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Abstract

We presenta new conservativeevent-synchronization
protocol,time-basedsynchronization, for parallel discrete-
eventsimulationof mobileadhocwirelessnetworks.Simu-
lators that useour protocolproceedat a scaledversion of
real timeandsendmessagesthat correspondonly to trans-
missionsin thesimulatednetwork.We showthat such sim-
ulators canmaintaina constantexecutiontimeevenasthe
sizesof thenetworksthat they simulategrow. Moreover, we
showthat thesesimulators,whenexecutedona custompar-
allel architecture, arecapableof simulatingmanynetworks
fasterthanrealtime.

1. Intr oduction

A mobilead hoc wirelessnetwork(MANET) is a col-
lectionof mobilewirelessnodesthatform a temporarynet-
work without any infrastructureor centralizedcontrol.Re-
searcherstypically citethreeusesfor MANETs: emergency
situations,military operations,andsensornetworks[12, 17,
19, 20, 27]. MANETs usedin suchsituationscould con-
ceivably contain several thousandnodes.Simulatorsthat
evaluateMANETs mustthereforebecapableof simulating
large-scalenetworks.Researcherswishingto quickly simu-
latesuchnetworkstypically useparalleldiscrete-eventsim-
ulators(PDES)suchastheGlobalMobile InformationSys-
temSimulator(Glomosim)[31], theSimulatorfor Wireless
Ad HocNetworks(SWAN) [19, 20], orQualNet[26]. These
simulatorsall useconservativeevent-synchronizationpro-
tocolsto ensurethat they producethesameresultsasa se-
quentialsimulatorwould.

In this paper, we presenta new conservative event-
synchronizationprotocolcalledtime-basedsynchronization
(TBS). We have designedthis protocol suchthat a TBS-
basedsimulatorrunningonacustom,�ne-grainedmessage-
passingmultiprocessorcalledtheNetwork onaChip(NoC)
cansimulateextremelylargeMANETs fasterthanrealtime.

The rest of this paperis organizedas follows. We be-
gin by describingtime-basedsynchronization(Section2).
We then describehow a typical discrete-event simulator
modelsthebehavior of a MANET with eventsanddiscuss
how to changesucha simulatorto take full advantageof
the bene�ts offeredby TBS (Section3). Next we describe
theNoC anddiscusswhy our simulatorrequiressuchspe-
cializedhardware(Section4), andwe show simulationre-
sults that demonstratethe improvementin simulationper-
formancethat a TBS-basedsimulatorrunningon the NoC
offers (Section5). Finally, we discussrelatedwork (Sec-
tion 6) and summarizeour researchand our future plans
(Section7).

For the rest of this paper, we will considera paral-
lel discrete-event simulator to be composedof N logical
processes,LP0; : : : ; LPN � 1; whichcommunicateby send-
ing messagescontainingtime-stampedevents.Eachlogical
processhasthe following components:(1) the statevari-
ablesthat correspondto the part of the simulatedphysi-
cal systemthat theLP represents,(2) a time-orderedevent
queue,and(3) a local clock whosevalueequalsthe times-
tampof theLP'smost-recently-executedevent.

2. Time-BasedSynchronization

An LP in a simulation using a conservative event-
synchronizationprotocol must obey the local causality
constraint [9]. If such an LP has an event with times-
tamp T at the headof its event queue,it cannotexecute
this eventuntil it is sure that it will not laterreceive a mes-
sagewith a timestampearlierthanT:

In a simulationusing the null-messageprotocol [3, 4],
anLPreceivesmessagesvia incoming-messagequeues(one
for eachLP thatcansendmessagesto theLP in question).
Eachsuchqueuehasa“clock,” whichequalsthetimestamp
of thelastmessagethatthedestinationLPremovedfrom the
queue.Becausethemessagessenton eachqueueareguar-
anteedto have non-decreasingtimestamps,an LP will be-
come“sure” that it canexecutetheeventat theheadof its



eventqueuewhentheclocksof all of its incoming-message
queuesare later than or equal to T: To ensureprogress,
LPs sendtimestampednull messages,which do not con-
tain actualevents,but insteadcontainan implicit promises
thatthesenderswill not sendto thereceiversany messages
with timestampsearlierthanthetimestampsof thenull mes-
sages.

An LP in a simulationusingTBS becomessurethat it
canexecutethe event at the headof its event queuewhen
the timestampof the event is lessthan the the scaledver-
sionof theelapsedreal timesincethesimulationbegan.If
thesimulationhasbeenexecutingfor timet, thenanLP can
executetheeventat theheadof its eventqueuewhen

T < s � t; (1)

wheres is the“time scale”of thesimulation(for therestof
this paper, we will uset to representthe elapsedreal time
sincea simulationbegan,ands to representthetimescale).
Whenthis inequalityis true,we saythat theevent in ques-
tion is executable. It is easyto seethata PDESusingTBS
will executecorrectlyas long asevery event arrivesat its
destinationLP beforeit is executable(see[14] for aproof).
Thatis, anincomingmessagewith timestampT arriving at
time t mustsatisfy

T � s � t: (2)

Note that, unlike an LP in a simulation using the null-
messageprotocol,an LP in a TBS-basedsimulationdoes
not need to know which other LPs can send it mes-
sages.Moreover, an LP in a TBS-basedsimulation can
determinewhether an event is executablewithout wait-
ing for information from other LPs. The ability of an
LP to make this determinationon its own is what al-
lowsTBS-basedsimulationsto scalewell.

Example. Say that a logical process has the events
E10; E12; E20; andE22 in its eventqueue,wherethe sub-
scriptsindicatetheevents'timestamps,in simulated�s: We
assumeour logical processrequires4�s of real time to ex-
ecuteany event (this time correspondsto the time needed
by whatever hardwareis running the simulator).The log-
ical process's clock, Clock; startsat zero.For simplicity,
weassumethats = 1:

TheeventE10 becomesexecutablewhen10�s < s � t.
Becauses = 1, the LP will executethis event after 10�s
of real time have elapsed.Doing sotakes4�s , afterwhich,
Clock = 10�s and t = 14�s . The LP can then imme-
diately executeE12, sinceit canbe surethat no messages
with timestampslessthan14�s will arrivein thefuture.Af-
terexecutingthis event,Clock = 12�s andt = 18�s:

Now imagine that a messagecontainingan event E21

arriveswhile the LP is executingE12. The LP will place

E21 into its event queueafter it executesE12; wait until
t = 20�s , andthenexecuteE20, E21, andE22.

Considerwhat happensif executingE22 resultsin the
transmissionof an outgoingmessage,M ; with timestamp
Tmsg : WhentheLP beginsexecutingE22; t = 20�s + 2 �
4�s = 28�s (sincethe LP mustexecuteE20 andE21 be-
foreexecutingE22). Therefore,M will arriveat its destina-
tion “on-time” (i.e.,beforeit is executable)only if

Tmsg � 28�s + tcomp + t latency ; (3)

wheretcomp is thetimespentoncomputationbeforetheLP
cansendM (thiscomputationis a fractionof thetotalcom-
putationinvolved in executingE22), andt latency is the la-
tency to sendM to the destinationLP. For a generaltime
scale,this equationbecomes

Tmsg � s � (28�s + tcomp + t latency ): (4)

A simulationdesignercanensurethatthis inequalityis true
by decreasingthetimescale.

Fromthis examplewe canseetwo factorsthat candra-
maticallyaffect theperformanceof a TBS-basedsimulator.
The �rst is thevalueof t latency . Decreasingthe latency to
senda messagebetweenLPsenablesa TBS-basedsimula-
tor to usea highertime scale.Thesecondfactoris theabil-
ity of the LP to sendits messagesas early as possible. If,
in our example,a programmerrewrote the simulatorsuch
that M wasproducedduring the executionof E21 instead
of E22; the28�s in Equation4 would changeto 24�s , al-
lowing usto increaseour timescale.1 Anotherpoint to note
is thatanLP doesnothaveto executeaneventassoonasthe
eventbecomesexecutable.For instance,in our examplethe
LP executesE22 whentheelapsedtime is 28�s , or 6�s af-
ter E22 becomesexecutable.Moreover, we shouldnotethe
differencebetweenthesimulationtime, or Clock, of a par-
ticular LP, and the elapsedreal time for the entire simu-
lation. Rememberthat, for a logical processLP i , Clocki

is equalto the timestampof LP i 's most-recently-executed
event.At any givenrealtime,all of theLPsin a simulation
canhave differentClocks. On the otherhand,the elapsed
real time is a propertyof the entire simulationand is al-
ways equalfor every LP. (It shouldbe obvious that there
will neverexist a Clock thatis greaterthans � t:)

3. Building a TBS-basedSimulator

In this sectionwe describehow a typical PDESmod-
els a MANET with events,and we show how to modify

1 Theability tosendmessagesearlyissimilarto lookahead[9] in PDES.



sucha typical simulator to take advantageof the proper-
ties of TBS and the NoC. Finally, we discusshow to es-
timatean upperboundon the time scalefor a TBS-based
simulation of a MANET, based on the characteris-
ticsof thesimulatednetwork andtheNoC.

Modeling MANETs. Beforedescribingour simulator, we
giveanoverview of theway in whichdesignersof discrete-
event simulatorsuse events to model wirelessnetworks.
We will alsodiscusstheamountof simulatedtime between
events.Giventhereal-timeconstraintof Equation2, under-
standinghow eventsaredistributedthroughouta simulated
time line is importantfor someonedesigninga TBS-based
simulator.

A MANET simulatortypically usestwo eventspernode
to model a wirelesstransmission:The �rst representsthe
beginning of the transmission,and the secondrepresents
theendof thetransmission.Consideranexamplewith three
nodes,nodeA, nodeB , andnodeC, whicharesimulatedby
LPA ; LPB ; andLPC : SaythatnodeA transmitsa packet
at simulatedtime 5�s . The packet will reachnodesB and
C only after sometime, calledthe propagation delay, has
elapsed.Assumethatthepropagationdelayfrom nodeA to
nodeB is 2�s , andfrom nodeA to nodeC is 3�s . Thesim-
ulatorwill usethreeeventsto simulatethebeginningof the
transmissionof thepacket: onefor nodeA with timestamp
5�s , onefor nodeB with timestamp5 + 2 = 7�s , andone
for nodeC timestamp5 + 3 = 8�s . In a parallelsimula-
tor, LPA will sendthe eventsfor nodesB andC to LP B

andLPC , respectively.
The secondevent at eachnode representsthe end of

the transmission.Say that the transmissionof the packet
lasts for 100�s ; LPA ; LPB ; and LPC will schedule
transmission-endingeventswith timestamps105�s , 107�s ,
and 108�s , respectively. Each logical process sched-
ulesits transmission-endingevent itself: NeitherLP B nor
LPC would receive a messagefrom LPA telling it to sim-
ulate the end of the transmission.Instead, the initial
messagescontain�elds indicatingthedurationof thesimu-
latedtransmission.

In most MANET simulators,an LP performsthe ra-
dio calculationsfor a given transmission,such as deter-
mining path loss and fading, when it executesthe event
representingthe beginning of a transmission.If an LP ex-
ecutesan event representingthe beginning of another
transmissionbefore simulating the end of the �rst trans-
mission, then it must decidewhether it should simulate
a collision. This decision usually dependson the sig-
nal strengthsof the two transmissionsandsomecharacter-
isticsof thesimulatedreceiver's radio.

Example. Supposea node in our simulatedMANET re-
ceives a datapacket that containssomerouting protocol

information that it must useto updatea table. Now sup-
posethat the mediumaccesscontrol (MAC) protocol that
the nodeis usingdictatesthat the nodemustexaminethe
data packet, wait for a 10�s; and transmit an acknowl-
edgmentpacket (ACK). Table1 shows sucha sequenceof
eventstakenfrom anactualMANET simulation.(Suchse-
quencesof eventsoccurredfrequentlyin thesimulationsde-
scribedin Section5.) When the LP executesSendAck it
sendsmessagesto theotherLPsthatsimulatenodesreceiv-
ing theACK. (SendAck is analogousto E22 in theexam-
ple in Section2, sincetheexecutionof eachevent leadsto
its LP sendingmessages.)

Event Time Since
PreviousEvent

RadioBeginRx n/a
RadioEndRxNoErrors 496.0
ExaminePacket 0
UpdateRoutingTables 0
CreateAck 0
SendAck 0
TransmitAckBegin 10.0
TransmitAckEnd 248.0

Table 1. The amount of sim ulated time between events in a

sim ulation of a MANET. Times are in sim ulated �s .

The importantpoint to note from this table is that the
eventsarenot distributedevenly. Most of thecomputation
(otherthanradio calculations)in MANET simulationsoc-
cursbetweeneventsthatcorrespondto theendof transmis-
sionsand the events that correspondto the beginning of
new transmissions.However, the simulatedtime between
two sucheventsis much shorterthanthesimulatedtimebe-
tweenthebeginningandendof a transmission.In Table1,
for example,the transmissionof the incomingdatapacket
andoutgoingACK take 496and248simulated�s; respec-
tively, but thereareonly 10simulated�s duringwhichmost
of thecomputationoccurs.

This distribution of eventsmayat �rst make TBS seem
like a poor event-synchronizationprotocol to usefor sim-
ulating MANETs: If we slow down (decrease)the time
scale such that 10 simulated �s scalesto enough real
time to do all of the necessarycomputation,then the pe-
riods of 496 and 248 simulated �s during which our
LP is doing little computationwill also scale, result-
ing in very long idle periods. Fortunately, by making
a seriesof simple changesto the way in which a typi-
cal simulatorexecutesevents,we cancreatea relatively ef-
�cient TBS-basedsimulator. We will now discuss the



processby which we arrivedat this more-ef�cient simula-
tor.

Initial Implementation of our Simulator. We began the
developmentof our simulatorby takingthecodefor astan-
dardMANET simulatorandsimulatinghow well it would
perform on the NoC using TBS (seeSection5 for a de-
scriptionof our simulationstrategy). We shalldescribethe
NoChardwarein Section4; for now, it is suf�cient to know
thattheNoCis amachinewith enoughprocessorssuchthat
we canhave a one-to-onemappingbetweenLPs andpro-
cessors,andthat theseprocessorscommunicateby passing
messagesthrougha high-speedinterconnect.

After performingour initial simulations,we quickly no-
ticedthatseveralcritical pathslimited thesimulations'time
scales.As we statedearlier, our simulatorwill executecor-
rectly if every messagearrivesat its destinationbeforeits
enclosedevent is executable.The critical pathsare nat-
urally then the times betweenexecutingevents that lead
to one or more messagesbeing sent,and latest time by
which thesemessagescan arrive at their destinationpro-
cessorswithout violating Equation2. We shall now show
how we wereableto move computationoff of thesepaths
by changingthe order in which our simulatorwould ex-
ecutethe events in Table 1. For the sequenceof events
listed in Table1, the critical path is the time betweenex-
ecuting RadioEndRxNoErrors and the arrival at their
destinationLPs of of the messagessent during the exe-
cution of SendAck. The left half of Figure 1 shows the
unoptimizedtimeline for executingthissequenceof events.

UpdateRoutingTables

RadioEndRxNoErrors

SendAck

TransmitAckBegin

TransmitAckEnd

RadioBeginRx

RadioEndRxNoErrors
ExaminePacket
UpdateRoutingTables
CreateAck
SendAck

TransmitAckBegin

TransmitAckEnd

RadioBeginRx

SpeculativelyCreateAck
SpeculativelyExaminePacket

Figure 1. Moving computation off of our sim ulator' s critical

path.

SpeculativeExecution.Our�rst stepin optimizingtheway
in which the simulatorexecutesthis sequenceof eventsis
to have the executionof ExaminePacket andCreateAck

occurspeculatively, after the executionof RadioBeginRx
but before that of RadioEndRxNoErrors. The conven-
tional simulatorexecutestheseeventsafter RadioEndRx-
NoErrors to make sure that it will not receive any mes-
sagescontainingeventscorrespondingto packetscolliding
with the original datapacket. If sucha simulatedcollision
occurred,then the simulateddata packet would have er-
rors, the LP would executeRadioEndRxWithErrors, and
it would merelysimulatethe receiving nodedroppingthe
packet.Therewould thereforebenoACK to simulate.

In our simulator, however, the processorwill be idle
for a long period of time betweenexecuting RadioBe-
ginRx andRadioEndRxNoErrors. Therefore,if we spec-
ulatively executeExaminePacket andCreateAck during
this idle time and the LP eventually simulatesa colli-
sionandthedroppingof thepacket, this speculativeexecu-
tion will not have costus any time (it will have costsome
energy, however).Ontheotherhand,if theLP doesnotsim-
ulate a collision, then the processorwill have lessevents
to executebefore SendAck than it would have had be-
foreour optimization.Thismakesour critical pathshorter.

PostponedExecution.Likewise,theprocessorwill beidle
for a fairly long time after executingTransmitAckBegin.
This period correspondsto the time spentsimulating the
transmissionof the ACK. We caneasilypostponethe ex-
ecutionof UpdateRoutingTables to the time afterTrans-
mitAckBegin, sincethe contentof the ACK doesnot de-
pendon theupdatesto thesetables.

After our optimizations,our �nal sequenceof events
looks like the following: RadioBeginRx, Speculative-
lyExaminePacket, SpeculativelyCreateAck, RadioEn-
dRxNoErrors, SendAck, TransmitAckBegin, UpdateR-
outingTables, TransmitAckEnd (Figure 1). The path is
now at the point wherethe processorwill be able to send
themessagescorrespondingto thetransmissionof theACK
almostimmediatelyafterRadioEndRxNoErrors becomes
executable.

This exampledemonstratesthe two guidelineswe fol-
lowedto optimizeall pathslike thosein Table1:

1. Performspeculatively whatever computationmay in-
�uence thenext outgoingmessage.

2. Postponewhatever computationis not necessaryto
form a given messageto the time after sendingthe
message,whentheLP will besimulatingthetransmis-
sionof thepacket thatthemessagerepresents.

Determining the Time Scale.To choosea valuefor s, we
rewrite Equation2. If we assumethat the event leadingto
the sendingof messages(in our example,RadioEndRx-



NoErrors) is ableto beexecutedassoonasit becomesex-
ecutable,2 ourconstraintfor correctnessbecomes:

� T � s � � t; (5)

where� T is the differencebetweenthe timestampof the
currenteventandthetimestampof the�nal messagesentas
a resultof executingthis event,and� t is thereal time be-
tweenthe event in questionbecomingexecutableand the
�rst word of the lastmessagereachingits destination.� T
dependsonly uponthesimulatedMANET: It is thesumof
thetime,calledthetransmitter -tur n-on time (TTOT), for
anode'sradioto changefrom sensingmodeto transmitting
mode,andtheworst-case(longest)propagationdelay be-
tweenthesendingnodeandoneof thereceiving nodes.We
will call thesetwo timesTttot andTpr op.

� t dependson two factors:the time the NoC proces-
sorneedsto executetheinstructionsthatwill sendall of the
messagesinto the interconnect,andtheworst-caselatency
for the last messagesentinto the interconnectto reachits
destinationprocessor. Thelatteris a functionof theNoCit-
self; we will referto it ast lat : Theformeris essentiallythe
productof thenumberof messagesto be sent,thenumber
of bytespermessage,andthe time requiredby theproces-
sorto sendonebyteinto theinterconnect.

We can perform one �nal optimizationthat eliminates
the dependenceof � t upon the length of messages.For
eachmessageaNoCprocessorwouldnormallysend,wein-
troducean additionalreservationmessage, which contains
only the timestampof the original message(we will now
refer to the original messageas the full message). When
a NoC processorsimulatesthe transmissionof a packet, it
�rst sendsreservationmessagesto all of thereceiving pro-
cessors,andthensendsthefull messages.

When an LP receives a reservation message,it knows
that it will soonreceive a full message,andso it doesnot
executeany eventswith timestampslater thanthe reserva-
tion message's timestamp.Thisschemeensuresthatall LPs
will still executeeventsin order,while sendingonly reserva-
tion messages,whichhaveminimal length,duringthecriti-
calpath.

We saythat� t is equalto t lat + tsend � n; wheretsend

is the time for the processorto sendonereservation mes-
sageinto theinterconnectandn is thenumberof messages
persimulatedtransmission.Usingthis expression,plusour
equationfor � T; Equation5 becomes

Tttot + Tpr op � s � (t lat + tsend � n); (6)

whichwe canrewrite:

s �
Tttot + Tpr op

t lat + tsend � n
: (7)

2 Simulationshaveshown thatthis assumptionis almostalwaystrue.

TheIEEE802.11MAC protocol[10] speci�esTttot as5�s:
If we take a worst-casevaluefor Tpr op of zero(sincemo-
bile nodesmay be very closeto oneanother)andfor n of
32,andwe let tsend be8 nsandt lat be100ns[14] (we ex-
pectactualvaluesfrom theNoCto besimilar to these),then
the right-handside of Equation7 becomesapproximately
14:0; meaningthat our simulatorshouldbe able to simu-
late MANETs with theseparametersfourteentimesfaster
thanreal time. Moreover, theexecutiontime is independent
of the sizeof the simulatedMANET, as long asn remains
constant.

4. The Network on a Chip

In this sectionwe describehow we have designedthe
NoC to ef�ciently executea TBS-basedMANET simula-
tor. Thepresenceof theNoC is critical to theperformance
of our simulator;otherparallelcomputingplatformswould
not be able to executeour simulatorat a reasonabletime
scale[14].

In our simulator, thereis a one-to-onemappingbetween
simulatednetwork nodesandLPs, anda one-to-onemap-
ping betweenLPs andprocessorsin the hardwareexecut-
ing thesimulator. Therefore,a machineexecutingour sim-
ulator must have thousandsof processors.Moreover, be-
causethe performanceof our simulator dependsheavily
on the latency to passmessagesbetweenLPs, we needa
machinethatallows processorsto communicateef�ciently .
Currently-existing parallel platformsthat a personwould
considerfor runningaTBS-basedMANET simulatorthere-
fore include distributed shared-memory(DSM) machine
andnetworks of workstations(NoWs). Unfortunately, the
largestDSM machinescontainonly 1024processors[16],
makingthemincapableof runningTBS-basedsimulations
of MANETs containinggreaterthan1024nodes.NoWsare
morepromising:NoWs containingmorethan1024nodes
certainly exist [8], and the message-passinglatency in a
NoWcanbeaslow as6:3�s [23]. Unfortunately,however, a
NoW is still abad�t. TBS-basedsimulationof MANETs is
anapplicationwith a largeratio of latency-critical commu-
nicationto computation.Runningsuchanapplicationon a
NoW containingthousandsof very-powerful computersis
a poor useof resources:The simulation's time scale,and
thereforetheperformanceof thesimulator, will be limited
by the latency to passmessagesbetweenworkstations.(If
weperformthesamecalculationaswedid attheendof Sec-
tion 3, but with t lat equalto 6:3�s , we getanupperbound
of 0:76ons:) Wewouldpreferinsteadaplatformwith less-
powerful computersbut a lowermessage-passinglatency.

In additionto having thousandsof moderately-powered
processorsthat can communicatequickly, a machinethat
executesour simulatorshouldhave processorsthat canef-
�ciently manageevent queues.To do this, the processors
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Figure 2. A multi-c hip NoC sim ulator and host.

needa low-overheadmechanismfor determiningwhenan
eventhasbecomeexecutable:They mustbeableto quickly
comparethetimestampsof scheduledeventswith thescaled
versionof elapsedtime.

With these requirementsin mind, we created the
NoC[14, 15], achipmultiprocessor. We estimateeachchip
will containapproximately100processors.To enablesim-
ulations of MANETs containingthousandsof nodes,we
have designedthe NoC suchthat we can gluelesslycom-
bine multiple chips to create a massively-parallel ma-
chine. The NoC processorsare designedspeci�cally to
executeLPs in our simulator, thusthey lack virtual mem-
ory or any otherhardwareoperating-systemsupport.Each
processorhasits own private8KB memory, andcommuni-
cateswith the other processorsonly by passingmessages
via ahighly-pipelinedinterconnect.

A simulationrun on theNoC is managedby on an off-
chip workstationcalledthehost.Thehostcansendandre-
ceive messagesto and from the NoC processors;it sends
theprocessorsthe codethey will executeduringa simula-
tion andit collectsstatisticswhena simulationis complete.
Figure2 showsamulti-chipNoCsimulationconnectedto a
host.

The NoC processorslack multiply / divide and�oating
point units, meaningthat they would requirea greatdeal
of time to performcomplicatedradio calculations.There-
fore, insteadof the NoC processorsperformingradio cal-
culationsduring a simulation,thehostperformsthecalcu-
lations before the simulationbegins; it can do so for any
simulationin whichthemovementpatternsof thenodesare
knownbeforethesimulationbegins(for example,staticnet-
works, or networks using the random-way point [12] mo-
bility model).Thehostincorporatesthesecalculationsinto
thecodethatit sendsto theprocessors(thecodefor thera-
dio layershasa sectionthat is differentfor eachprocessor;
it tells a given processorhow to simulateincomingtrans-
missionsbasedon thesourcesof thetransmissionsandthe
timesat which they occur).

BecausetheprocessorsexecuteLPs,which in turn sim-
ulatenetwork nodes,aprocessorthatsimulatesagivennet-
work nodewill needto exchangemessagesonly with pro-
cessorssimulatingnetwork nodeswithin its node's trans-
missionrange.Therefore,if the simulationusermapsLPs

to processorsin an intelligentway (i.e. processorsthatare
closetogetheron a chip simulatenodesthat are closeto-
getherin thesimulatedterrain),no messagesshouldtravel
more than a few hopsthroughthe interconnect.In simu-
lations of networks with highly-mobilenodes,a mapping
that is ef�cient at the beginning of a simulationmay be-
comequiteinef�cient later. Suchsimulationscanbepaused,
re-mapped,andstartedagainby thehost.In simulationsin
which themobility patternsof thenodesareknown before
thesimulationbegins,thehostcanprecomputetheremap-
pings.A researcherusing the NoC to simulatea network
with high nodemobility maywish to make remappingeas-
ier by usingonly a fractionof theNoC processorson each
chip.

Everyprocessorhasatimercoprocessor, whichit usesto
schedulenew events,andwhichalertsit whenapreviously-
scheduledevent becomesexecutable[15]. To determine
whenaneventis executable,thetimercoprocessorsneedto
keeptrackof thecurrentelapsedtime; for thispurpose,they
eachcontainan incrementer. All incrementersstart from
zeroonresetandchangetheirvaluesat thesamerate.Thus,
every processorhasthesamenotionof thecurrentelapsed
time.3

Becauseall of the incrementersadvanceindependently
(thoughat the samerate), there is no centralizedcontrol
governingall of theprocessorsin theNoC. Hence,adding
morenodesto our simulatedMANET, andthereforemore
processorsto our simulator, doesnot add any extra hard-
waresynchronizationcosts.This ability of thehardwareto
scalewell makespossiblethefastsimulationof large-scale
MANETs.

5. Evaluation

In Section3 we showedthat theperformanceof a TBS-
basedsimulatorrunningon the NoC is independentof the
sizeof the simulatedMANET, aslong asparameterssuch
as the propagationdelay and the density of the network
do not vary with the numberof nodes.We have therefore
taken a problem—simulatinga givenclassof MANETs—
andfounda solutionwith O(1) runningtime. 4 (By “class
of MANETs” we meana collectionof MANETs of differ-
entsizesbut with commonvaluesfor many othercharacter-
isticssuchasTTOT, density, MAC androutinglayerproto-
col, andpropagationdelay. In otherwords,we expectthat,
for a givenclassof MANETs, theaverageamountof com-
putationto simulateanoderemainsconstantasN changes.)

3 If all of theincrementersdonothavepreciselythesamevalue,thesim-
ulator canstill executecorrectly[14]. In this case,we considerthe t
from Equation2 to bethereceivingprocessor's notionof thecurrent
elapsedtime. Hence,we cancompensatefor the differencebetween
incrementersby decreasingthetime scaleby anappropriateamount.

4 OursolutiondoesuseO(N ) processors,however.



A sequentialsimulatoris asolutionwith, atbest,O(N ) run-
ningtime,whereN is thenumberof nodesin thesimulated
network.

An O(1) solution to a problem will naturally outper-
form an O(N ) solution once N becomeslarge enough.
We needto determine,however, whatvalueof N is “large
enough”for simulatingvariousclassesof MANETs. If, for
example,our O(1) solutionhassucha large constantfac-
tor attachedto its run time that it outperformsa sequen-
tial simulatoronly whenN is on the orderof ten million,
then it will be far lessuseful than if it surpassesthe se-
quential simulator when N is a hundredor a thousand.
In this sectionwe will show that our TBS-basedsimula-
tor is fasterthana sequentialsimulatorfor MANETs con-
taining a hundrednodes.We will also discusshow some
characteristicsof thesimulatedMANETs affect themagni-
tudeof theTBS-basedsimulator'sspeedadvantage.

Simulating Our Simulator. To determinethetime needed
for a TBS-basedsimulationrunningon the NoC, we need
to know only the time scaleof the simulation.For the re-
sultsin thissection,weusedEquation7 to estimatethetime
scalefor a givensimulation,basedon theworst-casevalue
of n (thenumberof messagessentpersimulatedtransmis-
sion).To verify thatthis timescalewassafe(i.e. thatwedid
not violate our condition for correctness,Equation2), we
developeda programcallednocsim .

We modi�ed a sequentialMANET simulatorsuchthat
it createslog �les listing, for every simulatednode,ev-
ery event (and correspondingtimestamp)executedduring
a given simulation.The log �le for a particularnodecor-
respondsto the codethat would be executedby the NoC
processorsimulatingthe nodein our TBS-basedMANET
simulator. nocsim usestheselogs,alongwith estimatesof
the time to executeeventsand to sendmessagesthrough
the NoC interconnect,to checkwhethersucha simulation
would executecorrectly using the time scalewe derived
from Equation7.

We obtainedour estimatesof the time to executeevents
by compiling for the MIPS ISA [13] (which is simi-
lar to the NoC processors'ISA [14]) the event-execution
code segments from the sequentialsimulator, and run-
ning them in a MIPS simulator to obtain worst-casein-
structionscounts(becausetheNoC processorsdo not have
caches,memoryaccesstime is uniform). We turnedthese
instructioncountsinto timesby assuming500MHz proces-
sors(this is conservative for the process,TSMC 0:18�m ,
thatweshallusefor theNoC).Weassumedaworst-casede-
lay of 100nsto senda message;this delayis greatenough
to include the time for a messageto crossone inter-chip
boundary[28]. We assumedthe time to sendonereserva-
tion messageinto theNoCinterconnectwas8 ns.

Results.We now presentsimulationresultsthatshow how
variouscharacteristicsof asimulatedMANET in�uencethe
performanceof theTBS-basedsimulator, relative to thatof
the sequentialsimulator that we usedto producethe log
�les for nocsim . The scenarioswe simulatedaresimilar
to thoseusedin [2] and[5]. We usednetworks consisting
of 100nodesusingtheIEEE 802.11DistributedCoordina-
tion Function(DCF) MAC layer [10] andthe Ad-hoc On-
DemandDistanceVector (AODV) routing protocol [24].
Thechannelshaveabandwidthof 2 Mbps.A fractionof the
total nodeswereconstant-bit-ratesources,a fraction were
sinks,andthe rest forwardedpacketsbetweenthe sources
andsinks.Thenodesusedastandardrandom-waypointmo-
bility model[12]. We useda two-raypathlossmodelanda
simpleradio model that doesnot take into accountacous-
tic noise.We variedthedensityof thenetworksby adjust-
ing thesizeof thesimulatedterrain.

Time to simulate a MANET for 60 seconds, varying number of nodes

NoC

0

2000

4000

6000

8000

10000

12000

14000

16000

0 200 400 600 800 1000 1200 1400 1600

E
xe

cu
tio

n 
tim

e 
(s

ec
on

ds
)

Number of nodes

Sequential

Figure 3. Execution times of the sequential sim ulator and

the TBS-based sim ulator running on the NoC, various number s

of nodes.

Figure3 shows theactualexecutiontime of our sequen-
tial simulatorandtheprojectedexecutiontime of theTBS-
basedsimulatorrunningon theNoC for MANETs of vari-
oussizes.Thedifferentsimulatednetworkshave all of the
samecharacteristics(density, fraction of nodesservingas
sourcesor sinks,packet size,etc.), andonly vary in size.
From this �gure we canseethat the TBS-basedsimulator
is fasterthanthesequentialsimulatorfor networkscontain-
ing as few as a hundrednodes,and that the disparity be-
tweenthe speedsof the two simulatorsincreasesdramati-
cally aswe increasethe numberof nodesin the simulated
network.

Figure4 showstheexecutiontimesof thesequentialand
TBS-basedsimulatorsfor networks containing100 nodes
for various densities.The x axis shows, for a particular
MANET, thelargestnumberof messagesthatany NoCpro-
cessorhadto sendto simulatea single transmission.This
numbercorrespondsto the densityof the MANET—in a
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simulationof a denserMANET, eachNoC processorwill
typically have to sendmoremessagesto simulatea trans-
mission. In thesescenarios,50% of the simulatednodes
areconstant-bit-rate(CBR)sourcesor sinks(simulationsof
networkswith differentfractionsof nodesactingassources
andsinksyieldedsimilar results).Thesourcesgeneratetwo
512-bytepacketseverysecond.

Therearetwo pointsto notefrom Figure4.First,thepro-
jectedexecutiontime of the TBS-basedsimulatoris supe-
rior to that of the sequentialsimulator, even for networks
containingonly 100 nodes.As we increasethe numberof
nodes(while keepingthe densitythe same),this disparity
will increase,sincetheexecutiontimeof thesequentialsim-
ulatorwill scale,at best,linearly [30], while theexecution
time of our simulatorwill remainconstant,even for net-
workscontainingtensof thousandsof nodes.

The secondpoint to note is that the TBS-basedsimu-
lator's advantageover the sequentialsimulator decreases
when simulating MANETs that are extremely denseor
sparse.In extremelysparsenetworks, many nodesare in-
active; thesequentialsimulatorthereforehaslesscomputa-
tion to perform,soit performsrelativelywell. Thehighcon-
nectivity of extremelydensenetworksmeansthat simulat-
ingsometransmissionsrequiresalargenumberof messages
(sometimesas many as 99), thus limiting the TBS-based
simulator's time scale(seeEquation7). The MANETs for
which our simulatorperformedthebestarethosein which
all processorsarebusy, yet connectivity remainsfairly low.

Figure5 shows the executiontimesof the two simula-
torsaswevarytherateatwhichthesimulatedCBRsources
generatepackets. Changingthe packet-generationrate is
similar to changingthe density in that higher rates,like
higherdensities,leadto busierprocessors.However, this in-
creasein busynesscomeswithoutanincreasein connectiv-
ity. Hence,the advantageof the TBS-basedsimulator in-
creasesmonotonicallywith higher packet-generationfre-
quency.

5

Sequential

10

15

20

25

30

35

40

0 200 400 600 800 1000 1200 1400 1600

R
un

tim
e 

(s
ec

on
ds

)

Packet-generation rate (packets/sec)

Time to simulate a 100-node MANET for 60 seconds, varying packet-generation rate

0

NoC

Figure 5. Execution times of the sequential sim ulator and

the TBS-based sim ulator running on the NoC, various packet-

generation rates.

5

NoC

10

15

20

25

30

35

40

10 15 20 25 30 35 40 45 50 55 60

R
un

tim
e 

(s
ec

on
ds

)

Percent of nodes serving as sources and sinks

Time to simulate a 100�node MANET for 60 seconds, varying percent CBR nodes

0

Sequential

Figure 6. Execution times of the sequential sim ulator and the

TBS-based sim ulator running on the NoC, various percentages

of nodes serving as CBR sour ces and sinks.

Likewise, Figure 6 shows how changingthe percent-
ageof nodesservingasCBR sourcesandsinks(all of the
sourcesareproducingone512-bytepacket persecond)af-
fectstherelativeperformanceof thetwo simulators.There-
sultsin this �gure aresimilar to thosein Figure5, sincein-
creasingthenumberof nodesservingassourcesor sinksre-
sultsin anondecreasingamountof work for eachprocessor
in the TBS-basedsimulatorwithout changingthe connec-
tivity of thesimulatedMANET.

Theprojectedexecutiontimesfor theTBS-basedsimula-
tor shown in Figure5 andFigure6 areconstant:Changing
the packet-generationrateor the percentageof nodesact-
ing assourcesor sinksdoesnot changeany of theparam-
etersusedby Equation7 to determinethe time scale.The
time scalesfor Figure4, on theotherhand,variedwith the
worst-casenumberof messagespertransmission.Thehigh-
esttimescalethatwastwentytwo, andthelowestwasfour.
Note,however, that theTBS-basedsimulator's bestperfor-
mance,relative to the sequentialsimulator, did not come



whenit usedthelowesttimescale;theMANETs whichdic-
tatedsuchlow time scalesalsovery little activity, allowing
thesequentialsimulatorto simulatethemveryquickly.

The time scalesused for the MANETs presentedin
this section should work for larger MANETs, as long
as the MANETs' density remains the same. We veri-
�ed this for many classesof MANETs by creating log
�les for MANETs containingthousandsof nodesandus-
ing nocsim to checkthat Equation2 was true for every
message.

6. RelatedWork

Most researchersstudyingMANETs simulatenetworks
with ns-2[21], Glomosim,Opnet[7], or QualNet.Of these,
only GlomosimandQualNetareparallelsimulators,both
of which useconservativeevent-synchronizationprotocols.
SWAN is anotherrecently-developedconservative parallel
simulator.

The authorsof [31] show the speedupover sequential
executionof parallel Glomosimsimulationsof MANETs
with at most3,000nodes.The greatestspeedupin the pa-
per is a factor of nine, with sixteenprocessors,using an
IBM 9076SP(a distributed-memorymulticomputer).Sim-
ilarly, [1] containsthe resultsof simulationsof wireless
networks up to 3,000nodes,with a maximumspeedupof
slightly lessthaneight,onsixteenprocessors.

QualNet is the commercial successorto Glomosim.
The creatorsof QualNet report speedupof 12 with a
16-processormachinerunninga 10,000-nodemodel[26].

The authorsof [20] useSWAN to simulatea network
with 10,000nodesusing a simpli�ed MAC-layer model.
They report that simulating1,000simulatedsecondstook
morethantenhoursto completewith � ve processors.The
paperdoesnot includespeedupresults.Theresultsof [19]
show speedupof � vewhenusingeightprocessors.

As wehaveshown in Section5, oursimulator(whenrun
on theNoC) shouldbeableto simulatenetworkslike those
simulatedin thepaperscitedabove many timesfasterthan
realtime.Thisability resultsfrom theexcellentscalingabil-
itiesof thehardwareandthesoftware.

Themostcommonly-citedevent-synchronizationproto-
cols are the optimistic Time Warp [11] protocol and the
conservativenull-messageprotocol.Furtherdescriptionsof
synchronizationprotocolsarefoundin [9] and[29].

Our approachis somewhat similar to the techniqueof
networkemulation.Examplesof networkemulationinclude
dummynet [25].

7. Summary

In this paper we have presenteda new synchroniza-
tion protocol,TBS. We have shown how to designa TBS-

basedMANET simulatorfor executionona highly-parallel
message-passingmachine,andwe have demonstratedthat
our combinationof hardware and software is capableof
simulatinglarge-scalenetworksfasterthanrealtime.

In thefuture,weplanto evaluatehow well simulatorsus-
ing conventionalevent-synchronizationprotocols,suchas
thenull-messageprotocolor Time Warp,would executeon
a parallel machinelike the NoC (such simulatorswould
have no needfor the timer coprocessor).We also plan to
designand evaluatea TBS-basedMANET simulation in
which a logical processcansimulatemorethanonenode,
or in whichmorethanonelogical processcanrun ona sin-
gle computer. If, for example,we usedeitherof thesenew
mappingtechniquesto simulatea hundrednodeson one
processor, then hundred-workstationNoW could simulate
a 10,000-nodeMANET. The longer latency to passmes-
sagesin aNoW andtheaffectsof simulatingmorethanone
nodeperprocessorwouldnaturallymakesuchasimulation
slower thana simulationusinga 10,000-processorcollec-
tion of NoC chips,but sucha simulatorwould not require
any customhardware,andmight still befasterthana simu-
latorusinga conventionalevent-synchronizationprotocol.

We alsoplanto explorethepossibilityof a new classof
MANET routingprotocolsthattakeadvantageof thefaster-
than-real-timespeedof oursimulator. Imagine,for instance,
a MANET in whichsomeof thenodescontainNoCs.Dur-
ing thelife of theMANET, if sucha nodefaceda choice—
suchas whetherto move north or south,for example—it
coulduseits NoC to quickly predicttheeffectsof bothop-
tionson the futurebehavior of thenetwork andthenmake
thebestchoice.
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