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Abstract

Eventforwarding in a content-basegublish-subscribe
systemis an expensivetask due to the needto matt an
event's contentagainst registered subscriptionsat every
router We introducelookup reuse a novel appmac to
improve the efciency of eventforwarding. Lookupreuse
enablesfaster eventforwarding through reusingmatding
resultscomputedy upsteamroutersin makingforwarding
decisionsat downsteamrouters. In manycases this lets
downsteam routers replace an expensivecontent-math
with a mud cheaperhash-tabldookup. We investigatethe
integrationof lookupreusento existingcontent-basedvent
forwarding algorithms. Our simulationsshowthat lookup
reusereduceghe eventprocessingverheadon average by
40 to 55 percent, when usedwith existing content-based
eventforwarding algorithms.

1. Intr oduction

Content-basegublish-subscribépub-sub)is anidiom
for building distributed eventbasedsystemsandhasbeen
usefulin the designof numerousdistributed applications
rangingfrom electronicstock marketsto network diagno-
sis. In thesesystems,eventsfrom senders(publishers)
areroutedto recevers(subscriberspasedon their content,
ratherthanona x eddestinatioraddressReceversin turn
expresstheir interestsin receving a certainclassof events
by submittingsubscriptiongo the systemwhich arepredi-
cateson the eventcontent.For example,the event[stock=
IBM; current= 88] mustbe deliveredto a client who has
issuedthe subscriptior{stock= IBM; current< 95].

In contrastwith a content-basedystema subject-based
pub-subsystemrouteseventsto subscriberdasedon the
“subject” that an event belongsto. For example,an event
[subject= weathercity = Amestemperature= 0 ] will
be deliveredto all clientswho have subscribedo the sub-
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ject “weather”. Clearly, when comparedwith a subject-
basedsystem,a content-basedystemenablesa client to
expressher interestin a muchmore precisemanner This
e xibility simpli es the designof distributed applications.
For instance,IBM hasdevelopeda real time scoreboard,
powered by a content-basecgub-submiddlewvare called
Gryphon[12], for the AustralianOpen.

However, sucha e xibility currentlycomesat a signif-
icant cost. Event forwardingis an expensve task, sinceit
is now basedon the contentof an event, ratherthanon a
x eddestinatioraddresgasin IP routing),ora x edsubject
name,asin subject-basegub-sub Whenan eventarrives
at a router, its contentmustbe matchedagainstthe set of
all registeredsubscriptiongo nd interestedsubscriptions,
an operationthatwe call a content-math. The setof sub-
scriptionsmaybelarge (tensof thousands)andthereis no
simpleway known to index thesesubscriptiongo guaran-
tee fastmatching. A large body of research(seeSection
1.2) hasbeendevotedto indexing subscriptiongo perform
content-matclef ciently. However, it canbe shovn [19]
thathigh-dimensionatange-searchin¢for which noworst-
casecomputationallyef cient solutionexists) is a special
caseof the content-matchproblem,implying that content-
match also doesnot have a worst-caseef cient solution.
Thus,it is acceptedhatcontent-matclis anexpensvetask,
bestdoneasfew timesaspossible.

In contrastmatchingeventsto subscriptionsn asubject-
basedsystemis muchcheaper Whenaneventarrivesat a
router, the routeronly hasto identify subscriptionsvhose
subjectequalsthe event's subject. This can be achieved
through a hash-tabldookup, which can be completedin
constantexpectedtime, irrespectve of the numberof sub-
scriptionsregisteredat therouter

Many current publish-subscribe systems perform
content-basetbutingin adistributedmanneyfor example,
Sieng6], Gryphon[12], Rebecd21], Hermed16], Jedi[9]
and XNet [17]. The typical setupin thesesystemsis as
follows. The systemconsistsof a distributed network of
content-basedouters. Eachroutermanages setof local



clientsandis connectedo a setof peerrouters. A client

expressesan interestin receving eventsby registeringits

subscriptionsat a nearbyrouter Every routerforwardsits

registeredsubscriptiongo its neighboringrouters. These
subscriptiong@refurtherforwardedin the network to create
a reverse path for matchingeventsto ow back to the

subscriberWheneer an eventis publishedat a router, the

router performsa content-matctanddeliversit to all local

clientswho have issuedmatchingsubscriptionsand also

forwardsit to neighboringroutersfrom whom matching
subscriptionswere receved. This processis repeatedat

eachsubsequendownstreanrouteruntil the eventreaches
all interestedsubscribers.

1.1. Lookup Reuse

In current pub-subsystems,event forwarding is per
formedindependentlyrom routerto router Whenanevent
is forwardedfrom onerouterto thenext hopafteracontent-
match,the next hoprouterstartsfrom scratchandperforms
anothercontent-matchon the event usingits own routing
table. Our fastereventforwardingstratey is basedon the
following obsenation. In mary casesthe efforts spentby
the routersin performinga content-matchare repetitve.
Information neededby downstreamroutersto forward an
event has beenpartially or wholly computedby the up-
streanroutersduringtheir content-matciprocedure.

The above redundang resultsfrom the way in which
subscriptionsare propagatedn the system.A subscription
thatoriginatesat a routerwill be forwardedto neighboring
routersso that matchingeventscan o w back. Therefore,
routing tablesat neighboringrouterssharemary common
subscriptionsand an event-subscriptiormatchwhich oc-
cursin onerouterwill alsooccurin a neighboringrouter
with highlikelihood.

We proposea novel techniquecalledlookupreuseto re-
ducethis redundang and improve forwarding ef ciency.
Thegenerabpproachs asfollows. Oncearouterperforms
acontent-matctandforwardsaneventto anext hoprouter,
it passeslongsomemetadataboutthe content-matchin-
formally, this metadataells thereasonwhy the eventis be-
ing forwardedin this direction. This metadatacanbe used
effectively by the next hoprouterto speedup its own event
forwardingprocedure.

A simplewayto implementiookupreusecalledAlways-
Reuseg is as follows. The metadatais a list of all the
subscriptionghat matchthe event at the upstreanroutet
The upstreamrouter passeson this list while forwarding
anevent. Insteadof sendingthe actualsubscriptionghem-
seles, which canbe quite bulky, the upstreanroutercan
hasheachsubscriptiorinto a uniquekey andthensendthe
key instead At thedownstreanrouter, acontent-matclktan
be replacedby (mary) inexpensve hash-tabldookupson

Table 1. The average time taken for a hash-
table lookup, and for a content-matc h using
two diff erent matc hing algorithms. All times
are in microseconds. The data is for 10,000
subscriptions.  For inputs 1,2 and 3 the av-
erage fraction of subscriptions matching an
event was 5%, 10% and 20% respectivel y.

Input | Lookup | k-dtree | Countingalgorithm
1 0.85 81.29 489.42
2 0.82 74.59 385.93
3 0.73 90.84 252.69

the setof keys receved from the upstreamrouter Since
a content-matclis muchmoreexpensve thana hash-table
lookup, this may speedup event processingat the down-
streanrouter

To get an idea of the potential gain from replacinga
content-matclwith a hash-tabldookup, we conductedx-
perimentgo comparethe costof the following operations:
(Lkey lookup eachsubscriptionis assigneda uniquekey
and the set of all keys K is indexed using a hashtable.
Givenaquerykey k, doesk 2 K ? With agoodhashtable
implementationthis costis independentf the table size.
(2)content-math: given an evente anda setof subscrip-
tions S, doesthereexist a subscriptions 2 S suchthate
matchess? This costdependsn the size of S, andalso
on the content-matchalgorithmbeingused. We studythe
costof two popularcontent-matclalgorithms:the k-d tree
andthe countingalgorithm(thesealgorithmsaredescribed
in our technicalreport[18]). Tablel shavsthe experimen-
tal results.Our experimentshaw thatthe costof a content-
matchis about2-3 ordersof magnitudegreateithanthecost
of ahash-tabldéookupfor subscriptiorsetsof thesamesize.

A simple approachlike Always-Reusamay not work
well in mary circumstancesFor example,considera case
when a given event matchesall subscriptionsat a router
Finding all matching subscriptionsand forwarding their
keys alongwith the eventmay not be very efcient for the
following reasonsFirst, nding all matchingsubscriptions
imposesa heary burdenon a singlerouter It is alsoan
“overkill”, sincethepresencef asinglematchingsubscrip-
tion is enoughto forwardaneventalong.Secondthe num-
ber of keys forwardedis huge. This may inducea signi -
cantmessageverheadandslov down the paclettransmis-
sion over the network link. Third, the overheadof look-
ing up all thesekeys at the downstreamrouter could nul-
lify arny advantagegainedby the eliminationof a content-
match. A betterstratey would be a hybrid approachthat
switchesdynamically betweenreusing lookups and per



formingacontent-matchjependingnthematchingresults
passedy precedingouters.The hybrid approachs better
ableto balancethe overheadof lookup reusewith the cost
of content-match.The hybrid stratgyy we proposein this
work is calledPartial-Reuse

We conductedextensive simulationsto evaluatethe per
formanceof variouslookup reusestratgies. Our experi-
mentsshav that the Partial-Reusestratgy performsuni-
formly well in all casesandis the preferredstratey for
lookupreuse.

In addition,subscriptioncoveringcanbe usedto reduce
the amountof forwardedsubscriptionsn a pub-subsys-
tem. Always-Reuseannotwork if coveringrelationis ex-
ploited. But Partial-Reusés not affected. We will discuss
this furtherin Sectior4.

In summary the contributions of this paperare as fol-
lows:

(1) Weintroducdookupreuseasalightweightoptimization
to the mostcritical task of eventforwardingin distributed
content-basegbub-subsystems. It replacesa large frac-
tion of potentiallyexpensve content-matcloperationsvith

muchcheapehash-tabldookups,by strengtheningollab-
oration amongpub-subrouters. Lookup reuseis simple,
andcanbepro tably usedin conjunctionwith anycontent-
matchingschemeaslong asthe costof a content-matctis

signi cantly greaterthana hash-tabldookup.

(2) We explore the designspaceof variouslookup reuse
stratgies. The simple Always-Reusqust relies on key

lookups (after an initial content-match)while a hybrid

Partial-Reuseadynamically switchesbetweenlookup reuse
and content-match. Our simulationsshov that Partial-

Reuseperformsbestin mostcases.

(3) We evaluatedthe integration of lookup reusewith two

differentcontent-matctalgorithms the countingalgorithm
andthe k-d tree. For eachcontent-matchalgorithm, we

measuredhe event processingoverheadwith andwithout
lookup reuse. Our simulationsshaved that lookup reuse
reduceghe total event processingoverheadby an average
of 40% for the k-d tree,andby anaverageof 55% for the
countingalgorithm.

1.2. Related W ork

Content-matcHies at the heartof event forwarding in
a distributed pub-subsystem. RecentlyKale et al. [13]
formally proved the hardnessf content-matchby shaw-
ing its equivalenceto the notoriouslydif cult Partial Match
problem. For the problemof content-matchyariousforms
of decisiontreesand subscriptionindexes are proposed.
Theseefforts can be classi ed into two broad categories:
counting-basedlgorithms[7, 10, 15] andtree-basedlgo-
rithms[13, 3, 1, 19, 8].

Kulik [14] proposeca fastevent forwardingalgorithm,

called match-structurevent forwarding. In his approach,
every event or subscriptionis pre xed with a match-
structureheaderwhich helpsto speedip event-subscription
matching. In comparisonwith lookup reuse, Kulik's
schemdliffersin the way how the headeris generatecénd
interpreted,andis somavhat similar to our Always-Reuse
stratgly. However we demonstratéhat Partial-Reuseper
formsbetterthanAlways-Reusé mostcases.

The ef ciency of eventforwardingalsodependson the
subscriptionmanagementMany systemg19, 20, 11, 22]
exploit “covering” relationshipsamongsubscriptiongo re-
ducethe numberof forwardedsubscriptionsand keepthe
size of routing tablessmall. The optimization of sub-
scriptioncoveringin uencestheimplementatiorof lookup
reuseandthis aspecis discussedurtherin Section4.

It hasbeenobsenedthat partitionscanbe usedto con-
ne theinformationpropagatiorto smallerscopeq25, 4].
Therearetwo dual approache$o achieve this: eventparti-
tioningandsubscriptiorpartitioning. Partitionsenhancé¢he
relevanceof subscriptiongo eventsinsidethe samesubnet.
As aresult,eventstraversefewer hopsandthe sizeof rout-
ing tablesis alsosmaller sinceeachrouteronly needsto
maintaina subsebf subscriptionspertainingto eventsthat

may beroutedon the networksin whichit participates.

The relevanceof subscriptionsanalsobe enhancedy
placingroutersthat managesubscribersvith similar inter-
ests[2, 24] closeto eachother This requiresthe ability to
dynamicallychangeanetwork topology Notethatcurrently
mary pub-subsystemsonly adopta staticoverlay network
topology Anothernovel approach5] is to compute(on-
line) the bestmulticasttree for eachevent. This approach
may eliminatemostof the pureeventforwarders.

2. Lookup ReuseStrategies

In this section,we describevarious event forwarding
stratgies, starting from current forwarding algorithms,
which do not reuseary lookups, and moving on to the
Always-Reusstratgyy, andthenthe Partial-Reusestratayy.
Due to spaceconstraints,the pseudocodef thesealgo-
rithmsarelistedin ourtechnicalreport[18].

To simplify our algorithmdescriptionwe assume sim-
ple network topology whereall pub-subroutersare orga-
nizedinto a singlespanningree. Eachrouteris connected
to adjacentrouterson the treethroughinterfaces.A router
usually indexes all subscriptionsreceived from an inter-
faceto improve the speedof a content-match. Note that
lookupreusedoesnot needarny assumptiorontheunderly-
ing topology Section4 shavs how to adaptlookup reuse
to anarbitrarytopology Furthermorewe arenotconcerned
with the exactform of a subscriptionindex. Lookupreuse
shouldgeneratea pro t aslong asa content-matchs sig-
ni cantly moreexpensve thanahash-tabldookup.



We rst review the currenteventforwardingalgorithm.
When an event arrives at a router from an interface, the
routerchecksoneveryotherincidentinterfaceto seeif there
is a subscriptionrecevved on that interfacewhich matches
the event. If a matchingsubscriptionexists, thenthe event
is forwarded,otherwiseit is not forwarded.The samepro-
cessis repeatedt all routerson the path(s)from the event
sourceto therecipientsof theevent.

Sincethe currentapproactdoesnot involve ary lookup
reusewe call it the NeverReusestratgy. Notethat“event
source”is the router at which the eventis rst published.
Theroutingstepis verysimilaratany otherrouter Theonly
differenceis that a downstreamrouter shouldexclude the
interfacefrom which the event arrived when matchingthe
event. Thisis necessaryo breaktheloopsin eventdelivery.

2.1. Alw ays-Reuse

To implementiookupreuse for eachsubscriptiorenter
ing thenetwork, a hashfunctionis appliedonit to obtainan
integervalue. This integeris calleda subscriptiorns key. If
two subscribersubmitthe samesubscriptionwe canbreak
the symmetryby pre xing eachsubscriptionwith the sub-
scribers uniqueid beforehashingit. We assumehatthe
hashfunctionwill generatalifferentkeys for differentsub-
scriptionsandthiscanbeeasilyachieved(with overwhelm-
ing probability) usingary standarchashfunction, suchas
thesimplemodulofunction,aslong asthekey spaces large
enough(32 bits will do). Thus,we assumehatthereis a
one-onemappingbetweersubscriptiongandkeys.

We usea structurecalled the KeyTable at every router
KeyTableis a hashtable mappinga subscriptions key to
the interfacefrom which that subscriptionarrived. Given
the key of a subscription KeyTablereturnsthe associated
interfaceby usinga singlehashtablelookup.

In Always-Reusethe event sourceis responsiblefor
nding all the matchingsubscriptionsfor an event. The
stratgyy eliminatescontent-matctat any downstreanoutet
Alternatively event forwardingis achieved by performing
hashtablelookupson the setof matchingsubscriptiorkeys
thatarepiggybacledoverthe event.

Always-Reuseanbeusefulwhenaneventmatcheonly
a few subscriptions. Under this circumstance the load
of nding all matchingsubscriptionsat the event source
is moderate.Furthermorethe event forwarding inside the
network is realizedusing pure key lookups. The bene-
t is morepronouncedf aneventtraversesmary pub-sub
routers. However it performspoorly undercircumstances
describedn Sectionl.1.

2.2. Partial-Reuse

In comparisorwith Always-ReuseRartial-Reusenakes
a few changesat both the event sourceand at the other
routers.

At the eventsource,|t is nolongernecessaryo nd all
matchingsubscriptiondeforeforwardingan event. Alter-
natively we applyathresholdof n, which speci esanupper
boundon the numberof matchingsubscriptiongo search.
Supposean eventmatchesm subscriptionon interfacel .
If m n, thecontent-matchieturnsm keys. If m > n, the
content-matclustreturnsn keys. Thereforethe numberof
keysis boundedby n underPartial-Reuse.

We saythe key list is completeif it containsthe keys
of all matchingsubscriptions.At a downstreamrouter, if
therecevedkey list is complete Partial-Reusdorwardsan
eventonly basednkey lookups.Otherwisét rst useskey
lookupsto eliminatecontent-matcton as mary interfaces
aspossible.Content-matclis thenperformedonly oninter
faceswhich arenot coveredby ary key.

Partial-Reuseachieres good load balance,as we no
longer rely on the event sourceto nd all the matching
subscriptions.By imposinga thresholdon the numberof
matchingsubscriptiongo search,it is ableto control the
overheadof content-matclaswell askey lookupsat every
router

3. Simulation Results

We simulated the following forwarding strateies:
NeverReuse Always-Reuseand Partial-Reuseusing the
OMNeT+423] discrete event simulator The Partial-
Reusestratgy was simulatedusing different thresholds:
40; 60; 80; 120, 160and240. The stratgieswerecompared
underdifferentinput conditions,which were characterized
by the matding density Informally, the matchingdensity
is the averagefraction of the subscriptionghat matchan
incomingevent.

3.1. Exp erimen tal Setup

We considereda system with 100 routers arranged
in a balancedbinary tree topology whose depth was
blog100c = 6, anddiameterwas12. Numeric subscrip-
tionsandeventswereconsideredFor instancea subscrip-
tion to textbooksmightbe S = (year2 [1999 2004])and
aneventadwertisinga bookmightbeE = (year= 2002).
In the context of numericdata,an eventcanbe thoughtof
asapointin high-dimensionaspaceanda subscriptioris a
hyperrectanglan the samespace.We generateeachevent
by choosingvaluesfor eachattribute randomly from the
interval [0; 1]. Eachsubscriptionis generatedy de ning



predicatego berandomsub-intenalsof [0; 1]. By control-
ling the length of eachsubintenal, we are ableto control
the probability thata subscriptiormatchesan event. In the
experimentslescribechere,eacheventhass attributes,and
a subscriptionde nes predicaten theseattributes. Note
thatlookupreuseis not restrictedto numericdata,andcan
be usedwith any form of eventsandsubscriptions.

At the startof the simulationevery routerissuessome
local subscriptions. Thesesubscriptionsare propagated
throughthe system,androuting tablesare populated. Af-
ter all subscriptionshave been registered and indexed
at the routers, routersstart publishing events, which are
deliveredto interestedsubscribersby using the selected
event forwarding stratey. Each experimentusesa to-
tal of 10; 000 subscriptionsand 1; 000 events. We eval-
uatedthe performanceof forwarding stratgies underdif-
ferentinputs, which differed in their matchingdensities.
We considerinputswith the following matchingdensities:
0:1%; 0:2%; 0:5%; 1%; 5%; 10%; 15%and20%. For exam-
ple,with a matchingdensityof 0:5%, eacheventwill match
approximatelyl0; 000 0:5=100= 50subscriptions.

Performance Metric: We measuredhe eventprocess-
ing overheadwhichis thetotal time spentby all routersin
processingvents. Note thatthis doesnotincludethe time
for settingup the system,or for propagatingsubscriptions.
An eventforwardingstrateyy is betterif the eventprocess-
ing overheads smaller

3.2. Results

We conductedexperimentsemploying lookup reusein
conjunctionwith two separatecontent-matchalgorithms,
the k-d tree and the countingalgorithm. At a high level
we malke thefollowing conclusions:

(1) Lookup reuseprovides signi cantly fasterevent for-
warding regardlessof the underlying content-matchalgo-
rithm. It reduceghe event processingoverheadby about
55% on averagefor the countingalgorithm, and by about
40% on averagefor k-d tree, wherethe averageis taken
overvariousinputswith smallandlargematchingdensities.
The adwvantageof lookupreuseis morepronouncedor the
countingalgorithm,sincethe countingalgorithmis lessef-
cient thanthek-d treefor numericsubscriptions.

(2) In most cases,Always-Reusés not the best strategy
for reusinglookups.In contrastPartial-Reuseoutperforms
NeverReuseandAlways-Reusen mostinputs,suggesting
thatPartial-Reusés the beststratay for reusinglookups.
(3) Most bene ts of Partial-Reuse can be realized by
reusinga fairly small numberof keys, about60-80. Even
whenthe matchingdensityis very high (say 20%, where
eacheventmatchesabout2; 000 subscriptions)a threshold
of 60 lookupsworks well, andyieldsthe bestperformance
amongthetestedstratayies.

The low thresholdfor Partial-Reuseis goodnews from
the standpointof messageoverhead. A thresholdof 60
meanghat eachevent carriesat most60 keys. Sinceeach
key is a hashvaluetaking 4 bytes,the messageverhead
is no more than 240 bytes, maybemuch smaller When
comparedwith the size of an event, which is typically an
XML documentor databaseuples,the messag@verhead
maynotbesigni cant. Furthermorealow thresholdmeans
thatno matterhow popularan eventis, theload of match-
ing aneventor performingkey lookupsat a routerdoesnot
increaseoo muchdueto lookupreuse.This leadsto better
loadbalancedventforwarding.

We now presentthe resultsfor the countingalgorithm
andthe k-d tree. In all the graphs,partialn denotesthe
Partial-Reusestratgy with a thresholdof n. For brevity,
we describeheresultsfor the countingalgorithmin detail,
andthendiscusghe aspectsvherethek-d treediffersfrom
thecountingalgorithm.
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Figure 1. Counting Algorithm : (a) the event
processing overhead of various lookup reuse
strategies and (b) the relative performance
of these strategies as compared to the best
strategy obser ved for each matc hing density .



3.2.1 Counting Algorithm

Figure 1(a) shows the event processingoverhead plotted
againstthe matching density for different lookup reuse
stratgyieswhenusedwith thecountingalgorithm.Thetime
for Always-Reusés not shovn becausét hasan overhead
rangingfrom 2.8to 170secondsanddoesnot t easilyinto
thegraph.

Figure 1(b) shaws the relative performanceof the vari-
ousstratgies, whencomparedo the optimal stratgy ob-
sened for eachdataset. For example,if the overheadof
partial(40) on aninputis 10 secondsandthe shortestime
measured&mongall forwardingstratgyiesfor the samein-
putis 8 secondsthenthe graphshows a deviation of 25%
for partial(40). In our experiment,Never-Reusehasa de-
viation decliningfrom 260%down to 5.6%. Always-Reuse
hasa deviation climbing from 0% up to 1990%.Thus,both
cunvesarenotdrawn in Figure1(b). FromFigure1(b), we
infer thefollowing.
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Figure 2. Counting Algorithm : Breakdo wn of
the event processing overhead. (a) sparse
case : 0.2% matching density and (b) dense
case : 5% matc hing density

Firstly, thereis no clearwinner, in thatthereis no sin-
gle forwarding stratgyy which performsthe bestover all
inputs. However, most Partial-Reusestratgjiesillustrated

comecloseto the optimalin every case.lt canbe seenthat
on every input their overheads within 10% of the optimal
for thatspeci c input.

To betterinterpretthe displayedresults,we breakdown
the event processingoverheadinto threeparts: (1)time of
content-matclat the eventsource(2)time of content-match
attheotherroutersand(3)time of lookupreuse.

Figure 2 shaws the breakdaevn of the overheadfor the
sparseand densecasegespectiely. Dueto the samerea-
sonsas earlier graph representingAlways-Reusés not
shavn. For NeverReusegitem (3) is zero sinceit never
reusedookups.For Always-Reusétem (2) is zero,because
it completelyeliminatescontent-matclat every router but
the source. For Partial-Reuseg all threeitemsmay be non-
zero.
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Figure 3. k-d Tree : (a) the event process-
ing overhead of various lookup reuse strate-
gies and (b) the relative performance of these
strategies as compared to the best strategy
obser ved for each matc hing density .

FromFigure2, we infer thatby investinga little time on
lookupreusethe costof content-matclat the otherrouters
hasreduceddrastically leadingto a vastly shortenedotal
runningtime.

Howeverwe alsonoticethatincreasinghereusethresh-



old further doesnot yield a reductionon item (2) asdra-
matic asbefore. For instancejn Figure2(b) item (2) does
notdropmuchevenif we increasehethresholdy 6 times.
Thereasonis thatitem (2) alsoincludesthe time spenton
content-matclat the local interface. Differentfrom event
forwarding, where nding one matchingsubscriptionon
an outgoinginterfaceis enough,we are requiredto nd

all matchingsubscriptionson the local interface. Clearly
the costis muchmore expensve. If we wantto eliminate
content-matcton the local interface,then a router hasto

receve a completelist of keys of matchingsubscriptions.

Suchaconditioncanbarelybesatis edunderahighmatch-
ing density For example,with a 20% matchingdensity an
eventhas2000matchingsubscription®n averagewhichis
muchlargerthan 240, the maximumthresholdselectedor
Partial-Reuse.
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Figure 4. k-d Tree : Breakdo wn of the event
processing overhead (a)sparse case : 0.2%
matc hing density and (b)dense case : 5%
matc hing density .

3.2.2 k-dtree

Figures3 and4 shav thecorrespondinglatafor thek-d tree
algorithm. Qualitatively the trendis similar to the count-

ing algorithm, and lookup reusestill yields a signi cant
speedup.However, the advantageof lookup reuseis less
pronouncedsincek-d treeis moreef cient thanthe count-
ing algorithmfor numericsubscriptionsTheresultsfor the
k-d tree reinforce our earlier obsenation that a threshold
of reusing60-80lookupsis enoughto realizemostof the
performancédene tsof lookupreuse.

4. Extensions

4.1. General Graph Topology

Sofarwe have assumea treetopologyfor the pub-sub
network. However, atreeis notarobustinfrastructurerom
the perspectre of fault-toleranceand network congestion.
So,in mary casesamoreredundantopologywith cyclesis
usedto connecthe pub-subrouters.

In casetheinterconnectiotopologyis notatree,we still
have to presere the following invariant: a routerreceves
no more than one copy of a given event or subscription.
Thus, eachevent or subscriptionmustbe propagatedver
atree,thoughthetreeusedby differentsourcesnaybe dif-
ferent. The differencefrom the caseof a sharedspanning
treeis thattherearenow multiple treesembeddeaver the
sametopology A downstreanrouter whenforwardingan
event,only needgo examineincidentinterfaceswhich are
partof thetreeon which the eventis beingforwarded.For
anagyclic topology this setof interfaceshappengo beall
incidentinterfacesexceptthe onefrom which the eventar
rived. Whereasn a topologywith cycles,this setof inter-
facesmaybe smaller Sucha changein the algorithmdoes
not affect lookup reuse which still worksthe sameway as
before. A pub-subrouter can maintaininformation about
treesfor differentsourcedy gettingthedirectsupportfrom
network protocol[6] or by theutilization of astructured?2P
overlay[21].

4.2. Subscription Covering

Subscriptioncovering (de ned below) is an effective
way to reduceroutingtablesizesandspeedip eventmatch-

ing.

De nition 4.1 Let N (s) denotethe setof all eventsthat
matd subscriptions. Lets; ands, betwo arbitrary sub-
scriptions.We saythats; coverss,, denotedbys; sy, iff
N(s1) N(s2).

A pub-subrouter can exploit covering relationships
amongsubscriptionssfollows. If anewly arrivedsubscrip-
tion s, is coveredby anexisting subscriptiorsy, thens; is
not forwardedsinceall eventsmatchings, will bereceived
dueto theprior propagatiorof s;. If coveringbetweersub-
scriptionsis used thenarouterjust forwardsa minimal set



of receved subscriptiongo its neighbor Underthis condi-
tion, Always-Reuseanbe erroneousbecauselist of keys
of matchingsubscriptiongpassediy an adjacentrouteris
no longercomplete(somematchingsubscriptionsareonly
storedat the local routerdueto the covering). Thusthereis
therisk of theeventnot reachingnterestedsubscribers.

However the covering optimization will not impact
Partial-Reuse,since the design of Partial-Reusealready
takes into accountthe situationthat the receved key list
is incomplete.Additional checkingis usedto nd missing
matchingsubscriptions.
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