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Abstract Software simulation has been widely used for the design and application development
of a large-scale wireless sensor network. The degree of details of the simulation must be high to
verify the behavior of the network and to estimate its execution time and power consumption of an
application program as accurately as possible. But, as the degree of details becomes higher, the
simulation time increases. Moreover, as the number of sensor nodes increases, the time tends to be
extremely long. We propose an optimal-synchronous paraliel discrete-event simulation method to
shorten the time in a large-scale sensor network simulation. In this method, sensor nodes are
partitioned into subsets, and each PC that is interconnected with others through a network is in charge
of simulating one of the subsets. Results of experiments using the parallel simulator developed in this
study show that, in the case of the large number of sensor nodes, the speedup tends to approach the
square of the number of PCs participating in the simulation. In such a case, the ratio of the overhead
due to parallel simulation to the total simulation time is so small that it can be ignored. Therefore,
as long as PCs are available, the number of sensor nodes to be simulated is not limited. In addition,
our parallel simulation environment can be constructed easily at the low cost because PCs
interconnected through LAN are used without change.

Key words : parallel simulation, sensor network, instruction-level simulation
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fFHlAE 2 FFE =t He 74 AdA HE
)3 (wireless sensor networks: ©]8 WSNojg+ hH=
A AYZFE 71A vfg- AL Y2 o]FoA
© 2 9 ANEEEE FAE o] HESYIY E
Z2A9 B8 wae 1 2o wel FAs oo} 3}
o, dl=do] € AZEJoix a3 Afdes HAH
ojo} Fic} AlEd o] A =Ho] FTHET| Hel Al
d 539 A5E 458 4 A ot g2k WSN=
HHoz A7 dshiri= WSN AlEH|E7 €9
SHoH.

a3 248 98] WSN AlEdlolHe g3 22
A 7R NFEE AFsol gtk AA, A==l F
AP SLT2 W] AP 71 & YA A
ByolAd gdo =M, WSNe 52 FRIE Aok
gt B, AM=sEo] 717 HeEFo] Y=o QU

o] SeTzade] AYPAZ L APATHE o=

& 4 glojol 3o} upxete 2 WSNE Be 9 A
MRTEE AEYe)d & 5 doob ok 2y
WSN AlE#o]He] g AF7Ae diE-E d7EL
WSN9 528 #Rlsle Advt JFHo don, §3
g WSN 298414 glolxale] APL v Z2120%
Aoir} Py stk FAFe] Utk AF &, 89 ¢
#2l WSN Al&dolE] TOSSIM[2]e] Z¢-¢lli= WSN
£9AAQ TinyOS[3] 7iute] SE&Z2 RS s
At Alggolde] 7hsdt, ARAIETE AYPLRFS
&8 4 ok W~ A& o] (instruction-
level simulation)& 3= Avrora[4]9] Z-$-de A8A|
23 AYALRFL dF53F § YA AM=EE S
o) Y =(thread)Z F2A717] WE B T AA
x5S AEHOA 37|17 ojHTh

dgol-gde] AlEF oA AMEY A" €5
(clock) FFo2 AlEHo|HY AUEE ZULEM,
WSN S8z zage HAieaay AdPA § dgs
238 AA AR A G FFEoZ FH
& Aok E5E o] WL AA A= HAEHE 4
s)olu] A|(executable image)E AlF# ol ALRIE
AHEEl] 7|E2] Be WSN AlEFolEE0] 717 &2
Edo] &4 EAE AT 2 ¥Bo-dE
A EF o] Ae AlgF ol Adzrt 7] g AlEd
ol Alzto] 23 A™UTH1]

Alggold AHE @E5A717] siside BE ojitk-
A AlEd o) A(parallel discrete-event simulation: ©]
& PDESZ &) WS AHEE & ok I dukd
Q1 PDES W E[F]S & AlE#elA(ogic simula-

tion)o|\} BH&A A4 A& ol H(parallel computational
simulation)d] AF¥ETE Aol 4r] wWEe, HH
o-glle] WSN AlEHo)Add A&3l7]= ofd. dE
E9], 714 A1E# o)A (synchronous simulation)[6]&
AHEE A folls A2l S8 99E T2 WAAE
WA GAAAF) 7] Wi e o]d] wWE FAl LHIE=
(overhead)7} "¢ Zde= EA-e] Ao} =3 vlE7)
4] PDES 9] 3l G#4 AlE#°]-d(optimistic
simulation)[7]& ARRE ZSdle EW(rollback)S ¢
gl Aol & FREo] vfF Wrke FAHo] U

uebd B dFoe HHol-#ile] WSN A& o]
Ao HZA3te HH-%7])(optimal-synchronous) PDES
S A Qkgitl, WSNojjA AMEEELS M2 SP3
o2 B3, & AM==Y T g3 FdFS W
£ A$+s 153Hradio frequency: ©|3} RF&} &) %
Ag FAEYE o]t el o AHA oA
RF &2lo] AZd FRE O& AMxE=dXA RF 4
o Mg Fo] AT drixe AT A Ao
2% g2ty FH3FH-57)4 PDES WA= ol
g WSN 54 1oty o8 dig HFE A=
c g9z AQe Euldly, RF $4l 3o &8s
AL FAEs BE AAE=SA RF 41 3o
A7 AjZte] SAIEE ALASE 2AF FoEN, £
HlE EE AIREEC] Al A4UE AlEH oA HES
A=

duido g P MNEH|RNM SEFLE Z=A
Ao Rt AA & YA B d79 AlEdeld X
ol e AEH oM He AMRse F7} RoldLE
& &Fe ZIAA F9 AlFgdd JHHtE R
FAo g &HUL olZEA dFH F8F olf= ¥
Hol-dd AEHo|AL ALRY FTEAS A= AL
o] wj-$ Folx ALA Fevent queue)?] g A]Tto]
Al g# o] Al Fa3F fQlez AR W&ol
o} &, AAxze] 7 BopAH AL o] Zolrt &2
o]x)7] W&, MEF AlA(event)S FAY At &A
2 AR Fol AHYEr] flstd &8He Alte] 2
A 2El(event routine)S A de A7tH ] Zo
Ak, olHg ASol WEH AEHo|HE FHARSE &
g3tz A FA9 A 7= 288 22 SEFY
< AF3

H3¥-%F7]4 PDES WHE AHLdto & Q7BA
ol AFoA MEEPY MISS(machine instruction-
level sensor network simulator){11E &#4$ #HZE A
A HEL = A1 Edo)El(parallel sensor network simu-
lator: ©]3} PASENSE} $he &2 AlE#Hd AEL
E fA3= FAlY AlEHOIA AZME A GFAIA
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o] JHAIS} 1 AlEE el Al wRo] B 2 AA
EEES AEHA 3] o FAEES shAEsA
L3 PASENSt A¥olu|AE 732 AME-3te] A
A WSN 82389 F3& I 4 d7, &
SZ 2P AP D AH LT HE o F3le WSN
o] 9 (life time)& FAY + Ut

PASENSe] d#ZATe mazd, AEHA He 4l
M=ol 71 FE3] Bud, 402 o &% uie} 2
o] WYy A|gH ol FAsl= FFE £ AlFe H
e & FEPFEES & F Ut RS FU3A
th. =3k PASENSE oltjdld] d4" PCES U=
AHEE 4= Q1Y) wj R, AEH oA BAE T3 A
o] 41 WE AEH S $3 vl Bo] F7iz YA}
2l e Aol Utk

B =FY 7L 2% defoln[AE FAHE
AHEEE HEol-#Wel AAM MEIA AlEdolid
TEE 9TES A3t 3 e TES AlE o]
B 7ZE A3tk 183 43 e HE-57]4
PDES Wo] #sle Adwgsly, ¥ A9 Alg#olA
FdolN A& + JE SRS AS3YTh 57 olA
= A3 dyog FEHI AEHC|HE AREElY 4
H3 2HAES AAsta EAstgeH, viAHeg 6%
X ARk A K93tk

2. HEo-Ydel WM HESRT AlEY0lH

WSN AlEdo]Eo] i3t &2 d+7} NEST(network
embedded software technology) ZZAE[B]o)A] o] F
A=, 21 AFAEA TOSSIM(TinyOS simulator}{2],
Prowler(probabilistic wireless network simulator)[9],
Siesta(simple NEST application simulator)[10]7} &
H3HPY. oL BT NEST =ZZAESA sy
TinyOS[3]7} &A= Q= 3i=go] Z2RE 7]htolAM
F3tsle AlEdoleEo]7] #iitol TinyOS 7Ziytol Azt
A3, At ¥ YRR ES 5T + jlirh 53
TOSSIME +%5317] A= TinyOSelA TOSSIM &
o7 AYdE JAGF37F Be3tT, Prowler® 7Z-%9
© MATLAB A£ZEf|o7} Ha3H, Siestas A&
oldE 3}7] YIM= 8 AZE o7} EHE gloly
gle] APIE X gsllof 3= EA-o] Ut
- WSN Alsdle] oA Hool-dill Al &dold iy

< AA AMrEo HAHT HdPo|n|AE FHPRIIZ
A3, AlXMi=oA JtEdojFo R B F2

g N2ad 2% $202 JA3YSE AEYIM

c} ol2d BEACR et wEol-gd AlEdold
WHE WSN S8EZ2aEe 53 AgAIL 2 4
Hards HA AMEE Ao 2HE £FoE 4
% 4 ok EF o] WYL WSN A A golB
e}l API, v T2 dojol Aagle] HA AA
2o A= dfolujx|gt gloH AlE#oldo] 7t
etk &, WEo-dd AlEFeld WHE VEY B
& WSN AJggolEEo] 717 AXE o] 9J&EA] &4
2T 4 gt wF g=go] &4 Az B4
slAlul, ditA o2 WSNoA Alxle=9] dt=gof F#
s2 aXEedeld Hlsle ddiFdoez FH7E #7
HEol-gid Al ol o&d S o

& o Sle Ao} 9RO o & Yol

gEol-gWl AlEYo]HS ARESE WSN A&l
E25 ATEMUI[111®} Avrorald], Z2]z B A3
PASENS7} itk PASENS7Z) o]ib-Al#H AlE#olA
WS ARRSte] wEol-dd AlEdElo|AS 3= ¥
o, ATEMUE AA-To] A|AH &5 7170 7}
AME=go HAE Agolu|AE &xFHoR A EH
ol 3z, Avroraw Z AA =7}l shile] 2H==
FAsle -2 E A0 R AlEd ol Fr of A
FHOHES AYA 2 HEYLREFL 458 F 3
Agh & AlgdHolA AYER e Ao AlEY
ol Azt W& W& Fo AME=EES AlEHolA
8717} ot

Avrorat AlE#HOlA AI{LS ©FA17]17] S8k &
Hisleep) FHIS Blo|w F& AlEHolAd & of Ak

E AHE-3ta, 2 EES #eElehy] 9% 5840 F
718} w8 ARSI T B3 Avroray UE-2UEE
Ta-TR2AIA oA SR Z o8N Aledold At
g @&ty UAT, T2 MM 7 Z71EHE A
ole} £Zo Wit ¥ (contention)T FAjAe] g
= 293 W= wiEd ATEHA SEYTE &
= 4 AU Avrora®] d@EFo] ©2d ATEMUTE
8AIZE ¢kl 512709 AAMx==E AlEdYeld A Xdt
A3, Avrorae= 2 4 AMZ=E5E 58 Qo A&
ol gt 18} Avrorat U /)9 AMCtE
Ul sfe] Z2aixelA AlE#eld & Ao 2ufe &
=4S 4wk, 32719 AM=EE 89 ZEA
Mol A AlEF el 3 ASoe £EdA4o] 1.88%T
[4]. o]21§ FAIe 2yg= 7|Hre] Alg#Ho)ldL BE
Al g o] dol] BAgsne RS YERIT:

2 gdroMe mEoi-dd AEdolds 9ste] of
A-ARD AlEE IR WS ARSI o]4-ARE AlE
glojde AlEdold de T4 A dHE AY
star, 1 FZbo] WA At §HA ATAE AR /9
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AUt AEYolAE AL Tl e ARIE FolA
7 ] SAEE ALHE AR FlA AdEA 213
7] &, olik-Ald AlEH oA HMEY] F7
3 WHol dart gtk &, AAkxE YR REEe
250 st F&e B Al FE 2G| e}
APES AQostd, o]i-ALd AlgHoldE ol TFE
o] AAl AMEEA BAEE Al w9 FL3H
AlggoldE %Y. AMREE Alo]9] FAER o]
o LT °lFE ety F7IE} o|Fo|. w3 o
Fol-gE AlEdoldolA o]i-AR A&l WY
2 AFEE Fdlls, M8 oA AlEECIA WS
= o8 4 Aok BE AZH)AL HHo-#HE A
o} EAHE =8 AEHA S5 PR
02X, B2 79 AMER=E Zt1 3= WSNE A&

dold & 5 A

3. AI2J0IE|9) L5 7=

2 dolA s AlEdolEll PASENSE 19
194 He nle} Zo] 4 oo]AE(shell agent), =4
of o] A E (communication agent), &g AlE# o] Ao
7](single simulation controller), B & A] &g o)A Ao
7)(parallel simulation controller), Z28]3 7} 4AlAx
T (virtual sensor node)Z FAHO] glon C o=
TS A do|HEE PASENSE 4 o] 7w
22 Aojdts EEoltk d WHAe JIREE FI A}
A2 RE dHHAAY, FA ooJHEE FIlo L&
AFH 2 UE AFgHe Z=2adozRy A
4 do]HEE AHHE A WHoE s4sti, PASENS
o] o & EEEE Aoy dde HHEAE At
Eg 4 do]dExs Y& HIrHNA A== PASENS
Z2aYA d FHAE I3t ¥4 FFAE 5
g = Utk B3 AEYoldd = olgd HHEE F
sl o do]HET} TE FHEooAM A3 == PASENS
o] So)HES} AF3IIT T4l doJHE= PASENS X
ZIOYE Aloje] AP PASENSE ol§3l= thE §
SZEIYE Alo]g] TAE A8t TCP ~I¥ke] L)
AZEA(1-to-1) =& UDP 7|4re] HEFAE (multicast)

AE 735 EE5o|n.

gd Al elA A7l AR FFA AlRE 9E
st AEsta, o Abdd o3 2AF H AR AKA
= AR Fol ALFoEN 7 A=A BHEol-
e o)i-AtA AlEHo|AHE Fse BEEOITE A}
A 79 A= o]i-Ald AlEHJEE 93 gtolB
29 smpl[12]S ©]&3A(t. HA A g oA A7)
g e AFEHENA WHE AEHO|HE AP
o9f &8l A F713t AFe FHFct
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7HE AXEEE AAxEe FEAS AZEojFHO
2 AEHlA d7] 93 ZEEA, AN VEYZ A+
=(249-111914 ®o] AME-EIL 3= NEST ZZAHE
[8]olA 7dkd MICAz 34¢] WSN AAM2ERQ] Cross-
Bow Al9] MPR2400{13] R=& xd= stk MICAz
HAo] AAMHEN= AtmelAte] ATmegal28L[14] =}
0] 22 H E Z2](microcontroller)?} ChipconAle]l CC2420
[15] RF E#AIH7} AzEo] itk ATmegal 28L&
o] ZR2AEER Y E50] 16 MeelA Hd] 16 MIPSS
8] &(throughput)S 7} AVR Enhanced RISC(re-
duced instruction set computer) T+3%2] 8 H|E u}o]
AZAEEH |, CC24202 250 KbpsZE Hiojels A
4% 4 0= 24 GHz IEEE 802.154 38 RF EWA|
Holth, AMBREE 7MY st=do] 292 AT o
= WSNeAlME AARET) d=gojzoez =€d 7
Ajol7] wjFo|tt RS AMRE=EL mle]|maZHE
€29t RF E-RAIHE 7|8 842 3lo FAH7] o
woll, AR FH Y AMBREEL ofzte] £3UE §
3l A& e]Ado] 7153l

PASENS7} AMg3te AlZdold AgRsie AA
AMBEd HAQEs J3oluXZ A, ATmegal28L4
o A2~ ARY Hol AMEE ARHE g
2-d 725 ¥4 (Intel’s hex-record format: .hex), ZE
Ed} S-HR2E A (S-record format: .srec), 12|
£ olv]|x] FA(ROM image format: rom)d HYL
ARE-FT), Eol-gldl AlEFo]d HHE o] 43 o]
2 E AlEFlA A9 MY AMEER FHAT o
=9, AA AX=EdX ZZAA FHrL HPHe
Wi Aol FYU3MA o] FoATt F wHo] HdPFE
o] AlgdloldE AAl AX=soire} Zo] 7HF Sl
A Hrgoly A Z23Y F}2E(program counter,
PC)7} 7tEl7l= 91A19 7IAHEAE AE3t, 7149
Folo] HE HYg BEA3te HAYFozH o]FoH
o}
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4. HE OlA-AlA AjE2|0]H

4.1 e

PDESE olib-Atd AlE#olAddA Alggold AlZt
2 TEAI7]7] Y3l ARR-ET PDESYA A&
=2 M 2A(ogical process: ©|3t LPEt $HeEE U
Folx He"ged, 2 L AY 7HdA|ZMocal vir-
tual time: |8} LVTe 3HE F7MAI7IHA A4l A}
A FFol gFE AIHES AlEd A o 4 ZEAA
of EiElo] AlEHeld He AMHELS @Y ZEAMX
AN AEEeA He 459 FEF AT SAUE A
gixlojel &y, olAL A4 Al (causality const-
raints)o| 2t et THeF Zb LPol| E4tEo] AlE#elA
S AbdEo] 3l LPAlA Algdold He 359
FAT AL SAUER AEFHA FThE, AHAAH LF
(causality error)’} At 3kl PDESE] dwh3
o] BHdl= F714 AlE#e]M(synchronous simulation)
7 ®B5A XE oM (conservative simulation), 218} 11
YA Al E# o) M(optimistic simulation)o] YT B4
A XEgolAz Uiy AlgEHo]He nlEr]y AED
ol WHow X Z2AMME 7+ LVT7F dAstA] &
= yhdd], F7]4 AlEFolddMe ZRAME 119
LVT7t 323 dXgoH5]

714 Algdo]ld-e 7HF 7hddt PDES oA,
A} LF/7F WA fv= M &L AL 1A
(time step)C.2 Y 7HA]7Hglobal virtual time: ©]
3 GVT# $hs YA F7HA71HA AlEH el AE
AP sl otk LVTE GVTE EAlEo)7] W&o
AEYolAL AT At tHeg Fkske GVT,
A, 28, 34,090 wetA JAPHEG. o] WM F7]%
E Y3 gEEe HEgxe fHAA olgHe =izl
=718} W E(barrer synchronization mechanisms)<
A 4 QlTH6] v olF Al AT AIZE HAHe
2 GVTE F7HE 410, ofh A 317 el
A2 AAEo] EAHA ¥v BEE WA/ WEA &
o] Yol EAFo] WA =TI AP
(load balancing)®] oig]%, RIS F7138 HAJo= of
219l e ¥ §4 eHI=EE Q1dl LP o AL
A= FAHl Aok 2y Frid AlEFHolAL H
714 Alg#oldel nlsle ewsl=rl Hx F]
fol3ly, g ST F ke FHeo] JrHi6l =
ghx F714 AlEgeldL V1B AL d$l(computation
granularity)7F wl-% 2, B Y AlojE WHEA
(cycle parallelism)-g& 7} Al E#lo] ol &8k ol
tH171.

Chandy-Misral181¢} Bryant[19]e] #7o|A Atk

H4A AlEF o)A W& Chandy-Misra- Bryant(CMB)
22 EZolglur Edr) o] AlEdH A WM e &
LP7} €74 LPolA Fad5d AR E &8AdS &3
cAUE o2 LPEY dYA€ER LVTs 37 s
ot RZRE AME FAE LPE 2RE AT LP
ZEE olu FAE AMHES LVTHUY ¥ A g
LVTE 7IAE 9f A& 1 o]F o= FAl8HA] &S
Aol7] W&o, LPE LVTY F£AUZE AMAES A
A AlEHA & 4 Utk e whef o gk LPo
vlo] e dFAde] EAFTH, 1 dgAdo] v
grofl o} YA AlAe LVTYE 2 f43ade] LVT
Z $X"ok o W 2 LVT/ OE 4844959 LVT
v iRe] ALE Foll e AMES LVTRY 3E 7
%, ©o] LP¥ t& Apde] &3=o] LVT7F 38 o
A Zidels 7] ezl "ok ozt div] e ¢
LPEo] 38 dHej7} =¥ nZ(deadlock) AYEl7} HA
ot wE et GASA A 8krl 9k, <)F-
= Y ol AT Aol glvke AL vEle T
Al X (null message)[201E& A& 5 AT, F7HF
A B LHIH=g YTk

ANzt o2 ¢d18)Z&(Time Warp algorithm)-& 7j4t
oz 3 Jd#H AEFeld H(7]1S AL 2H7© §
LAY EY(rollback)elzta Eele 7+ WHE §
st QA AE UEFAT= WRlolth A 5 &
pEFANAe ofd LPol Al LVT o|deA 485 o]
o} & J¥ALH] w33, 7 9 AE7E AR
o] e AlEH oA I AED(simulation history)E ]
23l o] RALel £ F AjZHe o|H HHE EFEF
gl GVTE E€ LPY d8Ald LVTER A 574
AFESY FHAoz AFYHW, GVTHRY FL& LVTE
HAe AZ2E AR BASA] 7] dgid AlEd o]
A 2B o ol BaslA gL JISES AA
&7 dsld GVT7E ARS8 &, AlEdH oA 32E
oA GVTHT FH& LVTE 7HAe AEE FolA
18 & LVTE 7IAe § AHE Add 28 JdE
Al A AAE 4 Sk 2By o] MHHE AlEH oA
sl g FAE7] 94F 7193A] vw&T A o
=7} T s FAVE Aok

Hyol-gde] WSN AlEdolde 2 Uz ¢
o] APAI W HELRFE & e B 57
A AHE AL F e ¥hdd, AEHA U=}
=7] w&ol AlE#HC|A Aol HoHA AlF# ol
g 4 v AXxE Fo A7 BAsE EAH-l
At AF7HA AHE 93]} PDES WHEL 3=
AlEdojdoly HE Al AlE#H ol A¥slA AT
Ho] g7 wiol, HFo-#de] o]k-AlA AlEE o]
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A 9PRS AFESE WSN A& ol A8-3171e o
doh F714 AEHCIAE AEE Aede A2 &
E @92 5713 wAAE AskA A siof s o
Fo) oo @& F4 HH =7} vl¢ Ive FAF
Jtt &3 BEH AEHolAL AT F9de LPE
e 57188 4RA87] st HAbol & AMHES
F7F ol 21, 93FF AEolAS AHRE Hfde
E9S 3l Aol @ HREC] wie Bre &4
o] it} wakd B dFdAe Algdold Akg &
Z3le B2 F9 AME=EES AEdHA & 5 A
3t7) 93k, Y¥rAQ F714 PDES W& B3~
o] WSN Al &# o)A AF3ies ¥R HF-57]
2} PDES WS ARbset

4.2 ®H-57|4 PDES

WSN&| AlAx==58 RF ¥4 53 9ole AAx
= Hg S5PFHog FASY] ", 32 AEHA
= g8l WSN Alg#ojdoes AXkE 992 &
A H&o] folsitt =3 ofd AAXxEo)X RF FA
o] Az FHY U MAMxrtoA RF 4l ©E
F2to] wtAE w7iAE dAF A7t Ado] EAZH.
32 -%714] PDES WHL o]y WSNe EAE
Fsld WSN Al Ed#o)Adol A 38§ PDES #yoltt.

HA-%7]4] PDES #W¥e ¥ 29 Zo| GVTE
FABEA HE A B olAE AAAHCZ A= 3l
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¥ 4t A time interval of GVT

End_Time : End of simulated time */
GVT=0;
do{

GVT += 4t;

if (GVT > End_Time)

GVT = End_Time;

Broadcast GVT to all LPs;

Wait until receiving completion messages from all LPs;
} while (GVT < End_Time);

(a) CP

/* E, : ith event
LVT, : The occurrence time of E. */
while (1) {
Wait for an GVT from CP;
while (1) {
Remove an event E, with the earliest LVT, from the event queue;
LVT=LVT;
if (LVT>GVT) {
Insert E; into an event queue;
LVT = GVT;
break;
J
Execute the event routine of E;;
if (RF transmission occurs by E})
Broadcast the RF message to other L.Ps;
)
Insert an event to process the received message into the event queue;
Send a completion message to CP;
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