwidthsfor eachlink. Delaysandbandwidthsarethe
samefor links of thesametype,e.g. all thelinks between
theLAN andtheMAN levelsarethesame.

The topology usedin the simulationsis illustratedin
Figure 5. There are 58 directed links. The network
delayswere basedon our traceroute collections from
our university machinesto different universities. The




delay� bandwidth� parametersfor the links are as fol-
lows: WAN-to-WAN




10ms� 655Mbps� , WAN-to-MAN



2ms� 155Mbps� , MAN-to-LAN links



1ms� 1 � 5Mbps� ,
andLAN-to-Host




0 � 5ms� 10Mbps� .

4.1.1 Network Queuing Delays

Weusea�uid-�o w networkqueuingmodel[16]. Thedata
thatpassesthrougharouteris queuedin aFIFOqueueand
servicedat thebandwidthspeedof theoutgoinglink. We
usetwo parameters,TimeStamp andQueueTime, in each
node.TimeStamp is thelast time whenanobjectwasre-
ceivedinto theFIFO queue.QueueTimeis anestimateof
how muchtime thenext objectwill bewaitingor delayed
in this router. QueueTime is updatedevery time a new
objectis received:

ServiceTime 
 ObjectSize� Bandwidth
DT 
�� Now � TimeStamp�

NewQueueTime 
 QueueTime � DT � ServiceTime�

(1)

For eachqueuetheTimeStamp parameteris initialized to
thecurrentsimulationtime andtheQueueTimeis initial-
izedto zero.

4.1.2 PendingClient Requests

Nodes with caching capabilities can implement a
pending-requestqueueto measurethe round trip times
(RTT) andto avoid duplicaterequestsfrom traversingthe
samenetwork paths.GUOIDsfor theobjectsthatarecur-
rently beingfetchedareenqueuedin this pendingqueue
togetherwith theclientandtimestampinformation.When
theobjectis retrieved,all requeststhatarependingonthis
object are dequeuedand responded.So, in our context
pendingis de�ned as: holding on to the subsequentre-
questsfor anobjectthathasalreadybeenrequested.We
measurethe effects of using this strategy for both web
proxiesandSENarchitecture.
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4.2 WebProxy vs. SEN

Webproxycaches[8, 3] aresuccessfullybeingusedtoday
to reduceresponsetimesfor webclients[6]. Thesecaches
de�ne parent-childrelationshipsandstructurethemselves
in a hierarchythusforming a treetopologyfrom bottom
(leaf) to top layers. Clients connectto the leaf caches,
make webrequestsandwait until theproxy returnsa re-
sponse.If theleaf cachecannotful�ll therequest,it con-
tactsits parentandsoon until theserver is contactedand
theobjectis fetched.Theobjecttraversesthesamepath
backwardsgettingcachedalongthehierarchy.

SENcachesaretopologicallytransparentto theclients
andservers.ClientsappendOTP headersto their request
packetsandexpect improvementsfrom the SEN caches
within the Internet infrastructure. The requestsare di-
rectedtowardstheserver. They arenot delayedby addi-
tional forwardingto off-the-pathparentcaches.However,
for fairnessof comparisonwe usethesametreetopology
andsameamountsof cachefor botharchitectures.

4.3 Workload

National Laboratory for Applied Network Research
(NLANR) operatesa globalcachehierarchyusingSquid
proxycachesandhasprovidedimportantwebtraces[10].
We usea daylong tracecollectedfrom a busywebproxy
server, 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 cache replacementpolicy keepsthe cachedobjectsin
a priority order and replacesthe leastvaluableobjects.
An object's accesstime, accessfrequency and size are
themostcommonlyusedcriteriafor makingreplacement
decisions.We comparetwo replacementpolicies: LRU
andGDSF. LeastRecentlyUsed(LRU) replacestheleast
recentlyaccessedobject from the cache. GreedyDual
Sizewith Frequency (GDSF)policy [7] replacesthe ob-
ject with the smallestkey Ki 
�� Ci �

Fi ��� Si � L, where
Ci is the costof fetchingthe object,Fi is the accessfre-
quency, Si is theobjectsizeandL is a runningagefactor.
L is set to the key valueof the objectsthat arereplaced
from thecacheandCi=1.

5 Resultsand Discussion

We compareweb proxy andSENarchitecturesusingthe
describednetwork topologyandwebworkload.Thecom-
parisonis basedonperformancemetricssuchashit rates,
effectson client responsetimesandeffectson theserver
load. For eachmetric,thewebproxy andSENnodesare
alsoevaluatedseparatelyaccordingto their requestpend-
ing strategy, i.e. with or without pending.Differentcache

sizesaretested,but thetwo architecturesarealwayscom-
paredat thesamecachesizesfor fairness.

5.1 Hit Rates

Figure6 comparesthehit ratesachievedby thesamenode
in the network (node6 in Figure5) whenusedasa for-
wardweb proxy or asa SEN routercache.The hit rates
areplottedasa function of increasingcachesizes. The
network topologycontainscachesonly at theLAN-level,
thusat the edgesof the wide-areanetwork. Figure6(a)
shows that the samenodeachievesup to 20% higherhit
rateswhenuseda SEN noderatherthanasa web proxy
nodeand both with LRU replacement.This is because
SENroutersoperatebothasforwardandreverseproxies,
simultaneously, thusgettinghits in bothdirections.

Figure6(b) shows the hit ratesfor Greedy-DualSize
with Frequency (GDSF)thatusesfrequency andsizecri-
teria for replacementin addition to the recency of ac-
cesses.This policy can reachthe hit ratesachieved by
LRU replacementby usingonly a fraction of the cache
sizesusedby LRU. This resultsin thesteepincreasein hit
ratesseenin Figure6(b). The pendingstrategy doesnot
effect thehit rates,sincethedecisionon whetherto pend
arequestor notcomesafteracachemissoccursandafter
thehit ratesarecalculated.

Figure 7 comparesthe hit rates of web proxy and
SEN cacheswith cachesat both the LAN and MAN
levels. The hit rates reportedin 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 traf�c missedfrom the �rst level:
PHR� 1��
 HR1 ��� 1 � HR1�

�

HR2. Note that the path
hit ratemetricis independentof thedirectionof thetraf�c
as PHR� 2��
 HR2 ��� 1 � HR2�

�

HR1 
 PHR� 1� . Due
to theincreasedtotal cachespacethehit ratesin Figure7
areapproximately5%higherin comparisonto hit ratesin
Figure6. However, the gapbetweenthe web proxy and
SEN cachehit ratescloseby 5-10%. The two reasons
for this reductionareas follows. First, the web proxies
arenow servingarelatively larger, uni�ed community(al-
thoughstill only in downloador pull direction),thuscre-
atinganacceleratedpathbetweentwo LANs within each
MAN. Second,with multi-level cachesclient sharingbe-
tweencommunitiesis exploited to avoid duplicationsin
cachesandthe saved cachespaceis usedto avoid some
capacitymisses.Again, the GDSFpolicy achieveshigh
hit rateswith smallercachesizesthanLRU andpending
strategy doesnotaffect thehit rates.

5.2 Client ResponseTimes

Figure 8 comparesthe average client responsetimes
(CRT) of proxyandSENcacheswith cacheslocatedonly
at the LAN level. We �nd that the additionalhit rates
achievedby SENcachesover proxy cachesillustratedin
Figure6 did not immediatelyresult in additional reduc-
tions in CRT. This is becauseasa singlelevel cachethe
SEN routercould only acceleratethe server contentone
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Figure6: Hit ratecomparisonof forwardwebproxiesvs. SENrouters;Cachesareonly at theLAN level.
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Figure7: Hit ratecomparisonof forwardwebproxiesvs. SENrouters;Cachesareat theLAN andMAN levels.

hop(0.5ms)closerto theclientsandnotmore.Wewill see
the immediateresultsof increasedhit rateson theserver
load later in this section.Note that, in Figure8 theCRT
for SENcachesareslightly lower thantheCRT for proxy
caches. The emerging distinction is seenbetter in Fig-
ure 8(b) for GDSF policy that achieves higher hit rates
thanLRU with smallercachesizes.

In Figure9 thesuccessof multi-level SENcachesover
multi-level web proxies becomesmore eminent. SEN
cachesreducethe client responsetimesadditionally30-
50% over the CRT's achieved by the web proxy caches.
Providing caching on thepathsfor data traversing in all
directionsand not limiting the cache serviceto only the
client's pull direction resultsin better use of the same
amountof cachespace.

Another importantresult seenin both Figure8 and9
is theeffect of pendingpolicy overclient responsetimes.
For both SEN andweb proxy caches,if the requestsfor
alreadyrequestedobjectscanbependedinsidethecache,
thenmany repeatingrequestswill be respondedat once
whenthe object is fetchedfor the �rst request.Pending
a requestin a routercanbemorechallengingthanpend-
ing requestsin web proxies,sinceroutersare meantto
forwardpacketsasfastaspossible.

5.3 Server Load

Figure 10 shows the comparisonof the effects of web
proxy vs. SEN cacheson the server load expressedas
numberof requestshandledby the web servers (cumu-
lative). The cachesare locatedonly at the LAN level.
Thewebserversexperiencetheadditionalbene�tsof SEN
cachesstartingwith LAN-level caching. The additional
hits achieved by SEN cachesresult in additionalreduc-
tionsin theloadof theserver, whichis onehopawayfrom
thecache.This leadsto increasedserver scalability. The
resultsfor two-level cachingaresimilarandareomitted.

6 RelatedWork

Ourproposedglobally-distributedcacheinfrastructurere-
latesto many distributedsystemswith distributedcaches.
Theseinclude web proxy caches[8, 19], ContentDis-
tribution Networks (CDNs) [1], and Peer-to-Peer(P2P)
networks [20]. Our techniquedifferentiatesitself and
complementsthe mentioned architecturesby provid-
ing an application-and direction-independent,widely-
distributedcacheresourcewithin theInternet.

ContentDistribution Networks (CDN) such as Aka-
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Figure8: Client responsetimes(CRT) comparisonof webproxycachesvs. SENroutersCachesareonly at theLAN level.
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Figure9: CRT comparisonof webproxycachesvs. SENrouters;Cachesareat theLAN andMAN levels.
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Figure10: Server loadreductioncomparisonof webproxycachesvs. SENrouters;Cachesareonly at theLAN level.
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mai [1] “akamaize”theserver-sidewebcontentandcom-
bine push-pull of this contentwithin their private net-
works. SEN cachearchitectureusesglobally uniqueob-
ject identi�ers (GUOIDs) and routersto make its cache
serviceglobally accessibleto all entitieson the Internet.
Therefore,SENarchitecturecanactasacacheinfrastruc-
ture for CDNs,so that they canpushtheir contentalong
client pathsto ensurethedeliveryof closestcopies.SEN
architecturecan also provide stablecachingservicebe-
tweenthepeersof anoverlaynetwork.

7 Conclusions

We describedthe designof a new cachingarchitecture
for the Internetinfrastructure,calledStorageEmbedded
Networks (SEN). We comparedthe SEN architectureto
web cachesoperatingin forward proxy mode. We used
thesamenetwork topology, thesamewebworkload,and
samecachesizesfor comparisons.We found that being
ableto servicerequestsover all network pathshelpsuti-
lize cachespacesbetterleadingto improvedperformance.
The bene�ts of SEN cachesincreaseasmorecachesare
installedalong the network paths: i.e additionalreduc-
tions of client responsetimes and served loadscan be
achieved over the web proxy caches.The network cost
is continuous,but memorycostis a one-timeinvestment.
Evenwith modesthit ratesrouterdatacachescanpayfor
themselveswithin a shortperiodof time.
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