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Abstract

We presenta new conservativeevent-synbronization
protocol,time-basedynchronizationfor parallel discrete-
eventsimulationof mobilead hocwirelessnetworks Simu-
lators that useour protocol proceedat a scaledversion of
realtimeand sendmessgesthat corresponconly to trans-
missionsn the simulatednetwork.We showthat sud sim-
ulators can maintaina constantexecutiontime evenasthe
sizesof the networksthat they simulategrow. Moreover, we
showthatthesesimulators, whenexecutedn a custonmpar-
allel architecture, are capableof simulatingmanynetworks
fasterthanrealtime.

1. Intr oduction

A mobile ad hoc wirelessnetwork (MANET) is a col-
lectionof mobilewirelessnodeshatform atemporarynet-
work without ary infrastructureor centralizedcontrol. Re-
searchertypically citethreeusesor MANETSs: emegeng
situationsmilitary operationsandsensomnetworks[12, 17,
19, 20, 27]. MANETSs usedin suchsituationscould con-
ceivably contain several thousandnodes.Simulatorsthat
evaluateMANETs mustthereforebe capableof simulating
large-scaleetworks. Researchenwishingto quickly simu-
latesuchnetworkstypically useparalleldiscrete-gentsim-
ulators(PDES)suchasthe GlobalMobile InformationSys-
tem Simulator(Glomosim)[31], the Simulatorfor Wireless
Ad HocNetworks(SWAN) [19, 20], or QualNet[26]. These
simulatorsall useconservativeevent-synbronizationpro-
tocolsto ensurethatthey producethe sameresultsasa se-
guentialsimulatorwould.

In this paper we presenta new conserative event-
synchronizatiomprotocolcalledtime-basedyndironization
(TBS). We have designedthis protocol suchthat a TBS-
basedsimulatorrunningonacustom, ne-grainedmessage-
passingnultiprocessocalledtheNetwork ona Chip (NoC)
cansimulateextremelylargeMANETSs fasterthanrealtime.

The rest of this paperis organizedas follows. We be-
gin by describingtime-basedsynchronizatiorn(Section2).
We then describehow a typical discrete-gent simulator
modelsthe behaiior of a MANET with eventsanddiscuss
how to changesucha simulatorto take full advantageof
the bene ts offeredby TBS (Section3). Next we describe
the NoC anddiscusswhy our simulatorrequiressuchspe-
cializedhardware (Section4), andwe shav simulationre-
sultsthat demonstratehe improvementin simulationper
formancethata TBS-basedsimulatorrunningon the NoC
offers (Section5). Finally, we discussrelatedwork (Sec-
tion 6) and summarizeour researchand our future plans
(Section?).

For the rest of this paper we will considera paral-
lel discrete-gent simulatorto be composedf N logical

ing messagesontainingtime-stampedvents.Eachlogical
processhasthe following components(1) the statevari-
ablesthat correspondo the part of the simulatedphysi-
cal systemthatthe LP represents(2) a time-orderedevent
gueueand(3) alocal clock whosevalueequalsthe times-
tampof the LP's most-recently-gecutedevent.

2. Time-BasedSynchronization

An LP in a simulation using a consenrative event-
synchronizationprotocol must obey the local causality
constraint[9]. If suchan LP has an event with times-
tamp T at the headof its event queue,it cannotexecute
this eventuntil it is sure thatit will notlaterreceve a mes-
sagewith atimestampearlierthanT:

In a simulationusing the null-messageprotocol[3, 4],
anLP recevesmessagegiaincoming-messgequeuegone
for eachLP thatcansendmessageto the LP in question).
Eachsuchqueuehasa“clock,” whichequalghetimestamp
of thelastmessagéhatthedestinatiorLP removedfrom the
gueue Becausehe messagesenton eachqueueareguar
anteedto have non-decreasingimestampsan LP will be-
come“sure” thatit canexecutethe eventat the headof its



eventqueuewhentheclocksof all of its incoming-message
gueuesare later than or equalto T: To ensureprogress,
LPs sendtimestampechull messagesywhich do not con-
tain actualevents,but insteadcontainanimplicit promises
thatthe sendersvill not sendto thereceversany messages
with timestampe®arlierthanthetimestamp®f thenull mes-
sages.

An LP in a simulationusing TBS becomessurethat it
canexecutethe event at the headof its event queuewhen
the timestampof the eventis lessthan the the scaledver
sion of the elapsedreal time sincethe simulationbegan. If
thesimulationhasbeenexecutingfor timet, thenanLP can
executethe eventat the headof its eventqueuewhen

T<s t 1)

wheres is the“time scale”of the simulation(for therestof

this paper we will uset to representhe elapsedealtime

sincea simulationbegan,ands to representhetime scale).
Whenthis inequalityis true, we saythatthe eventin ques-
tion is executable It is easyto seethata PDESusingTBS

will executecorrectlyaslong asevery event arrivesat its

destinatior_P beforeit is executablgsee[14] for aproof).

Thatis, anincomingmessagevith timestamprl arriving at

timet mustsatisfy

T s t (2)

Note that, unlike an LP in a simulation using the null-
messageprotocol,an LP in a TBS-basedsimulationdoes
not needto know which other LPs can sendit mes-
sages.Moreover, an LP in a TBS-basedsimulation can
determinewhetheran event is executablewithout wait-
ing for information from other LPs. The ability of an
LP to malke this determinationon its own is what al-
lows TBS-baseaimulationsto scalewell.

Example. Say that a logical processhas the events
E10;E12; E20; andEy; in its eventqueue wherethe sub-
scriptsindicatethe events'timestampsin simulateds: We

assumeour logical procesgequires4 s of realtime to ex-

ecuteary event (this time correspondso the time needed
by whatever hardwareis running the simulator). The log-

ical processs clock, Clock; startsat zero. For simplicity,

we assumehats = 1.

TheeventE; becomesxecutablevhen1l0s < s t.
Becauses = 1, the LP will executethis eventafter10s
of realtime have elapsedDoing sotakes4 s , afterwhich,
Clock = 10s andt = 14s. The LP canthenimme-
diately executeE 1,2, sinceit canbe surethat no messages
with timestampsessthanl4s will arrivein thefuture.Af-
terexecutingthisevent,Clock= 12s andt = 18s:

Now imaginethat a messagecontainingan event E»;
arriveswhile the LP is executingE1,. The LP will place

E,; into its event queueafter it executesE,; wait until
t = 20s , andthenexecuteE 5q, E»1, andE .

Considerwhat happendf executingE,, resultsin the
transmissiorof an outgoingmessageM ; with timestamp
Tmsg : WhentheLP beginsexecutingE»; t = 20s + 2
4s = 28s (sincethe LP mustexecuteE,y andE,; be-
fore executingE 2,). ThereforeM will arrive atits destina-
tion “on-time” (i.e., beforeit is executablepnly if

Tmsg 285 + tcomp + tiatency 3)

wheretcomp is thetime spentoncomputatiorbeforethe LP
cansendM (thiscomputatioris afractionof thetotal com-
putationinvolvedin executingE»,), andtjaency is thela-
teng/ to sendM to the destinationLP. For a generaltime
scale this equatiorbecomes

Tmsg S (28S + tcomp * tiatency ): 4)
A simulationdesignercanensurehatthisinequalityis true
by decreasinghetime scale.

Fromthis examplewe canseetwo factorsthat candra-
matically affectthe performancef a TBS-basedimulator
The rst is thevalueof tiqency . Decreasinghe lateng to
senda messagdetween_Ps enablesa TBS-basedsimula-
tor to usea highertime scale.The secondactoris the abil-
ity of the LP to sendits messagesas early as possible If,
in our example,a programmerrewrote the simulatorsuch
thatM was producedduring the executionof E,; instead
of Eoy; the 28s in Equation4 would changeto 24 s , al-
lowing usto increaseour time scale! Anotherpointto note
is thatanLP doesnothaveto executeaneventassoonasthe
eventbecomegxecutableFor instancejn our examplethe
LP executesE; whentheelapsedimeis 28s ,0r6s af-
ter E»», becomesxecutableMoreover, we shouldnotethe
differencebetweerthe simulationtime, or Clock, of a par
ticular LP, and the elapsedreal time for the entire simu-
lation. Remembethat, for a logical procesd P, Clock
is equalto the timestampof LP;'s most-recently-gecuted
event.At ary givenrealtime, all of the LPsin a simulation
canhave differentClocks. On the otherhand,the elapsed
real time is a property of the entire simulationandis al-
ways equalfor every LP. (It shouldbe obvious that there
will neverexista Clockthatis greatethans t:)

3. Building a TBS-basedSimulator

In this sectionwe describehow a typical PDES mod-
els a MANET with events,and we shov how to modify

1 Theability to sendmessagesarlyis similarto lookahead9] in PDES.



sucha typical simulatorto take advantageof the proper
ties of TBS andthe NoC. Finally, we discusshow to es-
timate an upperboundon the time scalefor a TBS-based
simulation of a MANET, based on the characteris-
tics of the simulatednetwork andthe NoC.

Modeling MANETSs. Beforedescribingour simulator we
giveanoverview of theway in which designerf discrete-
event simulatorsuse eventsto model wireless networks.
We will alsodiscusgheamountof simulatediime between
events.Giventhereal-timeconstraintof Equation2, under
standinghow eventsaredistributedthroughouta simulated
time line is importantfor someonealesigninga TBS-based
simulator

A MANET simulatortypically usestwo eventspernode
to model a wirelesstransmissionThe rst representghe
beginning of the transmissionand the secondrepresents
theendof thetransmissionConsideranexamplewith three
nodesnodeA, nodeB, andnodeC, whicharesimulatedby
LPa; LPg; andLP¢: SaythatnodeA transmitsa paclet
at simulatedtime 5 s . The paclketwill reachnodesB and
C only after sometime, calledthe propagation delay, has
elapsedAssumethatthe propagatiordelayfrom nodeA to
nodeB is2 s , andfrom nodeA tonodeC is3 s . Thesim-
ulatorwill usethreeeventsto simulatethe beginningof the
transmissiorof the paclet: onefor nodeA with timestamp
5s, onefor nodeB with timestampb + 2= 7s,andone
for nodeC timestamp5 + 3 = 8s . In a parallelsimula-
tor, LP o will sendthe eventsfor nodesB andC to LPg
andLP ¢, respectiely.

The secondevent at eachnode representghe end of
the transmission Say that the transmissionof the paclet
lasts for 100s; LPA; LPg; and LPc will schedule
transmission-endingventswith timestamp405s ,107s ,
and 108s, respectiely. Each logical process sched-
ulesits transmission-endingventitself: NeitherLPg nor
LP ¢ would receive a messagdrom LP 4 telling it to sim-
ulate the end of the transmission.Instead, the initial
messagesontain elds indicatingthe durationof the simu-
latedtransmission.

In most MANET simulators,an LP performsthe ra-
dio calculationsfor a given transmissionsuch as deter
mining path loss and fading, when it executesthe event
representinghe beginning of a transmissionlf anLP ex-
ecutesan event representingthe beginning of another
transmissionbefoie simulating the end of the rst trans-
mission, then it must decide whetherit should simulate
a collision. This decision usually dependson the sig-
nal strengthsf the two transmissionsandsomecharacter
isticsof thesimulatedrecever'sradio.

Example. Supposea nodein our simulatedMANET re-
ceives a datapaclet that containssomerouting protocol

information that it mustuseto updatea table. Now sup-
posethat the mediumaccesscontrol (MAC) protocolthat
the nodeis usingdictatesthat the node mustexaminethe
data paclet, wait for a 10s; and transmitan acknawl-
edgmentpaclet (ACK). Table 1 showvs sucha sequencef
eventstakenfrom anactualMANET simulation.(Suchse-
guence®f eventsoccurredrequentlyin thesimulationsde-
scribedin Section5.) Whenthe LP executesSendAck it
sendgnessage® theotherL Psthatsimulatenodesrecev-
ing the ACK. (SendAck is analogougo E»; in the exam-
ple in Section2, sincethe executionof eacheventleadsto
its LP sendingmessages.)

Event Time Since

Previous Event
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 simulated time between events in a
simulation of a MANET. Times are in simulated s .

The importantpoint to note from this table is that the
eventsarenot distributedevenly. Most of the computation
(otherthanradio calculations)n MANET simulationsoc-
cursbetweereventsthatcorrespondo the endof transmis-
sions and the eventsthat correspondo the beginning of
new transmissionsHowever, the simulatedtime between
two sucheventsis mud shorterthanthesimulatedime be-
tweenthe begginningandendof a transmissionin Table1,
for example,the transmissiorof the incoming datapaclet
andoutgoingACK take 496 and248simulateds; respec-
tively, butthereareonly 10simulateds duringwhichmost
of thecomputatioroccurs.

This distribution of eventsmay at rst make TBS seem
like a poor event-synchronizatioprotocol to usefor sim-
ulating MANETSs: If we slow down (decrease}he time
scale such that 10 simulated s scalesto enoughreal
time to do all of the necessarcomputationthenthe 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 simulatorexecutesvents,we cancreatearelatively ef-
cient TBS-basedsimulator We will now discussthe



processy which we arrived at this more-efcient simula-
tor.

Initial Implementation of our Simulator. We beganthe
developmenbf our simulatorby takingthe codefor a stan-
dardMANET simulatorandsimulatinghow well it would
perform on the NoC using TBS (see Section5 for a de-
scriptionof our simulationstrateyy). We shall describethe
NoC hardwarein Sectiord; for now, it is sufcient to know
thatthe NoC is amachinewith enoughprocessorsuchthat
we canhave a one-to-onemappingbetweenLPs and pro-
cessorsandthattheseprocessoreommunicateyy passing
messagethrougha high-speednterconnect.

After performingour initial simulationswe quickly no-
ticedthatseveralcritical pathslimited thesimulations'time
scalesAs we statedearlier our simulatorwill executecor-
rectly if every messagarrivesat its destinationbeforeits
enclosedevent is executable.The critical pathsare nat-
urally then the times betweenexecuting eventsthat lead
to one or more message®deing sent, and latesttime by
which thesemessagegan arrive at their destinationpro-
cessorswithout violating Equation2. We shall now shav
how we were ableto move computationoff of thesepaths
by changingthe orderin which our simulatorwould ex-
ecutethe eventsin Table 1. For the sequenceof events
listedin Table 1, the critical pathis the time betweenex-
ecuting RadioEndRxNoErrors and the arrival at their
destinationLPs of of the messagesent during the exe-
cution of SendAck. The left half of Figure 1 shows the
unoptimizedime line for executingthis sequencef events.

[ RadioBeginRx [ RadioBeginRx
] SpeculativelyExaminePacket

] SpeculativelyCreateAck

[ RadioEndRxNoErrors
] ExaminePacket

] UpdateRoutingTables
[ CreateAck
] SendAck

[ TransmitAckBegin

I RadioEndRxNoErrors

[ SendAck

[ TransmitAckBegin
] UpdateRoutingTables

I TransmitAckEnd [ TransmitAckEnd

Figure 1. Moving computation off of our simulator' s critical
path.

Speculative Execution.Our rst stepin optimizingtheway
in which the simulatorexecutesthis sequencef eventsis
to have the executionof ExaminePacket and CreateAck

occurspeculatrely, after the executionof RadioBeginRx
but before that of RadioEndRxNoErrors. The corven-
tional simulatorexecutesheseeventsafter RadioEndRx-
NoErrors to make surethatit will not receve ary mes-
sagesontainingeventscorrespondindo pacletscolliding
with the original datapaclet. If sucha simulatedcollision
occurred,then the simulateddata paclet would have er
rors, the LP would executeRadioEndRxWithErrors, and
it would merely simulatethe receving nodedroppingthe
paclet. Therewould thereforebe no ACK to simulate.

In our simulator however, the processomwill be idle
for a long period of time betweenexecuting RadioBe-
ginRx andRadioEndRxNoErrors. Thereforeif we spec-
ulatively executeExaminePacket and CreateAck during
this idle time and the LP eventually simulatesa colli-
sionandthe droppingof the paclet, this speculatie execu-
tion will not have costus ary time (it will have costsome
enegy, however).Ontheotherhand,if theLP doesnotsim-
ulate a collision, thenthe processowill have lessevents
to executebefore SendAck thanit would have had be-
fore our optimization.This makesour critical pathshorter

PostponedExecution. Likewise, the processowill beidle
for a fairly long time after executing TransmitAckBegin.
This period correspondgo the time spentsimulatingthe
transmissiorof the ACK. We can easily postponethe ex-
ecutionof UpdateRoutingTables to thetime after Trans-
mitAckBegin, sincethe contentof the ACK doesnot de-
pendon theupdatedo 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 processomwill be ableto send
themessagesorrespondingo thetransmissiorf the ACK
almostimmediatelyafter RadioEndRxNoErrors becomes
executable.

This exampledemonstrateshe two guidelineswe fol-
lowedto optimizeall pathslik e thosein Table1:

1. Performspeculatiely whaterer computationmay in-
uence the next outgoingmessge.

2. Postponewhatever computationis not necessaryto
form a given messageo the time after sendingthe
messageyhentheLP will besimulatingthetransmis-
sionof the pacletthatthemessageepresents.

Determining the Time Scale.To choosea valuefor s, we
rewrite Equation2. If we assumehatthe eventleadingto
the sendingof messageg¢in our example, RadioEndRx-



NoErrors) is ableto be executedassoonasit becomesx-
ecutablée? our constrainffor correctnesdecomes:

T s t; (5)

where T is the differencebetweenthe timestampof the
currenteventandthetimestammf the nal messagsentas
aresultof executingthis event,and t is therealtime be-
tweenthe eventin questionbecomingexecutableand the
rst word of the last messageeachingits destination. T

depend®nly uponthe simulatedVIANET: It is the sumof
thetime, calledthetransmitter -tur n-ontime (TT OT), for
anodesradioto changerom sensingnodeto transmitting
mode,andthe worst-casdlongest)propagation delay be-
tweenthe sendingnodeandoneof thereceving nodesWe
will call thesetwo timesTyo: and Ty gp.

t dependson two factors:the time the NoC proces-
sorneedgo executetheinstructionghatwill sendall of the
messagemto the interconnectandthe worst-casdateng
for the last messagesentinto the interconnecto reachits
destinatiorprocessarThelatteris afunctionof the NoCit-
self;we will refertoit ast);; : Theformeris essentiallythe
productof the numberof messageso be sent,the number
of bytesper messageandthe time requiredby the proces-
sorto sendonebyteinto theinterconnect.

We can performone nal optimizationthat eliminates
the dependencef t upon the length of messageskor
eachmessaga NoC processowould normallysendwein-
troducean additionalreservationrmessge, which contains
only the timestampof the original messagéwe will now
refer to the original messageas the full messge). When
a NoC processosimulatesthe transmissiorof a paclet, it

rst sendgesenationmessageto all of thereceving pro-
cessorsandthensendghefull messages.

When an LP receves a resenation messageit knows
thatit will soonreceve a full messageandsoit doesnot
executeary eventswith timestampdater thanthe resena-
tion messagestimestampThis schemensureshatall LPs
will still executeeventsin order, while sendingonly resena-
tion messagesyhich have minimal length,duringthecriti-
calpath.

Wesaythat tisequaltotiy + tsend N; Wheretgeng
is the time for the processoto sendoneresenation mes-
sageinto theinterconnectindn is the numberof messages
persimulatedtransmissionUsingthis expressionplusour

equationfor T; Equation5 becomes
Tiot + Tprop S (tiat + tsena N); (6)
whichwe canrewrite:
Tiot + Tprop 7)

tiat + tsend n’

2 Simulationshave shavn thatthis assumptions almostalwaystrue.

ThelEEE 802.11MAC protocol[10] speci esTyo asb s:

If we take a worst-casevaluefor Ty op Of zero(sincemo-
bile nodesmay be very closeto oneanother)andfor n of
32,andweletteeng be8 nsandt,; be100ns[14] (we ex-
pectactualvaluesfrom theNoC to besimilarto these)then
the right-handside of Equation7 becomesapproximately
14:0; meaningthat our simulatorshouldbe ableto simu-
late MANETS with theseparametergourteentimesfaster
thanrealtime Moreover, the executiontime is independent
of the sizeof the simulatedMANET, aslong asn remains
constant.

4. The Network on a Chip

In this sectionwe describehow we have designedthe
NoC to ef ciently executea TBS-basedVIANET simula-
tor. The presencef the NoC is critical to the performance
of our simulator;otherparallelcomputingplatformswould
not be able to executeour simulatorat a reasonabldime
scale[14].

In our simulator thereis a one-to-oneanappingbetween
simulatednetwork nodesandLPs, anda one-to-onemap-
ping betweenLPs and processorsn the hardware execut-
ing the simulator Therefore a machineexecutingour sim-
ulator must have thousand=of processorsMoreover, be-
causethe performanceof our simulator dependsheavily
on the lateng to passmessagedetweenLPs, we needa
machinethatallows processorso communicateef ciently .
Currently-eisting parallel platformsthat a personwould
consideifor runningaTBS-basedMANET simulatorthere-
fore include distributed shared-memory{DSM) machine
and networks of workstations(NoWs). Unfortunately the
largestDSM machinescontainonly 1024 processor$16],
makingthemincapableof running TBS-basedsimulations
of MANETSs containinggreatethan1024nodesNoWsare
more promising:NoWs containingmore than 1024 nodes
certainly exist [8], and the message-passingteny in a
NoW canbeaslow as6:3 s [23]. Unfortunatelyhowever, a
NoW is still abad t. TBS-basedimulationof MANETS is
anapplicationwith alargeratio of lateng-critical commu-
nicationto computationRunningsuchan applicationon a
NoW containingthousand®of very-paverful computerss
a poor useof resourcesThe simulations time scale,and
thereforethe performanceof the simulator will be limited
by the lateng to passmessagebetweenworkstations (If
we performthesamecalculationaswe did attheendof Sec-
tion 3, but with t;5; equalto 6:3 s , we getanupperbound
of 0:76 ons:) Wewould preferinsteada platformwith less-
powerful computersut alower message-passirgteng.

In additionto having thousand®f moderately-pwered
processorghat can communicatequickly, a machinethat
executesour simulatorshouldhave processorshat canef-
ciently manageevent queues.To do this, the processors
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Figure 2. A multi-c hip NoC simulator and host.

needa low-overheadmechanisnfor determiningwhenan
eventhasbecomeaxecutableThey mustbeableto quickly
compardhetimestamp®f scheduledventswith thescaled
versionof elapsedime.

With these requirementsin mind, we created the
NoC[14, 15], achip multiprocessaMe estimatesachchip
will containapproximatelylO0 processorsTo enablesim-
ulations of MANETSs containingthousandsof nodes,we
have designedthe NoC suchthat we can gluelesslycom-
bine multiple chips to create a massiely-parallel ma-
chine. The NoC processorsare designedspeci cally to
executeLPsin our simulator thusthey lack virtual mem-
ory or ary otherhardwareoperating-systersupport.Each
processohasits own private8KB memory andcommuni-
cateswith the other processor®nly by passingmessages
via a highly-pipelinedinterconnect.

A simulationrun on the NoC is managedy on an off-
chip workstationcalledthe host. The hostcansendandre-
ceive message$o and from the NoC processorsit sends
the processorshe codethey will executeduringa simula-
tion andit collectsstatisticavhena simulationis complete.
Figure2 shavs a multi-chip NoC simulationconnectedo a
host.

The NoC processorsack multiply / divide and oating
point units, meaningthat they would requirea greatdeal
of time to performcomplicatedradio calculations.There-
fore, insteadof the NoC processorperformingradio cal-
culationsduring a simulation,the hostperformsthe calcu-
lations before the simulationbegins; it cando so for ary
simulationin whichthemovementpatternsof thenodesare
known beforethesimulationbegins(for example staticnet-
works, or networks using the random-vay point [12] mo-
bility model).The hostincorporateghesecalculationsnto
the codethatit sendgo the processorgthe codefor thera-
dio layershasa sectionthatis differentfor eachprocessor;
it tells a given processohow to simulateincomingtrans-
missionsbasedon the sourcef the transmissionsindthe
timesatwhich they occur).

Becausedhe processorgxecutelL Ps, which in turn sim-
ulatenetwork nodesa processothatsimulatesa givennet-
work nodewill needto exchangemessagesnly with pro-
cessorssimulating network nodeswithin its nodes trans-
missionrange.Therefore,f the simulationusermapsLPs

to processors$n anintelligentway (i.e. processorshatare
closetogetheron a chip simulatenodesthat are closeto-
getherin the simulatedterrain),no messageshouldtravel
more than a few hopsthroughthe interconnectin simu-
lations of networks with highly-mobile nodes,a mapping
thatis efcient at the beginning of a simulationmay be-
comequiteinef cient later Suchsimulationscanbepaused,
re-mappedandstartedagainby the host.In simulationsin
which the mobility patternsof the nodesareknown before
the simulationbegins, the hostcanprecomputehe remap-
pings. A researcheusingthe NoC to simulatea network
with high nodemobility maywish to make remappingeas-
ier by usingonly afraction of the NoC processoren each
chip.

Everyprocessohasatimercoprocessamwhichit usego
schedulsew events,andwhich alertsit whena previously-
scheduledevent becomesexecutable[15]. To determine
whenaneventis executablethetimer coprocessorseedto
keeptrackof thecurrentelapsedime; for this purposethey
eachcontainan incrementerAll incrementersstart from
zeroonresetandchangeheirvaluesatthe samerate.Thus,
every processohasthe samenotion of the currentelapsed
time3

Becauseall of the incrementersadwanceindependently
(though at the samerate), thereis no centralizedcontrol
governingall of the processorén the NoC. Hence,adding
morenodesto our simulatedVIANET, andthereforemore
processorgo our simulator doesnot add any extra hard-
waresynchronizatiorcosts.This ability of the hardwareto
scalewell makespossiblethe fastsimulationof large-scale
MANETS.

5. Evaluation

In Section3 we shaovedthatthe performanceof a TBS-
basedsimulatorrunningon the NoC is independenbf the
sizeof the simulatedMANET, aslong asparametersuch
as the propagationdelay and the density of the network
do not vary with the numberof nodes.We have therefore
taken a problem—simulatinga given classof MANETs—
andfounda solutionwith O(1) runningtime. 4 (By “class
of MANETS” we meana collectionof MANETS of differ-
entsizesbut with commonvaluesfor mary othercharacter
isticssuchasTTOT, density MAC androutinglayerproto-
col, andpropagatiordelay In otherwords,we expectthat,
for agivenclassof MANETS, the averageamountof com-
putationto simulateanoderemainsonstanasN changes.)

3 If all of theincrementerslonothave preciselythesamevalue,thesim-
ulator canstill executecorrectly[14]. In this casewe considerthet
from Equation2 to bethe receivingprocessors notion of the current
elapsedime. Hence,we can compensatéor the differencebetween
incrementerdy decreasinghetime scaleby anappropriateamount.

4 OursolutiondoesuseO(N ) processorshonvever.



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

An O(1) solutionto a problemwill naturally outper
form an O(N) solution once N becomeslarge enough.
We needto determinehowever, whatvalueof N is “large
enough’for simulatingvariousclasse®f 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 order of ten million,
thenit will be far lessusefulthanif it surpasseshe se-
guential simulatorwhen N is a hundredor a thousand.
In this sectionwe will shav that our TBS-basedsimula-
tor is fasterthana sequentiakimulatorfor MANETS con-
taining a hundrednodes.We will also discusshow some
characteristicef the simulatedVIANETSs affect the magni-
tudeof the TBS-basedimulators speedadvantage.

Simulating Our Simulator. To determinghetime needed
for a TBS-basedsimulationrunningon the NoC, we need
to know only the time scaleof the simulation.For the re-

sultsin this sectionwe usedEquation? to estimateghetime

scalefor a givensimulation,basedon the worst-casevalue
of n (the numberof messagesentper simulatedtransmis-
sion).To verify thatthistime scalewassafe(i.e. thatwe did

not violate our conditionfor correctnessiEquation2), we

developeda programcallednocsim .

We modi ed a sequentiaMANET simulatorsuchthat
it createslog les listing, for every simulatednode, ev-
ery event (and correspondingimestamp)executedduring
a given simulation.The log le for a particularnodecor
respondso the codethat would be executedby the NoC
processosimulatingthe nodein our TBS-basedMANET
simulatornocsim useghesdogs,alongwith estimate®f
the time to executeeventsand to sendmessageshrough
the NoC interconnectto checkwhethersucha simulation
would executecorrectly using the time scalewe derived
from Equation?.

We obtainedour estimate®f the time to executeevents
by compiling for the MIPS ISA [13] (which is simi-
lar to the NoC processorsISA [14]) the event-eecution
code sggmentsfrom the sequentialsimulator and run-
ning themin a MIPS simulatorto obtain worst-casein-
structionscounts(becausehe NoC processorslo not have
cachesmemoryaccesgime is uniform). We turnedthese
instructioncountsinto timesby assumingO0MHz proces-
sors(this is conserative for the process,TSMC 0:18m ,
thatwe shallusefor theNoC).We assume@worst-casele-
lay of 100 nsto senda messagethis delayis greatenough
to include the time for a messageo crossone inter-chip
boundary[28]. We assumedhe time to sendoneresena-
tion messag@nto the NoC interconnectvas8 ns.

Results.We now presensimulationresultsthat shov how
variouscharacteristicef asimulatedMANET in uencethe
performancef the TBS-basedimulator relative to thatof
the sequentialsimulatorthat we usedto producethe log
les for nocsim . The scenariosve simulatedare similar
to thoseusedin [2] and[5]. We usednetworks consisting
of 100nodesusingthe IEEE 802.11Distributed Coordina-
tion Function(DCF) MAC layer[10] andthe Ad-hoc On-
DemandDistanceVector (AODV) routing protocol [24].
Thechannel$ave abandwidthof 2 Mbps.A fractionof the
total nodeswere constant-bit-ratesourcesa fraction were
sinks,andthe restforwardedpaclkets betweenthe sources
andsinks.Thenodesuseda standardandom-vaypointmo-
bility model[12]. We useda two-ray pathlossmodelanda
simpleradio modelthat doesnot take into accountacous-
tic noise.We variedthe densityof the networks by adjust-
ing the sizeof thesimulatederrain.

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

16000 T T T T T T T
Sequential——
NoC --+--

14000

12000

10000

8000

6000 -

4000 -

Execution time (seconds)

2000 -

ok

0 200 400 600 800 1000 1200 1400 16(
Number of nodes

Figure 3. Execution times of the sequential simulator and
the TBS-based simulator running on the NoC, various numbers
of nodes.

Figure3 shaws the actualexecutiontime of our sequen-
tial simulatorandthe projectedexecutiontime of the TBS-
basedsimulatorrunningon the NoC for MANETS of vari-
oussizes.The differentsimulatednetworks have all of the
samecharacteristicgdensity fraction of nodesservingas
sourcesor sinks, paclet size, etc.),and only vary in size.
Fromthis gure we canseethatthe TBS-basedsimulator
is fasterthanthe sequentiasimulatorfor networkscontain-
ing asfew asa hundrednodes,and that the disparity be-
tweenthe speedof the two simulatorsincreasesiramati-
cally aswe increasethe numberof nodesin the simulated
network.

Figure4 shovstheexecutiontimesof the sequentiaand
TBS-basedsimulatorsfor networks containing100 nodes
for various densities.The x axis shaws, for a particular
MANET, thelargestnumberof messagethatany NoC pro-
cessorhadto sendto simulatea single transmissionThis
numbercorrespondgo the density of the MANET—in a
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Figure 4. Execution times of the sequential simulator and the
TBS-based simulator running on the NoC, various densities.

simulationof a denseMANET, eachNoC processomwill
typically have to sendmore message$o simulatea trans-
mission. In thesescenarios50% of the simulatednodes
areconstant-bit-ratéCBR) sourcer sinks(simulationsof
networkswith differentfractionsof nodesactingassources
andsinksyieldedsimilar results).The sourcegeneratéwo
512-bytepacletsevery second.

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

The secondpoint to note is that the TBS-basedsimu-
lator's advantageover the sequentialsimulator decreases
when simulating MANETSs that are extremely denseor
sparseln extremely sparsenetworks, mary nodesarein-
active; the sequentiakimulatorthereforehaslesscomputa-
tionto perform,soit performsrelatively well. Thehighcon-
nectvity of extremelydensenetworks meansthat simulat-
ing sometransmissiongequiresalargenumberof messages
(sometimesas mary as 99), thus limiting the TBS-based
simulators time scale(seeEquation7). The MANETS for
which our simulatorperformedthe bestarethosein which
all processorsrebusy, yet connectvity remainsfairly low.

Figure 5 shaws the executiontimes of the two simula-
torsaswe varytherateatwhichthesimulatedCBR sources
generatepaclkets. Changingthe paclet-generatiorrate is
similar to changingthe densityin that higher rates, like
higherdensitiesleadto busierprocessorddowever, thisin-
creaséan busynesgomeswithoutanincreaseén connecty-
ity. Hence,the advantageof the TBS-basedsimulatorin-
creasegnonotonicallywith higher paclet-generatiorfre-

queng.
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the TBS-based simulator running on the NoC, various packet-

generation rates.
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Figure 6. Execution times of the sequential simulator and the
TBS-based simulator running on the NoC, various percentages

of nodes serving as CBR sour ces and sinks.

Likewise, Figure 6 shavs how changingthe percent-
ageof nodesservingas CBR sourcesandsinks(all of the
sourcesare producingone512-bytepaclet per second)af-
fectstherelative performancef thetwo simulatorsThere-
sultsin this gure aresimilarto thosein Figure5, sincein-
creasinghenumberof nodesservingassource®r sinksre-
sultsin anondecreasingmountof work for eachprocessor
in the TBS-basedsimulatorwithout changingthe connec-
tivity of thesimulatedMANET.

Theprojectedexecutiontimesfor the TBS-basedimula-
tor shawvn in Figure5 andFigure6 areconstantChanging
the paclet-generatiorrate or the percentagef nodesact-
ing assourcesr sinksdoesnot changeary of the param-
etersusedby Equation7 to determinethe time scale.The
time scaledor Figure4, on the otherhand,variedwith the
worst-caseiumberof messagepertransmissionThehigh-
esttime scalethatwastwentytwo, andthe lowestwasfour.
Note, however, thatthe TBS-basedimulators bestperfor
mance,relative to the sequentialsimulator did not come



whenit usedthelowesttime scaletheMANETSs whichdic-
tatedsuchlow time scalesalsovery little actity, allowing
the sequentiakimulatorto simulatethemvery quickly.

The time scalesused for the MANETS presentedin
this section should work for larger MANETS, as long
as the MANETS' density remainsthe same. We veri-
ed this for mary classesof MANETs by creatinglog
les for MANETS containingthousandf nodesand us-
ing nocsim to checkthat Equation2 wastrue for every
message.

6. RelatedWork

Most researcherstudyingMANETSs simulatenetworks
with ns-2[21], Glomosim,Opnet[7], or QualNet.Of these,
only Glomosimand QualNetare parallel simulators,both
of which useconsenrative event-synchronizatioprotocols.
SWAN is anotherrecently-deelopedconsenrative parallel
simulator

The authorsof [31] shav the speedupover sequential
executionof parallel Glomosim simulationsof MANETSs
with at most3,000nodes.The greatesspeedugn the pa-
peris a factor of nine, with sixteenprocessorsusing an
IBM 9076 SP (a distributed-memorymulticomputer) Sim-
ilarly, [1] containsthe resultsof simulationsof wireless
networks up to 3,000nodes,with a maximumspeedupof
slightly lessthaneight,on sixteenprocessors.

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

The authorsof [20] use SWAN to simulatea network
with 10,000 nodesusing a simpli ed MAC-layer model.
They reportthat simulating 1,000 simulatedsecondgook
morethanten hoursto completewith ve processorsThe
paperdoesnotincludespeedupesults.Theresultsof [19]
shav speedumf vewhenusingeightprocessors.

As we have shovn in Section5, our simulator(whenrun
ontheNoC) shouldbe ableto simulatenetworkslik e those
simulatedin the paperscited abose mary timesfasterthan
realtime. Thisability resultsfrom theexcellentscalingabil-
ities of the hardwareandthe software.

The mostcommonly-citedevent-synchronizatioproto-
cols are the optimistic Time Warp [11] protocol and the
consenrative null-messag@rotocol.Furtherdescriptionof
synchronizatiomprotocolsarefoundin [9] and[29].

Our approachis someavhat similar to the techniqueof
network emulation Exampleof network emulationinclude
dummynet [25].

7. Summary

In this paperwe have presenteda new synchroniza-
tion protocol, TBS. We have shavn how to designa TBS-

basedVIANET simulatorfor executionon a highly-parallel
message-passingachine,andwe have demonstratedhat
our combinationof hardware and software is capableof
simulatinglarge-scalemetworksfasterthanrealtime.

In thefuture,we planto evaluatehow well simulatoraus-
ing corventionalevent-synchronizatiomprotocols,suchas
thenull-messag@rotocolor Time Warp, would executeon
a parallel machinelike the NoC (such simulatorswould
have no needfor the timer coprocessor)We also plan to
designand evaluatea TBS-basedVIANET simulationin
which a logical processcansimulatemore thanonenode,
or in which morethanonelogical procescanrun onasin-
gle computerlf, for example,we usedeitherof thesenew
mappingtechniquego simulatea hundrednodeson one
processarthen hundred-verkstationNoW could simulate
a 10,000-nodeMANET. The longer lateng to passmes-
sagesn aNoW andtheaffectsof simulatingmorethanone
nodeperprocessowould naturallymake sucha simulation
slower thana simulationusing a 10,000-processazollec-
tion of NoC chips,but sucha simulatorwould not require
ary customhardware,andmight still befasterthana simu-
lator usinga corventionalevent-synchronizatioprotocol.

We alsoplanto explorethe possibility of a new classof
MANET routingprotocolsthattake advantageof thefaster
than-real-timespeedf oursimulator Imagine for instance,
aMANET in which someof the nodescontainNoCs.Dur-
ing thelife of the MANET, if sucha nodefaceda choice—
suchaswhetherto move north or south,for example—it
coulduseits NoC to quickly predictthe effectsof both op-
tions on the future behaior of the network andthenmalke
thebestchoice.
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