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Abstract —Some recent studies have shown that cooperative cache can improve the system performance in wireless P2P networks
such as ad hoc networks and mesh networks. However, all these studies are at a very high level, leaving many design and
implementation issues unanswered. In this paper, we present our design and implementation of cooperative cache in wireless P2P
networks, and propose solutions to �nd the best place to cache the data. We propose a novel asymmetric cooperative cache approach,
where the data requests are transmitted to the cache layer on every node, but the data replies are only transmitted to the cache layer
at the intermediate nodes that need to cache the data. This solution not only reduces the overhead of copying data between the
user space and the kernel space, it also allows data pipelines to reduce the end-to-end delay. We also study the effects of different
MAC layers such as 802.11 based ad hoc networks and multi-interface multi-channel based mesh networks, on the performance of
cooperative cache. Our results show that the asymmetric approach outperforms the symmetric approach in traditional 802.11 based
ad hoc networks by removing most of the processing overhead. In mesh networks, the asymmetric approach can signi�cantly reduce
the data access delay compared to the symmetric approach due to data pipelines.
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1 INTRODUCTION

WirelessP2P networks such as ad hoc network, meshnet-
works,andsensornetworks,have receivedconsiderableatten-
tion dueto their potentialapplicationsin civilian andmilitary
environments.For example, in a battle�eld, a wirelessP2P
network may consistof several commandingof�cers and a
groupof soldiers.Eachof�cer hasa relatively powerful data
center, and the soldiers need to accessthe data centersto
get variousdatasuchas the detailedgeographicinformation,
enemy information, and new commands.The neighboring
soldierstendto have similar missionsandthussharecommon
interests.If onesoldierhasaccesseda dataitem from thedata
center, it is quitepossiblethatnearbysoldiersaccessthesame
data sometime later. It will save a large amountof battery
power, bandwidth,andtime if later accessesto the samedata
are served by the nearby soldier who has the data instead
of the far away data center. As anotherexample,people in
the sameresidentialareamay accessthe Internet through a
wirelessP2Pnetwork, e.g., the Roofnet [3]. After one node
downloadsa MP3 audioor video �le, otherpeoplecanget the
�le from this nodeinsteadof the far away web server.

Throughtheseexamples,we canseethat if nodesareable
to collaboratewith each other, bandwidth and power can
be saved, and delay can be reduced.Actually, cooperative
caching [5], [16], [23], [24], which allows the sharingand
coordinationof cacheddataamongmultiple nodes,hasbeen

applied to improve the systemperformancein wirelessP2P
networks. However, thesetechniques[5], [16], [23], [24] are
only evaluatedby simulationsandstudiedat a very high level,
leaving many designand implementationissuesunanswered.

There have been several implementationsof wireless ad
hoc routing protocols.In [22], Royer and Perkinssuggested
modi�cations to theexisting kernelcodeto implementAODV.
By extending ARP, Desilva and Das [7] presentedanother
kernel implementationof AODV. Dynamic SourceRouting
(DSR) [12] has been implementedby the Monarch project
in FreeBSD.This implementationwas entirely in-kernel and
madeextensive modi�cations in the kernel IP stack. In [2],
Barr et al. addressedissueson system-level supportfor adhoc
routingprotocols.In [13], theauthorsexploredseveralsystem
issuesregarding the design and implementationof routing
protocols for ad-hocnetworks. They found that the current
operatingsystemwas insuf�cient for supportingon-demand
or reactive routing protocols, and presenteda generic API
to augmentthe current routing architecture.However, none
of them haslooked into cooperative cachingin wirelessP2P
networks.

Althoughcooperativecachehasbeenimplementedby many
researchers[6], [9], these implementationsare in the Web
environment,andall theseimplementationsareat the system
level. As a result, noneof them dealswith the multiple hop
routing problem,and can not addressthe on-demandnature
of the ad hoc routing protocols. To realize the bene�t of
cooperative cache,intermediatenodesalong the routing path
needto check every passing-bypacket to seeif the cached
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datamatchthe datarequest.This certainlycannotbe satis�ed
by the existing ad hoc routing protocols.

In this paper, we presentour designand implementation
of cooperative cachein wirelessP2Pnetworks. Throughreal
implementations,we identify important design issues and
proposean asymmetricapproachto reducethe overheadof
copying data betweenthe user spaceand the kernel space,
andhenceto reducethe dataprocessingdelay.

Anothermajor contribution of this paperis to identify and
addresstheeffectsof datapipelineandMAC layerinterference
on the performanceof caching.Although some researchers
have addressedthe effects of MAC layer interferenceon the
performanceof TCP [10] and network capacity[17], this is
the �rst work to study this problemin the context of cache
management.We study the effects of different MAC layers
such as 802.11 basedad hoc networks and multi-interface
multi-channelbasedmeshnetworks, on the performanceof
caching.We also proposesolutions for our asymmetricap-
proach to identify the best nodes to cache the data. The
proposedalgorithm well considersthe cachingoverheadand
adapts the cache node selection strategy to maximize the
cachingbene�t ondifferentMAC layers.Our resultsshow that
theasymmetricapproachoutperformsthesymmetricapproach
in traditional802.11basedadhocnetworksby removing most
of theprocessingoverhead.In meshnetworks,theasymmetric
approachcansigni�cantly reducethe dataaccessdelaycom-
paredto the symmetricapproachdueto datapipelines.

The rest of the paper is organizedas follows. Section 2
presentsour designand implementationof cooperative cache
for wireless P2P networks. In Section 3, we presentour
prototype and experimental results. Section 4 extends our
cooperativecachedesignto a largescalenetwork andpresents
extensive simulation results basedon various MAC layers.
Section5 concludesthe paper.

2 DESIGN AND IMPLEMENTATION OF COOP-
ERATIVE CACHING

In this section,we �rst presentthe basic ideasof the three
cooperative caching schemesproposedin [24]: CachePath,
CacheData,andHybridCache.Then,we discusssomedesign
issues,andpresentour designandimplementationof cooper-
ative cachein wirelessP2Pnetworks.
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Fig. 1. A wireless P2P network

2.1 Cooperative Caching Schemes

Figure1 illustratesthe CachePath concept.SupposenodeN1

requestsa data item di from N0. When N3 forwards di to

N1, N3 knows that N1 has a copy of the data. Later, if
N2 requestsdi , N3 knows that the data sourceN0 is three
hops away whereasN1 is only one hop away. Thus, N3

forwards the request to N1 instead of N4. Many routing
algorithms(such as AODV [20] and DSR [12]) provide the
hop count information betweenthe sourceand destination.
Cachingthe datapath for eachdata item reducesbandwidth
and power consumptionbecausenodescan obtain the data
using fewer hops.However, mappingdataitemsand caching
nodesincreaseroutingoverhead,andthefollowing techniques
areusedto improve CachePath's performance.

In CachePath,a nodeneednot recordthe path information
of all passingdata.Rather, it only recordsthedatapathwhenit
is closerto thecachingnodethanthedatasource.For example,
whenN0 forwardsdi to thedestinationnodeN1 alongthepath
N5 � N4 � N3, N4 andN5 won't cachedi path information
becausethey are closer to the data sourcethan the caching
nodeN1. In general,a nodecachesthe datapath only when
thecachingnodeis veryclose.Theclosenesscanbede�ned as
a functionof thenode'sdistanceto thedatasource,its distance
to the cachingnode,route stability, and the dataupdaterate.
Intuitively, if the network is relatively stable,the dataupdate
rateis low, andits distanceto thecachingnodeis muchshorter
than its distanceto the datasource,the routing nodeshould
cachethe datapath.

In CacheData,theintermediatenodecachesthedatainstead
of the path when it �nds that the data item is frequently
accessed.For example,in Figure1, if bothN6 andN7 request
di through N5, N5 may think that di is popular and cache
it locally. N5 can then serve N4's future requestsdirectly.
Becausethe CacheDataapproachneedsextra spaceto save
the data, it should be usedprudently. SupposeN3 forwards
several requestsfor di to N0. The nodesalong the path N3,
N4, and N5 may want to cachedi as a frequentlyaccessed
item. However, they will wastea largeamountof cachespace
if they all cachedi . To avoid this, CacheDataenforcesanother
rule: A nodedoesnot cachethedataif all requestsfor thedata
are from the samenode.

In this example,all the requestsN5 received are from N4,
andthoserequestsin turn comefrom N3. With the new rule,
N4 and N5 won't cachedi . If N3 receives requestsfrom
different nodes,for example,N1 and N2, it cachesthe data.
Certainly, if N5 later receives requestsfor di from N6 and
N7, it canalsocachethe data.

CachePathandCacheDatacansigni�cantly improvesystem
performance.Analytical results [24] show that CachePath
performsbetterwhenthecacheis smallor thedataupdaterate
is low, while CacheDataperformsbetter in other situations.
To further improve performance,we can use HybridCache,
a hybrid schemethat exploits the strengthsof CacheDataand
CachePathwhile avoiding theirweaknesses.Speci�cally, when
a nodeforwardsa dataitem, it cachesthe dataor pathbased
on several criteria discussedin [24].

2.2 Design Issues on Implementing Cooperative
Cache

In this paperwe focus on designand implementationof the
CacheDataschemediscussedin the above section.To realize
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thebene�t of cooperative cache,intermediatenodesalongthe
routing path needto checkevery passing-bypacket to seeif
the cacheddatamatchthe datarequest.This certainlycannot
besatis�ed by theexisting adhoc routingprotocols.Next, we
look at two designoptions.

2.2.1 Integrated Design

In this option, the cooperative cachefunctionsare integrated
into thenetwork layer, sothattheintermediatenodecancheck
eachpassingby packet to see if the requesteddata can be
served. Although this designsoundsstraightforward, several
major drawbacksmake it impossiblein real implementation.

The network layer is usually implementedin kernel, and
hence,the integrateddesignimplies a kernel implementation
of cooperative cache.However, it is well known that kernel
implementationis dif�cult to customizeand then it is dif�-
cult for handlingdifferentapplicationrequirements.Secondly,
kernel implementationwill signi�cantly increasethe memory
demanddue to the useof CacheData.Finally, thereis no de
facto routing protocol for wireless P2P networks currently.
Implementingcooperative cacheat the network layer requires
thesecacheandroutingmodulesto betightly coupled,andthe
routingmodulehasto bemodi�ed to addcachingfunctionality.
However, to integratecooperative cachewith differentrouting
protocolswill involve tremendousamountof work.

2.2.2 Layered Design

The above discussionssuggestthat a feasibledesignshould
have a dedicatedcooperative cachelayer residedin the user
space;i.e.,cooperativecacheis designedasamiddlewarelying
right below the applicationlayer and on top of the network
layer (including the transportlayer).

There are two options for the layereddesign.One naive
solution usescross-layerinformation, where the application
passesdata request(searchkey) to the routing layer, which
can be used to match the local cacheddata. However, this
solution not only violates the layereddesign,but also adds
signi�cant complexity to theroutingprotocolwhichnow needs
to maintain a local cachetable. Further, if an intermediate
nodeneedsto cachethe databasedon the cooperative cache
protocol, it hasto deal with fragmentationissuessincesome
fragmentsof thedatamaynot go throughthis node.Thus,this
naive solutiondoesnot work in practice.

Anothersolution is to strictly follow the layeredapproach,
where the cooperative cachelayer is on top of the network
layer(TCP/IP).Figure2 shows themessage�o w (dashedline)
in the layereddesign.In the �gure N5 sendsa requestto N0.
Basedon the routing protocol, N5 knows that the next hop
is N4 andsendsthe requestto N4 encapsulatingthe original
requestmessage.After N4 receives the request,it passesthe
messageto the cachelayer which can check if the request
canbe served locally. This processcontinuesuntil the request
is served or reachesN0. After N0 receives the request,it
forwardsthe dataitem back to N5 hop by hop, which is the
reverseof the data request,as shown in Figure 2 (b). Note
that the data has to go up to the cachelayer in casesome
intermediatenodesneedto cachethe data.
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(a) The requestpacket �o w
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(b) The reply packet �o w

Fig. 2. Layered design

Although this solutioncansolve the problemsof the naive
solution, it has signi�cant overhead.For example, to avoid
cachingcorrupteddata, reliable protocols such as TCP are
needed.However, this will signi�cantly increasetheoverhead,
sincethe datapacketshave to move to the TCP layer at each
hop.Note that thedatapacketsonly needto go to the routing
layerif cooperativecacheis notused.Further, this solutionhas
a very high context switchingoverhead.At eachintermediate
node,the packets have to be copied from the kernel to user
spacefor cacheoperations,andthenre-injectedbackto kernel
to be routedto the next hop.
The pipeline effect: Anotherproblemof the layereddesign
is the lack of datapipeline.Normally, the transportlayer can
fragmenta largedataitem into many smalldatapackets,which
are sentone by one to the next hop. If thereare multi-hops
betweenthe senderand the receiver, thesesmall packets can
be pipelinedandthe end-to-enddelaycanbe reduced.

In cooperative cache,the cachinggranularityis at the data
item level. Althougha largedataitem is still fragmentedby the
transportlayer, thereis no pipelinedueto the layereddesign.
This is becausethe cachelayer is on top of the transport
layer, which will reassemblethe fragmentedpackets. Since
all packetshave to go up to the cachelayer hop by hop, the
network runslike “stopandwait” insteadof “sliding window”.
Thiswill signi�cantly increasetheend-to-enddelay, especially
for datawith large size.

2.3 The Asymmetric Cooperative Cache Appr oach

To addressthe problemof the layereddesign,we proposean
asymmetricapproach.We �rst give the basic idea and then
presentthe detailsof the scheme.

2.3.1 The Basic Idea
In our solution, data requestsand data replies are treated
differently. The requestmessagestill follows the path shown
in Figure2 (a); however, thereply messagefollows a different
path.If no intermediatenodeneedsto cachethedata,N0 sends
the datadirectly to N5 without going up to the cachelayer.
SupposeN3 needsto cachethe databasedon the cooperative
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cacheprotocol, as shown in Figure 3. After N3 receives the
requestmessage,it modi�es the messageandnoti�es N0 that
the datashouldbe sent to N3. As a result, the dataare sent
from N0 to N3 throughthe cachelayer, andthensentto N5.
Notethatthedatawill notgo to thecachelayerin intermediate
nodessuchasN1; N2, andN4 in this example.In this way, the
dataonly reachthe routing layer for mostintermediatenodes,
andgo up to thecachelayeronly whenthe intermediatenode
needsto cachethedata.Althoughtherequestmessagealways
needsto go up to the cachelayer, it hasa small size,andthe
addedoverheadis limited.
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Fig. 3. In the asymmetric approach, the data reply only
goes up to the cache layer at the intermediate nodes that
need to cache the data.

If therequesteddataitem is large,this asymmetricapproach
allows data pipeline betweentwo cachingnodes,and hence
reducesthe end-to-enddelay. The cache layer processing
overhead,especiallydata copying betweenkernel and user
spaces,is alsominimizedbecausethedataitemis notdelivered
to the cachelayer at the nodesthat are unlikely to cachethe
data.Next, we discussthedetailsof our asymmetricapproach.

2.3.2 The Asymmetric Approach

Our asymmetriccachingapproachhasthreephases.
Phase1: Forwarding the RequestMessage: After a request
messageis generatedby the application,it is passeddown to
the cachelayer. To sendthe requestmessageto the next hop,
the cachelayer wraps the original requestmessagewith a
new destinationaddresswhich is the next hop to reachthe
dataserver (real destination).Here,we assumethat the cache
layer canaccessthe routing tableand�nd out thenext hop to
reachthe datacenter. This can be easily accomplishedif the
routing protocol is basedon DSR or AODV. In this way, the
packet is received andprocessedhop by hop by all nodeson
the path from the requesterto the dataserver.

For example, in Figure 2 (a), when N5 requestsdi from
N0, it addsa new headerwhere the destinationof the data
requestbecomesN4, althoughthe real destinationshouldbe
N0. After N4 receives and processesthe packet, it changes
the destinationto be N3, and so on, until the requestpacket
arrivesat N0.

When an intermediatenode receives the requestmessage
and delivers to the cachelayer, the cachemanagerperforms
two tasks:First, it checksif it hastherequesteddatain its local
cache;if not, it addsits local informationto therequestpacket.
The local information includesthe accessfrequency (number
of accessrequestspertime unit) of therequesteddata,channel
usedandthroughputof the link wherethe requestis received.
Its nodeid will alsobeaddedto Path List , which is a linked

list encapsulatedin the cachelayer header. Whenthe request
messagereachesthe node who has the data, Path List in
the messagewill includeall the intermediatenodesalongthe
forwardingpath.
Phase2: Determining the Caching Nodes: Whena request
messagereachesthe data server (the real datacenteror the
intermediatenode that has cachedthe requesteddata), the
cachemanagerdecidesthe cachingnodeson the forwarding
path,which will be presentedin Section2.3.3.Then the ids
of thesecachingnodesareaddedto a list calledCache List ,
which is encapsulatedin the cachelayer header.
Phase 3: Forwarding the Data Reply: Unlike the data
request,the data reply only needsto be processedby those
nodesthat needto cachethe data.To deliver the data only
to thosethat will cachethe data,tunnelingtechniques[8] are
used.The data reply is encapsulatedby the cachemanager,
and tunneledonly to thosenodesappearingin Cache List .
As shown in Figure3, supposetheintermediatenodeN3 needs
to cachedatadi . Then,N3 andN5 arethenodesto processthe
dataat the cachelayer. N0 includesN3 andN5 in the cache
headerof thedataitem di , and�rst setsthedestinationaddress
of di to be N3. When N3 receivesany fragmentedpacket of
di , the routing layer of N3 will deliver the packet upward to
thetransportlayerandthento thecachelayer. After thewhole
dataitem di hasbeenreceivedby N3, it cachesthedataitem,
setsthe next destinationusingthe next entry in Cache List ,
which is N5, and then passesthe data down to the routing
layer. After N5 receives the data, it delivers the data to the
applicationlayer.

2.3.3 Determining the Caching Nodes
When a requestreachesthe data server, the cachemanager
examinesthe Path List , anddetermineswhich nodesin the
Path List to cachethe data. One advantageof letting the
dataserver make the decisionis becausethe dataserver can
useglobal information to achieve betterperformance.

The dataserver needsto measurethe bene�t of cachinga
dataitem on anintermediatenodeanduseit to decidewhether
to cachethe data. After an intermediatenode (N i ) caches
a data item, N i can serve later requestsusing the cached
data, insteadof forwarding the requeststo the data server,
saving the communicationoverheadbetweenN i andthe data
center. However, cachingdata at N i increasesthe delay of
returning the data to the current requester, becauseit adds
extra processingdelay at N i , and the datareassemblyat N i

may affect possiblepipelines.
Supposethedataserver(N0) receivesa requestfrom aclient

(Nn ). The forwardingpath (N0; N1; � � � ; Nn � 1; Nn ) consists
of n � 1 intermediatenodes,whereN i is thei th nodefrom N0

on the path. To computethe bene�t of cachinga data item,
the dataserver needsthe following parameters.

� Excludeddataaccessfrequency (f i ): the numberof ac-
cessrequestsfor a given data item received by N i per
time unit, but excluding the requestsforwarded from
other nodeson the forwarding path. To computef i , a
node can �rst count the total requestsit receives for
the given data item, including the requestsgenerated
by itself, and thoseforwardedfrom its neighbors,then
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divide by the amountof time since the node starts to
participatecaching.This computesthe total datarequest
frequency (ai ). The node can attachthe value of ai to
the forwarding request.When the data server receives
the datarequestand gets the value of ai for eachnode
alongthe forwardingpath, it cancomputef i as

f i =

(
ai � ai +1 ; if 1 � i � n � 1
an ; if i = n

� Tunnelingdelay (di;j (S)): the delay to forward a data
item with size S from the cache layer of N i to the
cachelayer of N j , without handingthe data up to the
cachelayer of any intermediatenodes.di;j (S) is hard
to measurebecauseit is affectedby many factors,such
as transmissioninterference,channel diversities, node
mobility, etc..We assumedi;j (S) is known at thispoint to
introduceour optimal placementmodel.We will present
heuristicsto calculateit later.

Optimal Cache Placement

We �rst de�ne a new term called aggregate delay, which
includesthe time to serve the current client requestand the
delay to serve future data requestscoming from the same
path.We canalso assigndifferentweightsto thesetwo parts
of the delay basedon the optimizationobjective, e.g. giving
less weight to the future accessdelay if the the current
requesthasstrict delayrequirement.For simplicity, we assign
equal weight for the current and future accessdelay in this
paper. Below, we formally de�ne theoptimalcacheplacement
problem.

De�nition: Givena n-hopforwarding pathN0; N1; � � � Nn

where N0 is thedataserverandNn is theclient, theproblem
of optimal cache placementis to �nd a cache nodeset P =
f Nc1 ; � � � ; Ncm j0 < c1 < c2 < � � � < cm < ng, which hasthe
minimumaggregatedelay for a givenperiod of time � t.

In this de�nition, ci refers to the subscriptof the node
Nci on the forwarding path, which implies that node N ci

is ci hops away from the data server. For instance,if only
N2 and N4 are selectedas cachenode in a forwarding path
N0; N1; � � � ; Nn � 1; Nn , c1 = 2 andc2 = 4.

Given a cacheplacementP = f Nc1 ; Nc2 ; � � � ; Ncm g, the
aggregatedelay is computedby consideringboth the latency
to returnthecurrentreply (L c), andthe latency to reply future
datarequests(L f ). We have:

L c =
mX

i =1

h(SD )+ d0;c 1 (SD )+
m � 1X

i =1

dc i ;c i +1 (SD )+ dcm ;n (SD ) (1)

whereSD is the datasize and h(SD ) is the dataprocessing
delay. Since the data are cachedat m intermediatenodes,P m

i =1 h(SD ) considersthe cacheprocessingdelay at these
nodes.As thedataarereassembledat m nodes,theforwarding
pathis cut into m + 1 pieces.Therestpartof Eqn.1 considers
the total forwardingdelayas the summationof the tunneling

delayson eachpiece.

L f =
c1 � 1X

j =1

f j (d0;j (SR ) + d0;j (SD ))� t

+
m � 1X

i =1

ci +1 � 1X

j = ci

f j (dci ;j (SR ) + dci ;j (SD ))� t

+
n � 1X

j = cm

f j (dcm ;j (SR ) + dcm ;j (SD ))� t (2)

where f j is the excluded data accessfrequency at node j ,
SR and SD are the size of the requestmessagefor the data
requestand the data itself respectively. Eqn. 2 computesthe
futuredelayby assumingthatany futurerequestgoingthrough
thenodeon thecurrentforwardingpathwill be repliedby the
�rst cachingnodemetby therequest.Thereplieddatawill be
sentto the client without handingup to thecachelayer of the
intermediatenode.Thus,thecacheplacementsetP is optimal
if it can minimize the weightedaggregatedelay L , which is
given by

minimize L = L c + L f (3)

Heuristics to calculate di;j (S)
We�rst calculatethethroughputbetweentwo cachingnodes

N i andN j , denotedasTi;j . Eachnodepassively estimatesits
link throughputto its onehop neighbors.N i canestimatethe
throughputto N i +1 (i.e. Ti;i +1 ) by usingthe requestmessage
size divided by the link transmissiondelay. The multihop
throughputis computedrecursively by consideringthe node
interferenceand channel diversity on the forwarding path.
Let l i denotethe channelusedbetweenN i and N i +1 , and
assumethat the interferencerangeis p hops.Ti;j +1 (j > i ) is
computedas:

Ti;j +1 =

(
minf Ti;j ; Tj;j +1 g; if l j 6= l j � 1 ; l j � 2 ; � � � ; l j � p

1=( 1
T i;j

+ 1
T j;j +1

); otherwise
(4)

In Equation4, if the channelusedby link l j is differentfrom
the links (l j � 1; � � � ; l j � p) within its interferencerange,link l j

can transmitthe packet concurrentlywith any of thoselinks.
Soafteraddinglink l j , theend-to-endthroughputcanbebetter
sustained,which is given by the link throughputof l j or the
alreadyobtainedthroughput,whichever is lower. Otherwise,
link l j interfereswith the previous addedlinks, andreducing
the throughput.

Given Ti;j computedby Equation4, and B as the size of
MTU, di;j (S) canbe computedas:

di;j (S) =
(dS

B e� 1) � B
Ti;j

+
j � 1X

k= i

B
Tk ;k +1

(5)

Equation5 considersthat a dataitem may be fragmentedinto
multiple packets, with the maximum packet size of B . In
the formula, the �rst term of the summationapproximately
computesthe waiting time for the last packet to be sent,
which is after all the previous packets being injected to the
forwarding path. The second term estimatesthe delay to
transmitthe last packet from the dataserver to the client.
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When a forwarding node N i receives a requestmessage
from the link, it canattachthe link throughputTi;i +1 andthe
channelusedon this link l i to the requestpacket headerand
keepsforwarding. So given a data item of size S, basedon
the link channeland throughputinformation, the dataserver
cancomputedi;j (S) (0 � i; j � n) by usingEqu. 4 and5.
A Greedy Cache PlacementAlgorithm

To get the optimal cacheplacement,the dataserver needs
to compute the aggregate delay for every possible cache
placementset. Since there are 2n (n is the length of the
forwardingpath)possiblewaysto choosecacheplacementset,
it takes�(2 n ), which is too expensive.Therefore,we propose
a greedyheuristic to ef�ciently computethe optimal cache
placement.

Let P � (k) be theoptimalcacheplacementfor a forwarding
path when only the nearestk hops from the dataserver are
consideredaspossiblecachenodes.With the samecondition,
let L � (k) be the aggregate delay of the optimal placement
P � (k), and p � (k) be the hop distanceof the farthestcache
nodefrom the dataserver in P � (k).

When k = 0, no cachenode is betweenthe data server
and the client, and then the data server N0 transmits the
data directly to the client Nn without re-assemblingat any
intermediatenode. All future requestsfrom N i needto get
datafrom the dataserver. Therefore,P � (0) = ; , p� (k) = 0,
and

L � (0) = d0;n (SD ) +
P n � 1

i =1 f i � (d0;i (SD ) + d0;i (SR )) �
� t
GivenL � (k), P � (k) andp� (k), wecheckwhetherto selectthe
intermediatenodeNk+1 asa cachenode.If Nk+1 is selected,
we have

L(k + 1) = L � (k) + h(SD ) + (dp� (k ) ;k +1 (SD ) + dk+1 ;n (SD )

� dp� (k ) ;n (SD )) �
n � 1X

i = k+1

(dp� (k ) ;i (SD ) + dp� (k ) ;i (SR )

� dk+1 ;i (SD ) � dk+1 ;i (SR )) f i � t

If L (k + 1) is smallerthanL � (k), Nk+1 is selectedas the
cachenodesinceit reducestheaggregatedelay. Theoptimality
is updated:L � (k+ 1) = L (k+ 1), P � (k+ 1) = P � (k) [ Nk+1 ,
andp� (k + 1) = Nk+1 ; otherwise,P � (k + 1), L � (k + 1), and
p� (k + 1) keep unchangedfrom P � (k), L � (k), and p� (k).
Figure4 shows the detail of the algorithm.The algorithmhas
complexity of �( n2), which is much more ef�cient than the
optimal algorithm.

2.4 System Implementation

2.4.1 Architecture Overview
Figure5 shows thearchitectureof our cooperative cachemid-
dleware,whichconsistsof threeparts:CooperativeCacheSup-
porting Library (CCSL), Cooperative CacheDaemon(CCD)
andCooperative CacheAgent (CCA).

CCSL is the core component to provide primitive op-
erations of the cooperative cache, e.g. checking passing-
by packets, recording data access history, and cache
read/write/replacementprimitives.A datacachebuffer is main-
tained at every node to store the cacheddata items. There

Notations
� P: cacheplacementset.
� L : aggregatedelay.
� pos: hopdistanceof the farthestcachenodefrom thedata

server.
� f [i ]: Excludeddataaccessfrequency on N i .
� dD [i; j ]: delay of forwarding the data item from N i to

N j .
� dR [i; j ]: delayof forwardingthe datarequestfrom N j to

N i .
� SD : sizeof the dataitem.
� SR : sizeof the datarequest.
� R[i ]: link throughputbetweennodesN i andN i +1 .
� T [i; j ]: link throughputbetweennodesN i andN j .
� l [i ]: channelusedfor thelink betweennodesN i andN i +1 .
� h(S): cacheprocessingcost for the datasizeof S.
� � t : the expiration time of the dataitem.

Cache PlacementAlgorithm

1: input : f [], R[], l [], � t , SR , SD .
2: output: P .

3: for i = 0 to n � 1 do
4: T [i; i + 1] = R[i ];
5: end for
6: for i = 0 to n do
7: for j = i + 1 to n do
8: computeT [i; j ], dD [i; j ] anddS [i; j ] usingEqu.4 and

5;
9: end for

10: end for
11: L  dD [0; n];
12: P  ; ;
13: pos  0;
14: for i = 0 to n � 1 do
15: L  L + f [i ](dD [0; i ] + dR [0; i ])� t ;
16: end for
17: for k = 0 to n � 2 do
18: � L c  h(SD ) + dD [pos;k + 1] + dD [k + 1; n] �

dD [pos;n];
19: � L f  0;
20: for i = k + 1 to n � 1 do
21: � L f  � L f + (dD [pos;i ] + dR [pos;i ] � dD [k +

1; i ] � dR [k + 1; i ])f [i ]� t ;
22: end for
23: L 0  L + � L c � � L f ;
24: if L 0 < L then
25: L  L 0;
26: P  P [ Nk +1 ;
27: pos  k + 1;
28: end if
29: end for

Fig. 4. The greedy algorithm for determine the cache
placement.

�������

�����

�	��
 ��
�� �����������

�����

��
�
������ ��
 � ���

����� ���!���������

"�"�# $�%�&�'

�(����) � ��� 
 � 
�*!�+� �����

Fig. 5. System architecture



7

is an interfacebetweenCCSL and the routing daemon,from
whichCCSLobtainstheroutingdistanceto a certainnode.All
theseprimitive cacheoperationsareenclosedasCCSLAPI to
provide a uniform interfaceto the upperlayer.

CCD is the componentthat implementsdifferent cooper-
ative cachemechanisms,namelyCacheData,CachePath, and
HybirdCache.Thereis onecachedaemonfor eachcooperative
cachescheme.It extendsthe basicCCSL API to accomplish
the characteristicof eachscheme.

CCA is themodulethatmapsapplicationprotocolmessages
to correspondingcooperative cachelayer messages.It is a
connectorbetweenCCD and userapplications.There is one
CCA for eachuserapplication.

2.4.2 The Cooperative Cache Supporting Library
(CCSL)
CCSL is implementedas a user-spacelibrary. It implements
commonfunctions that cooperative cacheschemesneedand
providesAPIs to the Cooperative CacheDaemon(CCD).
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Fig. 6. CCSL design

Figure 6 illustratesthe software architectureof CCSL. As
shown in the �gure, the Cache table is usedto record data
access.It is a hashtable keyed by data id. Data items are
cachedin the data cache. Besidesthese two components,
a list of recently received requestsis maintainedto detect
duplicatedatarequests.If thedatarequestis not a duplicate,it
will be passedto the Cooperative CacheDaemon(CCD). An
interfaceis provided betweenCCSL andthe routing daemon.
It enablesCCSL to get the routing informationwhich is used
for transmittingcooperative cachelayer packets.

CCSL encapsulatesthe complex mechanismsof the co-
operative cache to provide simple interfaces to CCD. For
example, when a data request is issued, CCD constructs
a data requestpacket and calls send packet() to send it.
send packet() readsthe destinationaddressof this packet,
consultsrouting daemonfor the next hop address,and sends
a packet containingthe received datarequestto the next hop.
Another example is cache data() . When cache data() is
called by CCD, it checksthe datacachefor somespaceand
then saves the dataitem. If thereis not enoughspace,cache
replacementis usedto �nd enoughspace.

3 THE PROTOTYPE AND EXPERIMENTAL RE-
SULTS

To evaluatethe performanceof the cooperative cacheimple-
mentation,we setup anadhocnetwork asshown in Figure7.
Five nodesareDell Pentiumlaptopswith 1.6 GHz CPU,and
512MB memory. EachLaptophasa Dell TrueMobile802.11
wirelesscardscon�gured in ad hoc mode.The dashedcircle
aroundeachnodeindicatesthe transmissionrange.Any two
nodesconnectedwith a solid line are direct neighbors.The
routingprotocolis basedon AODV [20]. The implementation
is basedon Linux kernelversion2.4.21.

N1 N2

N3

N5

N4

Fig. 7. Topology of the testbed

3.1 A Map Quest Application

Fig. 8. A map quest application demo

We wrote a simple map quest application to demo our
cooperative cachefunctions.This map questapplicationcan
bedividedinto two parts:mapcenterandmapclient.All maps
are originally saved in the map center. Oncethe map center
receivesa map query request,the requestedmap is retrieved
andsentbackto the requester.

Figure 8 (a) shows the graphic user interface (GUI) of a
mapclient. After the userclicks the maprequest,the request
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messageis sentto a speciallydesignedCooperative Caching
Java Agent (CCJA) at this node. As a protocol translator,
the CCJA translatesthe received maprequestmessageto the
format used in Cooperative Cache Daemon (CCD). If the
requestedmap is returnedbackto the CCD of the requesting
node,the CCD forwardsthe received reply messagetogether
with the replied map to the correspondingCCJA. Then, the
CCJA constructsa mapreply messageandsendsit to themap
client. Figure8 (b) shows a mapdisplayedby a client.

Figure8 (c) shows themessage�o ws at intermediatenodes.
For eachmessagethat theCCD receives,themessagemonitor
displaysinformation suchas sourceand destinationaddress,
messagetype, map name,CCD's processingresult and the
addressof the actualnodefrom which the requestedmap is
received.

3.2 Experimental Results

In this section,we comparetheperformanceof thesymmetric
and asymmetriccooperative cacheapproaches.In the sym-
metricapproach,bothdatarequestanddatareply go up to the
cachelayer. As shown in Figure7, N1 is thedatacenterwhich
stores100test�les of sizes:0.9KB,1.3KB,1.9KB,3.2KB and
6.4KB. N4 and N5 randomly choose�les and initiate data
requests.

TABLE 1
Data access delay (in milliseconds)

0.9KB 1.3KB 1.9KB 3.2KB 6.4KB
SimpleCache 28.56 31.19 42.12 60.64 118.26
Symmetric 24.87 27.13 36.97 49.30 102.38

Asymmetric 22.56 24.21 32.36 46.09 93.70

Data from Table 1 shows that the Asymmetric approach
reducesthe dataaccesslatency by 20-23%comparedto non-
cooperative cache(SimpleCache)andthesymmetricapproach
reducesthe data accesslatency by 12-18% comparedto
SimpleCache.This is becausecooperative cache helps the
requesterto get data from nearbynodeswhen the data are
not locally cachedby the requester. For thesetwo cooperative
cacheapproaches,the asymmetricapproachexperienceson
average10%lessdataaccessdelaycomparedto thesymmetric
approach.This delay reduction is achieved by reducing the
numberof times that the data item is passedfrom the net-
work layer to the cooperative cachelayer. In the symmetric
approach,for any intermediatenode, the received data item
has to be passedto the cooperative cache layer which is
in the user space.If this intermediatenode does not need
to cachethe data, this context switch is not necessary. The
asymmetricapproachreducesthe accessdelay by removing
theseunnecessarycontext switches.

The small scale prototype has several limitations which
make in-depthperformanceevaluationhard to perform.First,
due to the small scale,the distancebetweenthe sourceand
thedestinationis short,andhencetheadvantageof cooperative
cachingis not as much as that shown in [24]. Secondly, N4

and N5 are the only two requestersin the network, and N3

is the only nodeselectedby the algorithm to do cooperative
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Fig. 9. Cache hit ratio of the three approaches at different
data sizes.

caching.A dataitem will beput into thecacheof N3 after it is
accessedby eitherN4 or N5 (let'ssayN4), andthecacheddata
canonly helpN5 once.Later bothN4 andN5 canaccessthis
datafrom their local caches.All the cacheddataat N3 canat
mostserve onerequest,thusthe utilization of the cooperative
cacheis very low in this prototype.Figure9 shows the cache
hit ratio in our experiment,which con�rms theabove �ndings.
Thirdly, sinceeachnodeonly hasonewirelessinterface,due
to interference,it is dif�cult to testthepipelineeffect identi�ed
in Section2.2.2.Thisalsoexplainswhy thedifferencebetween
symmetricand asymmetricapproachesis relatively small, as
the asymmetricapproachonly saves the processingdelay at
N3.

Although our prototype has some limitations, it can be
used to verify our simulation testbedwhich will be shown
in the next section.Further, it veri�es one important delay
factor:thedataprocessingdelay. To betterevaluatethesystem
performancesuchas the pipeline effect, we collect real data
from the prototype,and use the data to tune the simulation
testbedto bettersimulatethe real systemperformance.

In order to accuratelyevaluatethe processingdelay at the
cachelayer, we use results from our prototype,which are
shown in Table 2. The cachelayer processingdelay of our
simulator is strictly tuned to follow thesevalues.The data
processingdelay is generallynot consideredin mostnetwork
simulators,but it is a very important factor in our system
design.

TABLE 2
Packet processing time at the cache layer

Packet Packet processingtime (ms)
type 0.9KB 1.3KB 1.9KB 3.2KB 6.4KB

Request 0.217 0.218 0.215 0.217 0.219
Reply 1.483 1.514 1.836 2.294 3.132

4 PERFORMANCE EVALUATIONS

To evaluateour designand implementationin a large scale
network, and to evaluate how different factors affect the
systemperformance,we perform extensive simulations.We
alsocompareour approachwith variousdesignoptions.
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4.1 Simulation Model

The simulationis basedon ns-2 [18]. The implementationof
the cooperative cachelayer is ported from the real system
implementation,but simpli�ed to �t the simulator.

At the transportlayer, we set the MTU (Maximum Trans-
missionUnit) to be 500 bytes.Whenthedatapacket received
from the upper layer exceedsthe size of MTU, it breaks
the packet into fragmentsand passesthe fragmentsto the
routing layer. For the packets passedfrom the routing layer,
the transportlayer needsto reassemblethe IP fragments.
The MAC layer: we simulate several MAC and physical
layer options,andcomparethe performanceof variouscache
designs.Table3 shows thecompletelist of MAC andphysical
layer options. The basic wireless interface follows 802.11b
standard.The radio transmissionrange is 250m, and the
interferencerangeis 550m.We usethe existing 802.11MAC
implementationincluded in the original ns-2 packageas our
single-interfacesingle-channelMAC layer.

TABLE 3
Wireless interface setup

Wir elessInterface Channel Bandwidth
single-interfacesingle-channel 2 Mbps 5Mbps
multi-interfacemulti-channel 2M bps 5Mbps

For the multi-interface multi-channelMAC protocol, we
assumeeachnode is equippedwith multiple 802.11bcom-
patible interfaces.Theseinterfacescan be tuned to multiple
orthogonalchannels[14], [15], [19], [21]. In thisway, it is pos-
sible for a single nodesimultaneouslysendingand receiving
packets using two independentradios, whereasneighboring
nodescan also simultaneouslytransmitpacketsat other non-
interferingchannels.Sincethe standardns-2doesnot support
multi-channel,we add the multi-interfaceand multi-channel
functionality basedon the techniquesprovided in [1].
The client query model: The client query model is similar
to what has beenused in previous studies[24]. Each node
generatesa single stream of read-only queries.The query
generatetime followsexponentialdistributionwith meanvalue
Tquer y . After a query is sentout, the nodedoesnot generate
new query until the query is served. The accesspattern is
basedon Z ipf � l ik e distribution, which hasbeenfrequently
used[4] to model non-uniform distribution. In the Zipf-lik e
distribution, the accessprobability of the i th (1 � i � n) data
item is representedas follows.

Pa i =
1

i �
P n

k=1
1

k �

where0 � � � 1. When � = 1, it follows the strict Zipf
distribution. When � = 0, it follows the uniform distribution.
Larger � results in more “skewed” accessdistribution. We
choose� to be 0:8 accordingto studieson real Web traces
[4].

The accesspatternof the wirelessnodescan be location-
dependent;that is, nodesthat are aroundthe samelocation
tend to accesssimilar data,suchas local points of interests.
To simulatethis kind of accesspattern,a “biased” Zipf-lik e

accesspatternis usedin our simulation. In this pattern,the
whole simulation area is divided into 10 (X axis) by 2 (Y
axis) grids. Thesegrids are namedgrid 0, 1, 2,... 19 in a
column-wisefashion.Clientsin thesamegrid follow thesame
Zipf pattern,while nodesin differentgridshavedifferentoffset
values.For example,if thegeneratedqueryshouldaccessdata
id accordingto the original Zipf-lik e accesspattern,then in
grid i , the new id would be (id + n mod i ) mod n, where
n is the databasesize.This accesspatterncanmake surethat
nodesin neighboringgridshavesimilar, althoughnot thesame,
accesspattern.
The server model: Two dataservers:server0andserver1are
placedat the oppositecornersof the rectanglearea.Thereare
n dataitemsat the server sideandeachserver maintainshalf
of thedata.Dataitemswith even ids aresaved at server0and
the restsare at server1. The data size has a rangebetween
smin andsmax . The dataareupdatedonly by the server. The
servers serve the requestson FCFS (�rst-come-�rst-service)
basis.

TABLE 4
Simulation Parameters

Parameter Value
Simulationarea 4500m � 600m
Numberof nodes 100
Communicationrange 250m
Interferencerange 550m
Querygenerateinterval Tquer y = 5s
MTU size 500B
Client cachesize 800KB
Databasesize 1000 items
Data item size smin = 100B , smax = 7K B

Most systemparametersare listed in Table 4. For each
workload parameter(e.g., the data size), the meanvalue of
themeasureddatais obtainedby collectinga largenumberof
samplessuchthat the con�denceinterval is reasonablysmall.
In most cases,the 95% con�dence interval for the measured
datais lessthan10% of the samplemean.

We �rst verify our simulationtestbedby con�guring it with
our � ve-nodeexperimentaltopology. As shown in Table 5,
the simulationresultsmatchthat in the prototypeexperiment.
Next we increasethe scaleof our network using parameters
listed in Table4 to collect more results.

TABLE 5
Simulated data access delay using the ®ve-node

topology

0.9KB 1.3KB 1.9KB 3.2KB 6.4KB
SimpleCache 27.21 30.51 41.77 59.92 117.67
Symmetric 23.82 26.46 36.05 48.67 101.90

Asymmetric 11.78 24.03 32.01 45.09 94.24

4.2 Simulation Results

In this section,we comparethe performanceof the Simple-
Cache approach,the Symmetric Cooperative Cache (SCC)
approach,and the Asymmetric Cooperative Cache (ACC)
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Fig. 10. Comparison of the data access delay in 802.11 networks

approachin various network environments.SimpleCacheis
the traditional cacheschemethat only cachesthe received
data at the query node. We also compare these schemes
to an Ideal Cooperative Cache(ICC) approach,which does
not have processingdelay at the cachelayer. Further, upon
receiving eachpacket, the cachemanagermakes a copy of
the packet and buffers it, and then forwardsthe original one
immediately. Thus, an intermediatenode can immediately
forward the packet without waiting until the whole dataitem
is received,which canmaximizethepipelineeffect. It is easy
to see that ICC sets up a performanceupper bound that a
cooperative cacheschememay achieve.

4.2.1 Comparisons in Traditional 802.11 Networks
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Fig. 11. A close view of query latency for different coop-
erative cache schemes in single-interface-single-channel
802.11 2M ad hoc networks

Figure10(a)showstheaveragedataaccessdelayof different
designsin transitional802.11 ad hoc networks. The bene�t
of cooperative caching is easy to see when the channel
bandwidth is low (2Mbps) regardlessof the cache design
options.Cooperativecacheincreasesthechanceof gettingdata
with less numberof hops,and hencecan reducethe access
delaycomparedto the SimpleCacheapproachno matterhow
they aredesigned.

Figure 11 provides a closer view to comparethe perfor-
manceof thesethreecooperative cacheschemes(SCC,ACC,
andICC). As shown in the �gure, the ACC approachis quite
closeto the performanceof the ICC approach.The advantage

of ACC andICC over SCCis about10%-25%.Basedon the
resultsof Section3, mostof this performancegaincomesfrom
the processingdelay, but not from the pipeline effect. This
is becausethe spacialchannelreuseof 802.11 is extremely
limited. Since a node can only receive or send packets at
onetime with oneinterface,it is impossibleto have a perfect
pipeline.The bestwe canachieve is to have a partial pipeline
as the two hop neighborof the sendingnodecan also send.
However, this is not exactly truewhenconsideringthe802.11
DCF mechanism[11].
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Fig. 12. 802.11 MAC layer interference in a chain topol-
ogy

As shown in Figure 12, a chain of nodesare positioned
with 250 metersbetweenneighboringnodes.Basedon the
802.11bcon�guration in ns-2,thetransmissionrangeis 250m,
and the interferencerangeis 550m.Even with only onedata
�o w going throughN1 to N9, when nodeN5 is transmitting
a packet to N6, the nearestpossibleconcurrenttransmission
is between N1 and N2, becauseN5's interferencerange
covers nodeN3, N4 and N7. Although N2 is outsideof the
interferencerangeof N5, nodeN3 is an exposedterminalof
the on-goingtransmissionN5 ! N6, so it cannotresponseto
the RTS messagefrom nodeN2. Also nodeN8 is a hidden
terminalsinceit cannotdecodeN6's CTS,andit cannotsense
N5's datatransmissionsinceN5 is out of N8's 550mcarrier
sensingrange.Thus, when nodeN8 transmitsto N9, it will
disrupt the on-goingtransmissionfrom N5 to N6. Therefore,
even with a perfectschedulingmechanismwhich can evenly
spreadout thepacketsalongthepathto maximizethepackets
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pipeline, the maximum spatial reusecan be achieved is just
1/4 of the chain length. In a real network where nodesare
not perfectlypositioned,andotherfactorssuchasinterference
betweenconcurrent�o ws, ACK packet in the reversepath
whenusingTCP, the actualspatialreusewith 802.11is even
worse. Similar problemshave been identi�ed in [10], [17],
althoughin differentcontext.

From Figure 10(a), we can also seethat the averagedata
accessdelayincreaseslinearly to thedatasize.Thedataaccess
delay of the SimpleCacheapproachsigni�cantly increases
whenthedatasizeis largerthan3.5KB.This is dueto network
congestion.In the SimpleCacheapproach,eachdata request
needsto travel more hops to be served comparedto that in
the cooperative cacheschemes.As a result,eachdatarequest
usesmore network bandwidth, and the chanceof network
congestionis higher. In caseof network congestion,the data
accessdelaysigni�cantly increases.

By increasingthe transmissionrate to 5Mbps,asshown in
Figure10(b), the network capacityincreases,and thereis no
network congestionin SimpleCacheeven when the datasize
increasesto 7KB. From Figure 10(b), we can also seethat
theSCCapproachdoesnot have too muchadvantageover the
SimpleCacheapproach.There are two reasons.First, as the

data transmissionrate increases,the processingoverheadof
the SCC approachbecomessigni�cant. Secondly, as the data
transmissionrate increases,it startsto have somepipelines,
but theSCCapproachdoesnot allow any pipelines.TheACC
approachdoesnot have thesedisadvantages,and hencestill
has much better performancecomparedto the SimpleCache
approach.

The Ideal Cooperative Cache (ICC) approach allows
pipeline and has no processingoverhead.Hence it has the
lowest data accessdelay. The delay of the ACC approach
is quite close to optimal, which veri�es that the asymmetric
approachis quite effective on mitigating the cache layer
overhead.It hasalmostthesamedelayastheidealcooperative
cacheapproachwhen the data size is not much larger than
MTU, andtherearenormally not enoughpacketsto �ll in the
“pipe” along the forwardingpath.As the datasize increases,
the ACC approachhasa little bit longer delay than the ICC
approach,sincethe cachingnodesstop the pipeline.But it is
still muchbetterthan the SCCapproach.

Figure 13 further explains why the cooperative cache
schemescanreducethe dataaccessdelay. To get this �gure,
we set the average data size to be 5KB, and changethe
cachesize. We use a similar cache replacementalgorithm
as that in [24]. As cache size increases,the remote data
hit ratio of the cooperative cache scheme(ACC, ICC, or
SCC) increases.Although the local data hit ratio is similar
betweenSimpleCacheand ACC, ACC can get data through
remotedata hit, and hencesave somehops of transmission
delay. Whenpipelineis not very effective,especiallyin Figure
10(a),thecooperative cacheapproachcansigni�cantly reduce
the delay. The comparisonbetweenFigure 13 and Figure 9
(seeSection3.2) alsoexplainswhy the delayreductionusing
cooperativecachein thesimulationis muchhigherthanthatin
our prototype.As thenetwork sizeincreases,thepossibilityof
accessingdatafrom thecacheof othernodesgreatlyincreases
for ACC. Also, the local cachehit ratio decreaseswhen the
datasetbecomeslarger.

4.2.2 Comparisons in Wireless Mesh Networks
Multi-interface multi-channelwireless mesh network is de-
signedto increasethe bandwidthutilization andallow neigh-
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bor nodescommunicateconcurrently. As a result, it is easier
for the nodesto take advantageof the pipeline effect. When
a large data item is transmittedin network, it is fragmented
into small packets. These packets can be pipelined along
the forwarding path to maximize the throughputand reduce
the data accessdelay. As shown in Figure 14, due to data
pipeline,theSimpleCacheapproachmay outperformtheSCC
approach.This is because,asdiscussedin the lastsection,the
SCCapproachhashigh processingoverheadand it is lack of
pipeline.

In Figure 14(a), when the data size is larger than 6KB,
the SimpleCacheapproachstill runs into severe congestion,
due to excessive packets injected to the network. As shown
in Figure 14(b), the performanceimprovementof ACC over
ICC dropsasthedatasizeincreases.This canbe explainedas
follows. Themajorbene�t of cooperative cachingis to reduce
the hop distanceof dataaccess.This will be translatedinto
the reductionof dataaccessdelay in 802.11basednetwork.
However, this is not exactly true in high bandwidthmulti-
channelmeshnetworks. In suchnetworks,aslong asthe data
item is large enough for a full pipeline, the hop distance
becomesless important to the data accessdelay. Although
cachingin the intermediatenodecanreducethe hop distance
for future dataaccess,this delay reductionis less important.
Further, it is at the cost of shorteningthe pipeline due to
caching in the intermediatenode. Even considering these
constraints,the ACC approachoutperformsthe SimpleCache
approach,and is very close to the ideal cooperative cache
approach.

From Figure 14(b), we can see that the delay advantage
of the cooperative cacheapproachesis not that signi�cant in
high bandwidthmulti-channelmeshnetworks.This is because
the network hasenoughbandwidthto supportall the nodes.
However, as the nodes increasethe query rate or access
data of larger size, the delay of the SimpleCachebecomes
muchhigher. Similar resultshave beenshown in Figure14(a).
Although the pipelinecanreducethe delay, the SimpleCache
approachstill generatesmore traf�c, which may result in a
network congestionandlongerdelay. As shown in Figure15,
thecooperativecacheschemes(ICC, SCC,ACC) generate30-
50% lessdatatraf�c thanthe SimpleCacheapproachbecause
cooperative cachecan reducethe numberof hopsto get the
data.

4.2.3 The Effect of Cache Placement
In this sectionwe evaluatethe greedycachenode selection
algorithmproposedin Section2.3.3.In ACC, the dataserver
use this algorithm to determinewhich node should cache
the dataon the forwarding path. We compareour algorithm
with the existing cachingnode selectionalgorithm in [24],
which relieson theintermediateforwardingnodesto make the
cachingdecisionindependently. More speci�cally, theexisting
algorithmin [24] is solelybasedon a node's local information,
and it relies on a bene�t threshold to decide whether to
cachethedata.Two versionsof suchalgorithmarechosenfor
the purposeof comparison:1.) Local Aggressive: the bene�t
thresholdis set low so that forwardingnodesaremore likely
to cachethe data;2.) Local Lazy: the bene�t thresholdis set
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Fig. 15. Comparison of the data traf®c generated in 5M
mesh networks

high so that the forwardingnodesare lesslikely to cachethe
data.We comparetheir performancein both 802.11networks
and multi-interface multi-channel mesh networks with 5M
bandwidth.The resultsarebasedon the datasizeof 4KB.

Figure16 andFigure17 show the averagedataaccesshop
distanceanddataaccessdelayrespectively. In both802.11and
meshnetworks,LocalAggressivegeneratesmorecachecopies
for data,sotheaveragedataaccesshopdistanceis thesmallest
amongthe three.In contrastto Local Aggressive, much less
nodesarequali�ed to cachedatawith Local Lazy algorithm.
So Local Lazy hasthe longesthop distance.Intuitively, data
accessshould have shorterdelay when data are cachedby
morenodes,andLocal Aggressive shouldbe morefavorable.
This is only true in 802.11 networks (as shown in Figure
17). However, in mesh networks, overly caching data may
causeadverseeffectssinceit canincreasethecacheprocessing
delay and eliminatethe pipeline effect as we have discussed
previously. Local Lazy only picks a small amountof nodes
which receive requestmessagesmost frequentlyto cachethe
data.In this way, it reducesthecachingoverhead,andobtains
lessdelay thanLocal Aggressive in meshnetworks.

Our algorithmconsidersthe tradeoff betweenreducinghop
distanceandthe cachingoverheadin differentnetwork struc-
tures.In 802.11networks, it tries moreaggressively to cache
databecausethegainof cachingis morethantheoverheadof
caching.Thus,theaveragedataaccesshopdistanceof ACC is
muchlessthanthatof theLocal Lazy algorithm(in Figure16)
andits delayis similar to Local Aggressive (in Figure17). In
meshnetworks, cachingoverheadbecomesmore signi�cant,
so datacachingshouldbe usedmore prudently. ACC adapts
its cachingstrategy to select less numberof cachingnodes.
Its dataaccesshop distanceincreases,andit achievessimilar
dataaccessdelayasLocalLazy, which is muchlessthanLocal
Aggressive.

Although Local Aggressive and Local Lazy algorithm can
achieve goodperformancein the simulated802.11and mesh
networks respectively, they are unableto determinea proper
strategy (e.g. calculatea proper bene�t threshold)by them-
selves. Particularly in a practical network where different
degreesof channelinterferenceexist, it is impossibleto have
a thresholdonly basedon local information and still obtain
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good performance.ACC considersthe network condition of
thewholedataforwardingpath,andthereforecanselectproper
nodesto cachedataandachieve betterperformance.

5 CONCLUSIONS

In this paper, we presentedour designand implementation
of cooperative cachein wirelessP2Pnetworks, andproposed
solutions to �nd the best place to cache the data. In our
asymmetricapproach,datarequestpacketsare transmittedto
thecachelayeron every node;however, thedatareply packets
are only transmittedto the cachelayer on the intermediate
nodeswhich needto cachethe data.This solution not only
reducesthe overheadof copying databetweenthe user-space
andthekernelspace,but alsoallowsdatapipelineto reducethe
end-to-enddelay. We have developeda prototypeto demon-
stratethe advantageof the asymmetricapproach.Since our
prototypeis at a smallscale,we evaluateour designfor a large
scale network through simulations. Our simulation results
show thattheasymmetricapproachoutperformsthesymmetric
approachin traditional 802.11 basedad hoc networks by
removing mostof theprocessingoverhead.In meshnetworks,
the asymmetricapproachcan signi�cantly reduce the data
accessdelaycomparedto thesymmetricapproachdueto data
pipelines.

To the best of our knowledge, this is the �rst work on
implementingcooperativecachein wirelessP2Pnetworks,and
the �rst work on identifying andaddressingtheeffectsof data
pipeline and MAC layer interferenceon cachemanagement.
We believe many of these�ndings will bevaluablefor making
designchoices.
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