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Abstract— We present SimGate – a full-system simulator
for the Stargate intermediate-level, resource-constrained, sen-
sor network device. We empirically evaluate the accuracy and
performance of the system in isolation as well as coupled with
simulated Mica2 motes. Our system is functionally correct and
achieves accurate cycle estimation (i.e. cycle-close).Mor eover,
the overhead of simulated execution is modest with respect to
previously published work.

I . INTRODUCTION

Sensornetworkshaveemergedasa technologyfor transpar-
ently interconnectingour physicalworld with more powerful
computationalenvironments,and ultimately, global informa-
tion systems.In a typical sensornetwork, computationally
simple, low-power, sensorelementstake physical readings
and may perform minor processingof thesereadingsbefore
relaying them to more powerful computationaldevices. The
need for non-intrusivenessin�uences sensordesign toward
small,inexpensive,low-powersensorimplementationsthatcan
bedeployedin largenumbers.Becausethesensornodesareso
resourceconstrained,complex taskssuchasdatastorageand
advancedprocessingare typically of�oaded to more capable
nodes.

Designing and investigating these systems,to date, has
relied primarily on physical deployments and experimenta-
tion [1], [2], [3], [4], [5]. While thequality of the resultsfrom
such efforts is invaluable, the requirementthat researchers
work directly with the physicalsystemsimposesa substantial
researchimpedimentand �nancial cost.Alternatively, several
systems[6], [7], [8], [9], [10], [11], provide simulation,
which complementdeployed experimentsand offer �e xible
andcontrollableenvironmentfor sensornetwork development,
analysis, and application prototyping. However, extant ap-
proachesto sensornetwork simulationdo not supportsimula-
tion of intermediate-level devicesandtheinteractionsbetween
devicesat different levels.

In this paper, we investigate SimGate – a full-system
sensornetwork simulator. SimGatesimulatestheIntel Stargate
device [12]. The Stargatedevice is intendedto function as a
generalpurposeprocessing,storage,andnetwork gateway el-
ementin a sensornetwork deployment.Our goal is to provide
both functionalcorrectnessandaccuratecycle estimation.We
refer to the latter as cycle-close[13]. Our systemis unique
in that is supportscycle-close,functional simulation of the
entireStargatedevice asopposedthe processor[14] or power
consumption[15], [16] alone.SimGatecapturesthe behavior

of mostStargatecomponentsincludingtheprocessor, memory
hierarchy, communications(serialandradio),andperipherals.
As the result, SimGateboots and runs the Familiar Linux
operatingsystemand any programbinary that executesover
it, without modi�cation.

Our systemis alsouniquein that we useit to simulatethe
ensembleof both intermediateandbaselevel sensordevices,
i.e. Stargateand motes(e.g. Mica2). We do so by coupling
SimGatewith SimMote,acycle-accuratefull-systemsimulator
of motes [17]. This interoperability reveals the potential of
simulatinga completesensornetwork setting including both
basicnodes,gateway nodes,and their interactivity.

We evaluate the accuracy of our system by comparing
the simulatedclock cycles to measuredclock cycles using a
range of stressmarksand community benchmarks.We also
presentresultsfor similar experimentsin which the SimGate
andSimMoteinter-operatevia a serial interface(simulatedin
both).Finally, we examinea multi-device ensembleconsisting
of a SimGatenode,a serially-connectedSimMote,anda third
SimMote that communicatesonly via simulated radio. We
compareour simulatedresultsto measurementsthatwe gather
from physicalStargateandMica2 devices.

Our results indicate that our systemis cycle-close– we
areable to simulatethe full Stargatesystemwith a maximum
error of 12.4% acrossthe benchmarkthat we considered.
Our simulatoris alsofast:we observe a

�����

slowdown over
real-timedevice execution.Moreover, when functional simu-
lation is acceptable,simulation is �

�

fasterthan cycle-close
simulation. As a result, we believe this work demonstrates
the potentialof multi-device, sensornetwork simulationas a
research-enablingtechnology.

In the next section,we overview the designandimplemen-
tation of our simulator. In SectionIII, we describeour exper-
imental setupandmeasurementmethodology. We thendetail
theaccuracy andperformanceof our systemin SectionIV. In
SectionsV andVI, we presentrelatedwork andconcludewith
someobservationsandour plansfor futurework respectively.

I I . SIMGATE SIMULATOR

Simulationis an importanttool for sensornetwork system
and applicationdevelopment.The focus of most prior work
in simulationhasbeenon high-enddevices [18], [19], [20],
processorand power simulation [21], [14], [15], [16], or on
the sensingdevices themselves [6], [7], [8], [9], [10], [11].
However, to our knowledge, no extant approachto sensor



network simulation enablesfull-system simulation of a key
sensornetwork component,the intermediate“gateway” node.
Moreover, no simulation systemfacilitates co-simulationof
differentsensornetwork devicesaspart of an ensemble.The
goal of our work is to investigate,implement,and evaluate
suchtechniques.

To simulate intermediatenodes,we developed SimGate,
which provides a cycle-closesimulation of the Intel XScale
processor[22]. Furthermore,SimGateemulatesthe complete
functionalityof theStargate,suchthat it canbootandexecute
theStargatesoftwaredistribution (Linux kernelandprograms)
without any softwaremodi�cation. In addition,SimGatepro-
videsa uni�ed debugginginterfacefor programdevelopment.

A. SimGateDesignand Implementation

The Stargateis a single-board,embeddedsystemthat con-
sists of a 400MHz Intel XScale processor, an Intel SA1111
companionchip for I/O, Intel StrataFlash,SDRAM, PCM-
CIA/CF slots, and serial connectorfor a mote sensingde-
vice [12]. Currently, the Stargate does not have a mote-
compatibleRF radio. In situ, any Stargate-moteradio com-
municationmust be relayedby anothermote,called the base
station, that is physically attachedto the Stargateexpansion
bus.

We simulatethe following featuresof the Stargatedevice:
� ARM v5TE instructionset without Thumb supportand

with XScaleDSP instructions
� XScalepipelinesimulation,includingthe32-entryTLBs,

128-entry BTB, 32KB caches and 8-entry �ll/write
buffers

� PXA255 processor, including MMU (co-processor),
GPIO,interruptcontroller, real time clock, OStimer, and
memorycontroller

� Serial device (UART) that communicateswith the at-
tachedmote

� SA1111StrongARMcompanionchip
� 64MB SDRAM chip
� 32MB Intel StrataFlashchip
� Orinoco wirelessLAN PC card including the PCMCIA

interface
We arecurrentlyworking to develop Stargatepower models.

Oneexpensive operationin our simulationsystemis mem-
ory access.Simulation of MMU components,including the
TLB, BTB, I/D caches,and �ll/write buffers, is complex but
requiredfor cycle-closesimulation.However, such�ne-grain
simulationis not necessaryfor functionalsimulation.As such,
usersof our systemcan turn off the simulationof individual
MMU componentsto improve simulationperformancewhen
cycle accuracy is not a primary concern.To further increase
theaddresstranslationspeed,we implementanaddresslookup
cache(soft TLB) for both instructionanddataaddresses.This
soft TLB increasesfunctional simulation time by

�����

on
average.

To estimate cycle counts accurately, we simulate �ne-
grain XScale CPU pipeline process.The Intel XScale core
employsa sevenor eightstage,single-issuepipeline.Thereare

Fig. 1. CoupledSimulationSystem.

threeparallelpipelinestagesthat executein parallelafter the
executionstage.As a result,multiplicationandmemoryaccess
canoccurconcurrentlyand the resultscanbe written backto
memoryout of order. Sincewe wereunableto obtainpipeline
documentationfrom Intel, we revise andenhancea reference
pipeline model from XTREM power simulator [16]. We run
hand-codedbenchmarkson a real device and use hardware
performancemonitorsto estimatevariouspipelineparameters,
suchascacheandTLB misspenalties.

The peripheraland I/O devices that we simulate include
the �ash chip and the Orinoco PCMCIA wirelesscard. The
�ash chip is controlledby memorymappedI/O registers.The
simulatorsendsandreceivesI/O commandsanddatathrough
theseregisters.In the �ash chip, a statemachinecontrolsthe
sequenceof operations.We simulateboththeinterfaceandthe
internalstatemachineaccordingto aVerilogmodelof the�ash
chip from Intel (http://www.intel.com/design/
flcomp/toolbrfs/298189.htm ). We estimatethecycle
cost of �ash operationsusing empirical data; we run �ash
benchmarks,collect timing data and use it to advance the
simulationclock accordingly.

Sincethe 802.11bwirelessis not commonlyusedin sensor
network, we do not discussits implementationdetail in this
paper. To communicatebetweentheStargateandsensornodes,
researchersattacha moteto theserialport of theStargateand
usethe moteto interfaceto the radio network of othersensor
nodes.

B. CouplingSimGatewith Other SensorNetworkSimulators

We next describehow we co-simulateStargateandsensing
devices, e.g. Crossbow Motes [23], [24]. Figure 1 depicts
the system.We useSimMote for cycle-accurate,full-system
mote (Mica2 and Mica2) simulation, which we developed
in prior and ongoing work [17] on scalablesensornetwork
simulation.To coupledevice simulators,we employ a multi-
simulationmanager. This manageris a multi-threadedsystem
that controls the life cycle of constituentsimulators,e.g., it
providessimulatorservicesthat includecreate,start,stop,join
andleave. To starta simulation,the managercreatesa thread
for eachsimulatorand invokes the start routine in each.The
startroutinetheninitiatestheOSbootprocess.A con�guration
�le speci�es which binary to boot for eachsimulator.

To achieve cycle-close,coordinatedsimulationof multiple
devices,the proportionof the ratesof executionof simulated
devices must be held to be roughly the same as that for
realdevices.This coordinationis critical for correctexecution
and communication(e.g., for a radio or serial connection).



To enablethis coordination,we employ a simple, lock-step
methodthatforcestheclock within eachsimulatorto synchro-
nizeperiodically. This periodis boundedby themote-Stargate
communicationrate (57.6 KB/second).We use the one byte
serial transmissiontime (128 motecycles)as the period.

For communication,we distribute each packet to the re-
ceiving device simulator which assemblesthe packet using
its local clock. Sincethe simulatorsexecutein lock-step, the
synchronizationperiod is suf�cient to ensurecorrect packet
assembly(in a rateat 19.2KB/s).

The lock-step synchronizationforces us to simulate the
motesas slow as the Stargate.Since the machineon which
we run our simulationsis much fasterthan the real speedof
the mote,we cansimulateup to 6 timesfasterthanreal Mote
execution.However, in an ensemblesystemof heterogeneous
device simulators,the fastestmachinesimulatedis theperfor-
mancebottleneck.As such,we must slow the SimMotesto
matchSimGatespeed.

C. Other SimulationFramework Features

To facilitatesensornetwork applicationdevelopment,mon-
itoring, and understanding,our systemincludesfunctionality
for both checkpointingand debugging. Our checkpointing
mechanismwithin each simulator saves the current, full-
system,simulation state including the snapshotof memory
and �ash �le system.We provide mechanismsthat enable
storageand loadingof suchimagesto enablefast forwarding
andcontinuationof an executingsystem.

To facilitate debugging, our system provides a uni�ed
debugging interfaceand dispatchwithin the multi-simulation
managerthat enablesdebugging of concurrently executing
tasks.The managerdynamicallydispatchesdebug commands
to the individual simulators.Sinceeachsimulator runs on a
separatethread,thedebuggercanattachto any of thesimulator
threadsto controlits execution�o w andto watchthechangein
theexecutionstate.Thefunctionswe supportin thesimulators
include step execution, the dump of memory and �ash, and
watchingof internalstateandbreakpoints.

I I I . EXPERIMENTAL METHODOLOGY

To evaluate and analyze the performanceand accuracy
of SimGate,we performed a number of experimentswith
the SimGatealone and with SimGate-SimMoteensembles.
To evaluate the latter, we implementedtwo scenarios:(1)
A mote attachedto a Stargate; and (2) A secondarymote
communicatingwith the �rst via simulatedradio.

Scenario(1) representstheuseof theStargateasa gateway,
whereasScenario(2) modelsa gateway and a mote. In the
latterone,thegatewayactasapacket forwardingengineto and
from thesensornetwork. At present,our radiomodeldiscount
the RF interference,however, we are currently working on
robust andaccurateradio modelsaspart of future work.

A. Benchmarks

For stand-aloneSimGateevaluation, we employed hand-
coded“stressmarks”andbenchmarksfrom the suitesof both

MiBench[26] andMediabench[27]. Dueto spaceconstraints,
we only include the resultsfrom Mediabenchin this paper;
our technicalreport versionof this papercontainsall of the
data [28]. Table I describesthe Stargate benchmarks. We
executeall the benchmarksfrom the RAM drive.

To evaluateensemblesimulation,we employ open-source
applicationsaswell ashand-codedprograms.We describethe
applicationsin Table II. Column3 shows the functionalunits
of the motesthat are heavily utilized during the executionof
variousbenchmarks.In choosingbenchmarks,we attemptto
exercisethe full device, and cover the major functions of a
mote:communication,sensing,and logging.

EachensemblebenchmarkhasaShortandaLongform. The
former are usedfor evaluatingScenario1, whereasthe latter
areusedfor Scenario2. Moreover, eachof theseapplications
(except the Multi benchmarks)takes the form of a remote
procedurecall (RPC).Whentheprogramon theStargatesends
a queryto the mote,it blocksuntil the receiver completesthe
appropriateexecutionandreturns.The Multi benchmarkalso
testsconcurrentcomputationby runningparallelcomputations
of ad-hocpositioning system(APS) [25] on both mote and
Stargate. This test is useful to evaluate the performanceof
simulatingcoordinatedcomputationon moteandStargate.

B. ExperimentalApparatus

We execute TinyOS v1.1 on the motes and a variation
of Familiar Linux v0.5.1 on the Stargate. For the stand-
aloneStargateapplications,we measuredthe CPU cyclesand
instructioncount using the XScaleHPM counters.The HPM
systemcanmonitor threeeventsconcurrently.

We ran our simulatorson a dedicatedLinux (64 bit AMD
Opteron@2.4GHz)machine.To measurethe execution time
of eachbenchmark,we modi�ed the simulator. Eachtime the
performancemonitoring registers of the simulatedmachine
are accessed,the simulatorreadsthe real time from the host
system,andcomputesandlogs the delta(time sinceprevious
access).

IV. RESULTS

We detail the accuracy of SimGate by comparing it to
the Stargate in terms of clock cycles. In the �rst set of
comparisons,we make �

�

identicalrunsof eachbenchmarkon
both SimGateand Stargateand comparethe averagenumber
of cyclesrequiredper benchmark.

TableIII shows the resultof this comparisonin the follow-
ing format. The �rst column shows the nameof the bench-
mark, the secondcolumn( �������	� ) shows the averagenumber
of cyclesmeasuredon theStargatehardware,thethird column
( �

��
���
���������� ) presentsthecyclesreportedby SimGate, andthe
fourth column shows the difference.In the �fth column, we
report the error percentage( �����

�����	���
�

��
���
������������ �
�

�����	�
� )

which is the differencebetweenthe averageof the measured
cycle counts and the average of those generatedby the
simulator. We also computethe !

�

% con�dence interval for
the error percentageusing a Student " distribution [29] with



Benchmark Executables Description
adpcm adpcmdecode/adpcmencode Adaptive differentialpulsecode

modulationfor audiocoding
g721 g721decode/g721encode CCITT voice compression
gsm gsmencode/gsmdecode Europeanstandardfor speedcoding
jpeg jpegencode/jpegdecode Lossycompressionfor still images

TABLE I

BENCHMARKS (FOR STARGATE PLATFORM ).

Benchmark Description FunctionalUnit
Ping Echoesnetwork packet back to sender Network interface
Sense Processesa sensorreadquery Analog/Digital converter
APS [25] Ad-hoc positioningsystem(heavy FP computation) Arithmetic/Logic unit
Log Readslog from Flash SecondaryFlash& UART
Multi Parallel APS computationson both Mote andStargate Arithmetic/Logic unit

TABLE II

BENCHMARKS FOR EVALUATING A MOTE AND A STARGATE ENSEMBLE. EACH BENCHMARK STRESSES A PARTICULAR HARDWARE UNIT (SHOWN IN

THIRD COLUMN), FOR EXAMPLE, PING UTIL ITY TESTS THE NETWORK INTERFACE.

Benchmark ��������� �

�
	�����
 �������

��������� - �

�
	�����
 �������

% error ����� % conf. bound
adpcmdecode 3.367E+07 3.069E+07 2.980E+06 8.9% � 0.28%
adpcmencode 3.068E+07 2.766E+07 3.014E+06 9.8% � 0.36%
g721decode 6.272E+08 5.735E+08 5.368E+07 8.6% � 0.17%
g721encode 6.527E+08 6.006E+08 5.213E+07 7.9% � 0.44%
gsmdecode 1.526E+08 1.420E+08 1.061E+07 7.0% � 0.57%
gsmencode 4.335E+08 3.995E+08 3.401E+07 7.8% � 0.09%
jpegdecode 2.554E+07 2.235E+07 3.191E+06 12.5% � 1.16%
jpegencode 5.412E+07 4.731E+07 6.813E+06 12.5% � 0.41%

TABLE III

SIMGATE ACCURACY RESULTS. THE TABLE PRESENTS AVERAGE CYCLE COUNTS FOR MEASUREMENTS AND SIMULATIONS OF MEDIABENCH

BENCHMARKS, THE 95% CONFIDENCE INTERVAL ON THE DIFFERENCE BETWEEN THE MEANS, AND THE FRACTION OF THE AVERAGE MEASUREMENT

THAT THE INTERVAL CONSTITUTES.

Benchmark � �����	� � ��
���
���������� � ����� � - � ��
���
���������� % error � !

�

% conf. bound
PingShort 9.414299E+07 9.592680E+07 -1.783813E+06 1.9% � 6.6%
SenseShort 2.040608E+08 2.051871E+08 -1.126267E+06 0.6% � 1.1%
APSShort 1.997744E+08 1.966910E+08 3.083427E+06 1.5% � 0.07%
MultiShort 2.128019E+08 2.080650E+08 4.736897E+06 2.2% � 1.5%
LogShort 1.637669E+08 1.695956E+08 -5.828771E+06 3.6% � 1.25%

TABLE IV

SCENARIO 1 ACCURACY RESULTS. THE TABLE SHOWS THE AVERAGE CYCLE COUNTS FOR MEASUREMENT AND SIMULATION OF THE BENCHMARKS

COUPLING SIMGATE WITH SIMULATED MOTE VIA SERIAL LINK . THE FINAL COLUMN SHOWS THE ERROR PERCENTAGE FOR A 95% CONFIDENCE BOUND.

�

! degreesof freedomto modelthedifferenceof theaverages
(the � boundin the table).

Note that the error percentageandcon�denceinterval also
indicate whether we should reject the null hypothesisof
equivalencein a two-sidedhypothesistestat !

�

% con�dence.
If the “margin for error” (con�dence interval) spans

�

% (i.e.
the margin is greaterthanthe error percentageitself), we fail
to reject the null hypothesisof equivalenceandhencecannot

determinewhetherthe observed differencein averagesis due
to randomvariation or not. In this experiment,however, the
con�dence intervals are all quite narrow indicating the the
errorpercentagewe observefor eachbenchmarkis statistically
signi�cant at the !

�

% con�dencelevel.

We observe that the accuracy of SimGatefor this set of
benchmarksis acceptableas a full-systemsimulation.While
errorpercentagesbelow

�

% have beenachievedfor individual



systemcomponents[16], [21], becausewe simulatethe full
device (including all partsof the memoryhierarchyand the
interrupt structure) and run both an operating system and
application on it, we expect to introduce additional error.
That the maximum error is no more than

�

���

�

% (with !

�

%
con�dence)andmostof theerrorsarebelow

� �

%, is surprising
and is an indication that the simulationis of high quality.

A. CoupledSimGateand SimMoteSimulations

To gaugehow well SimGate will work in a simulation
of a heterogeneoussensornetwork, we examine its cycle-
count accuracy when it is used in conjunctionwith one or
two SimMotes(as describedin SectionIII). Table IV shows
the cycle count resultsfor the benchmarksthat exercisethe
Stargatedevice andthemotethat is connectedto it via a serial
interface(scenario1). As notedpreviously, theStargatedevice
does not support a radio device capableof communicating
directly with motes in a sensor network. Instead, it uses
mote directly connectedto it via a serial interface as a
network interfaceperipheral.Thesebenchmarksare intended
to exercisethis interactionin a representative way.

The format of Table IV is the same as that described
for Table III in the previous subsection.Again, the sample
size used to calculateeach averageis �

�

and we compute
a !

�

% con�dence interval on the error percentageusing a "

distribution with
�

! degreesof freedom.
Again, theaccuracy of thecoupledsimulationis reasonable

for two communicatingindependentfull-device simulations.
Note that while the error percentagesappearsigni�cantly
lower than for the SimGatesimulationalone,the con�dence
intervals are also signi�cantly wider. Thus, basedon error
percentagealone it may appearthat the coupledsimulations
are more accurate.However, there is more relative variation
(aswe might expect)in thecoupledcase.As a result,it is the
error range,andnot thespeci�c error value,that is signi�cant
in this case.

For example,considerthe resultsfor the PingShortbench-
mark shown in row 1 of Table IV. From the data, it is not
possibleto determinethatthedifferencebetweenthemeasured
averageand simulatedaverageis statistically signi�cant at
the !

�

% con�dence level (since the error rangespans
�

%).
However, there is enough variation in both measurements
andsimulationto make the differenceindistinguishablefrom
randomvariationacrossan interval that is �

�

�

�

% centeredon
the observed average.

The PingShortbenchmarkexhibits the widest variation,as
indicatedby the error range.For the SenseShortbenchmark
the differencein observed averageis, onceagain,statistically
undetectablewith !

�

% con�dence, but the error range is
smaller. In the remainingthree cases,there is a statistically
signi�cant difference,but both the error percentagesand the
con�denceboundson thosepercentagesareremarkablysmall.
From this data, we conclude that cycle-countstaken from
SimGatewhencoupledto SimMotevia aserialinterface,while
introducingadditionalvariation,arestill reasonablyaccurate.

The �nal set of accuracy resultswe presentis for bench-
marks that couple SimGate with a SimMote via its serial
interface that is then used to communicatewith a second
SimMote via the radio interface (scenario2). As described
previously, wedonotyet know of amoteradiocommunication
simulation that is accurateenough not to overshadow the
accuracy (or lack thereof) of SimGate. Thus, theseexperi-
mentsre�ect a con�guration in which the antennaof the two
motesare in physical contact.It is our experiencethat this
con�guration eliminatesmuchof the variation resultingfrom
radio communication.

Table V depicts these results using the same format as
the in the previous two tables. Similar to the results for
PingShortandSenseShortin TableIV, theadditionalvariation
introducedby the secondmote and the radio communication
makesthedifferencebetweenobservedandsimulatedaverages
indistinguishablefrom randomvariationat a !

�

% con�dence
level. However, the !

�

% con�dence intervals on the error
percentageare,onceagain,similar in magnitudeto the error
percentagesin Tables III and IV for the caseswhere the
averagesaresigni�cantly different.

From all three tables, then, we conclude that SimGate
achieves a similar level of accuracy both when it is usedas
a single device simulation, and when it is part of a multi-
device simulation in which the devices are communicating.
Becausethe software, including the operatingsystem,run by
the physical hardware in eachof thesethree experimentsis
preciselythe sameas that executedby the simulateddevices,
we believe that SimGate can be used as an effective tool
for estimatingStargatecycle countsin heterogeneoussensor
network con�gurations.

B. SimGateExecutionPerformance

Since our ultimate goal is to provide a completesensor
network simulationcapabilitythatcanbeusedto complement
current deployment-basedresearchstrategies, the real-time
slowdown of SimGateversusthe physicalhardwareis an im-
portantconsideration.Table VI compareswall-clock timings
of the Stargate device to SimGate( "������ ��� ) and to SimGate
with the functional simulation enabled( "	��
������ ��� ). For cases
wherepipeline-simulationis desired,we canenablethe parts
of SimGatethat are necessaryto make cycle count estimates
internally. Comparingthe performanceof the resultingfunc-
tional simulatorto the full SimGatesimulationgivesthe cost
of achieving the accuracy levels describedpreviously.

The simulator is 10 to 27 times slower than the real
hardwarewhenpipelinedetailingis not required.This factoris
smallestfor adpcm and jpeg (approximately10 times)and
higher for gsm and g741 (approximately25 times). Cycle-
close simulation ( �

����� ��� ) increasesthe cost by ��� ! �

�

(37
to 78 times slower than real hardware). There is a higher
variance in these numbers,e.g., gsm vs jpeg , than for
functional simulation( �

��
������ ��� ). One reasonfor this is cache
simulation.The time required to simulatea cache missand
a cache hit is the same – although the simulator adjusts
the simulatedclock and cycle countsappropriatelyfor each.



Benchmark � �����	� � ��
���
���������� � ����� � - � ��
���
���������� % error � !

�

% conf. bound
PingLong 3.228130E+08 3.116003E+08 1.121275E+07 3.5% � 2.9%
SenseLong 2.267467E+08 2.254300E+08 1.316726E+06 0.58% � 2.1%
APSLong 2.273877E+08 2.212660E+08 6.121661E+06 2.7% � 6.3%
MultiLong 2.362925E+08 2.285356E+08 7.756869E+06 3.3% � 3.3%
LogLong 1.891255E+08 1.915953E+08 -2.469811E+06 1.3% � 2.4%

TABLE V

SCENARIO 2 ACCURACY RESULTS. THE TABLE SHOWS THE AVERAGE CYCLE COUNTS FOR MEASUREMENT AND SIMULATION OF THE BENCHMARKS

COUPLING SIMGATE WITH SIMULATED MOTE VIA SERIAL LINK COMMUNICATING WITH A MOTE VIA THE RADIO. THE FINAL COLUMN SHOWS THE

ERROR PERCENTAGE FOR A 95% CONFIDENCE BOUND.

Benchmark "������ � " ��
������ ��� " ����� ��� � � 
	����� ��� � ����� ���

adpcmdecode 7.60E-2 1.05E+00 3.23E+00 13.84 42.50
adpcmencode 8.40E-2 1.21E-02 3.61E+00 14.34 42.97
g721decode 1.57E+00 3.70E+01 1.13E+02 23.51 71.73
g721encode 1.64E+00 4.19E+01 1.19E+02 25.45 72.39
gsmdecode 3.82E-01 1.06E+01 2.86E+01 27.65 74.79
gsmencode 1.09E+00 3.01E+01 8.54E+01 27.67 78.64
jpegdecode 6.31E-02 7.28E-01 2.37E+00 11.54 37.61
jpegencode 1.35E-01 2.02E+00 6.18E+00 14.95 45.85

TABLE VI

SIMGATE EXECUTION PERFORMANCE. THE TABLE PRESENTS THE AVERAGE EXECUTION TIME (IN SECONDS) FOR MEASUREMENT (MEAS) AND

SIMULATION (W/CYCLE ACCURACY DISABLED (NOCYCLE) AND ENABLED VERSIONS (CYCLE)) OF THE MEDIABENCH BENCHMARKS. THE FINAL TWO

COLUMS SHOW THE SLOWDOWN FOR CYCLE-CLOSE SIMULATION AND FUNCTIONAL SIMULATION, RESPECTIVELY.

On a real device a cachehit is much faster than a cache
miss. Thus, applicationmemory accesspatternscan have a
large effect on the relative slow down of simulation.We are
encouragedby theseresults since other full system,cycle-
accurate,simulationsof advancedcomputersystemsexecuting
an OS and application, e.g., SimOS, report slowdowns of

�

� � ���

�

� � � ���

[18] althoughthe resultsarenot completely
comparablesincewe usedifferenthostmachinesandsimulate
different targets.

V. RELATED WORK

Thereis a largebodyof researchon simulationsystems.We
describeand contrasttechniquesthat are most similar to our
work, in particular, frameworks for ensemblesensordevice
simulationand tools for full systememulation.

A. EnsembleSensorNetworkSimulation

There have been a number of signi�cant efforts to sim-
ulate and emulate sensor network devices. Most of this
prior work has focusedon the sensingdevices and in par-
ticular Mote devices. These projects include Simulavr [9],
ATEMU [8], Mule [30] Avrora [11], TOSSIM [6], Sensor-
Sim [7], SENS[10] andour ongoingwork [17].

The ATEMU and Avrora Mote simulation platforms are
most similar to our system.Both provide full-system multi-
simulation of Mote devices. However, the multi-simulation
enabledby thesesystemsis homogeneous– only simulationof
Motedevicesarecoupledandnoothersensornetwork devices,

e.g., intermediatenodes,are supported.Both systemsuse a
lock-step method similar to ours to synchronizesimulation
threadsand enableaccuratetiming and correct communica-
tion. ATEMU synchronizesat eachcycle andAvrora loosens
the synchronizationperiod to thousandsMote cycles. Both
ATEMU and Avrora can simulateMotes in real time. Since
Avrora is written in Java, its performanceis highly dependent
on JVM implementation.In our work, we usethesimilar syn-
chronizationtechniqueas in Avrora. However, we must deal
with more complex situation in which coordinationbetween
deviceshappensbetweenvery differentdevices.

There are also systemsthat employ heterogeneous, en-
semblesimulation.In particular, our designvision is similar
to the work describedin [31]. This prior work describes
a comprehensive framework that supports the simulation,
and deployment of heterogeneoussensornetwork systems.
This framework uses TOSSIM [6] to emulate Motes and
EmStar [32] to emulate“microservers” (a generalterm for
platformslikeStargate).Theauthorsemploy a wrapperlibrary,
EmTOS, to glue the two simulation systemstogether by
enablingthe executionof Mote applicationon EmStar. In the
framework, all applicationsmustbere-compiledandlinkedto
the speci�c library to be emulatedby the system.

In SimGate,our goal is to enablethe study, veri�cation,
debugging,andanalysisof sensornetwork applicationsusing
a simulationplatformthatdoesnot requireany modi�cation to
the binariesof the applicationsor operatingsystemon which



they run. This enablesincreased�e xibility for researchersand
ensuresthat thesimulationexecutionenvironmentis thesame
as that on the real devices.This SimGatemodelalsoenables
us to easily obtain importantapplicationcharacteristics(e.g.
accuratecycle estimationandinterruptproperties)that is more
dif�cult to collect in an emulative environment. Emulation
systemsdo have a speedadvantagehowever. For example,
TOSSIM [6] can emulatea Mote 50 times fasterthat actual
Mote executionusinga 1.8GHzPentiumIV machine.EmStar
canexecutere-compiled,microserver codeat native speed.In
SimGate,we enableusersto togglefunctionalandcycle-close
simulationto reducethe overheadof the latter.

B. Full SystemSimulation

From the perspective of full systemsimulationandemula-
tion, therearenumberof softwaresystemsthatsupporta wide
rangeof devices [18], [14], [33], [19], [20], [34], [35], [36].
One such,very popular, systemis SimOS [18]. SimOSis a
full systemsimulatorcontainingsimulationmodelsfor most
commonhardwarecomponents,e.g.,processor, memory, disk,
network interfaces,etc. SimOSfeaturesa rangeof advanced
processormodelsthat trade-off accuracy for simulationspeed.
The fastestmodel applies dynamic binary translation [37],
[33] for maximal simulation speed.The �nest-grain model
simulatesthe advancedpipeline structureto provide accurate
cycle-level behavior. SimOS is able to simulate the MIPS
R4000 processoron a machinewith the samearchitecture,
with a slowdown of about

� ���

for binary translationand
� � � ���

for detailedpipelinesimulationon a SGI 4-processor
(150MHz) machine.

SKYEYE (www.skyeye.org ) is a similar project that
simulatesa numberof ARM-basedprocessorsand develop-
mentboards.SKYEYE alsoemulatesa numberof peripherals,
including LCD andthe Ethernetinterface.SKYEYE is based
on the GDB ARM emulatorwhich naturally enablesthe use
of gdb asa debugginginterface– in muchthe sameway that
we do. Although someof the techniquesemployed in these
projectsarecomplementaryanduseful to our endeavor, these
systemsarenot intendedor usedfor sensornetwork research.
Thefocusof our work is ona toolsetfor full-systememulation
combinedwith cycle-closesimulationof heterogeneoussensor
network devices.

VI . CONCLUSION

In an effort to make sensornetwork researchmore widely
accessiblewe have developeda simulatorfor functionaland
cycle-closesimulationof intermediatesensornodesandmotes.
Our system,called SimGate,implementsthe completeIntel
Stargatedevice andexecutesthe Linux operatingsystemand
XScaleapplicationstransparently, without modi�cation.

We investigatethe accuracy and ef�ciency of SimGatein
isolation as well as in concert with sensordevice (Mote)
simulation.Our resultsindicate that SimGateis functionally
correct and enablescycle estimation(if desired)within 9%
on averagefor the benchmarksthat we evaluated.When we
co-simulateSimGateswith SimMotes(our Mote simulator),

our system introduceserror of less than 4% in all cases.
On average,our systemis �

���

slower than a real device
whenusingfunctionalemulationand

�����

slower whenusing
cycle-closepipeline simulation.We believe that theseresults
indicate that SimGatecan be used as an effective tool for
accuratelysimulatingStargateintermediatenodesin heteroge-
neoussensornetwork con�gurations.As part of future work,
weplanto investigatetechniquesfor accurateradioandbattery
modeling,optimizationof simulationspeed,the scalabilityof
our multi-simulationsystemfor large-scalesensornetworks,
andsimulationof otherdevicesandcomponents.
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