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Abstract

The Discrete Event Systems Specification (DEVS) formalism specifies a discrete event system in
a hierarchical, modular form. This paper presents a distributed simulation environment D-DEVSim++
for models specified by the DEVS formalism. D-DEVSim++ employs a new simulation scheme which
is a hybrid algorithm of the hierarchical simulation and Time Warp mechanisms. The scheme can
utilize both the hierarchical scheduling parallelism and the inherent parallelism of DEVS models.
This hierarchical scheduling parallelism is investigated through analysis. Performance of the proposed
methodology is evaluated through benchmark simulation on a 5-dimensional hypercube parallel
machine. .

The performance results indicate that the methodology can achieve significant speedup. Also, it
is shown that the analyzed speedup for the hierarchical scheduling time corresponds the experiment.
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Algorithm 1 DOHS-manager()
> initialization phase

1 == HFge 9438 34 A&
> =l Al Eeo]ld &9
while (true)

2

3

4 DOHS-queue:Insert(v);

5 end if

6 fetch a message u from the h
7

8

calculate GST;

23 end while

if (there is a message v in communication buffer) then do

if (u.type € {(gst), (Ist), (cgst)}) then do

9 if (GST = infinity) then do
10 terminate simulation;
11 else
12 send (collect) message to the node-coordinator;
13 end if
14 else
15 M + the destination simulator of u.
> us) B4l AN ue) TR AgelolelolAl Al et
16 case u.type
17 (z):M.when_revx();
18 (y): M .when_rcv_y();
19 (*):M .when_rcv_star();
20 (done):M .when_rcv_done();
21 end case
22 end if

o8 5& 275},

ead of the DOHS-queue;
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A 2838 coordinator’} WA I YF AF 0] FH
A25AL-E I coordinatoro] Al LeFojok e, o|E
A& N2 eFgle) WAA (fush)E A <] g}, Coordinator
7} (lush) HAAE BoH 22l FEE FA FE 2 vt
33 1 BT coordinatord] Al 1L tAAE BUh(RER

Algorithm 2 DOHS-queue: Hierarchical Schedule Cancelation
> oA 2] well A, sre(w)e dst(w)= 77 £28F 22 F4 Al Eeolel§ 2nlTef.
for each message w with a larger time-stamp than the straggler in the DOHS-queue do

12 else if (type(w) == (x) && src(w) is mapped in the same node ) then do

1

2 if ( type(w) == (*) ) then do
3 delete w;

4 create a (flush) message f;
5 dst(f) ¢ src(w);

6 insert f before the straggler;
7 else if (type(w) == (done)) then do
8 delete w;

9 create a (flush) message f;
10 dst(f) + dst(w);

11 insert f before the straggler;
13 create a (flush) message f;
14 dst(f) + src(w);

15 insert f before the straggler;
16 end if

17 end for

(I8 7y ASN AF HAE AR ADRlE
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coordinator. §A] 2AE o] S-S FAAL) (F
2] A Bl uke}l 7o), (flush) WA A& DOHS-queued] Al
M B $ALE AT IS & F Yk o|Re
2AZ AA ¢ueFo| straggler WA|Z ] Helrct A
A A1F3] AgHolol & Jujgith o § EoA (1¥
8 2AZF HA 2WAFE HolZth Straggler w42
7} 22312 © DOHS-queved)= T8 2A1& wAA
7 AAK2F 8. 2AZF Ha: ¢IYFL o] F

NAES (flush) WA 2 v} straggler WA X] ol 4
Q@ olF (flush) NAAE o APsz Y A
Aol 2AF0] HAHE Aotk (¥ 8b))elA AX
o] FAEE o (flush) AR Y AG Z2E HAFT

3.1.2. P-simulatore] &% 4xgZ&
AZH 2AF #Ha FHo] U straggler HAIAE
DOHS-manager?] ¢J8} 23 p-simulators] Al A2} ©]

local time: 15

{done, 15, router, Node i)
{(*, 15, Server, proc)

DOHS-manager

(a) Before a straggler arrives in a node

local time: 8

straggier > <>
--------------------------------- (x. 8. network. Nod JEEEES === e
— ::
input message
¥
DOHS-queue (x. 8, network, Node i)

(b) After transforming schedule messages
into (flush) messages

flush, router, Node i)
(flush , proc, Server)

message: {type, time, src, dst)

DOHS-manager | === > :trail of a (*) message

—-—+ : trail of a (done) message

— : trail of a (flush) message

(a3 8) ABH 23FE 32 Y

(done) message

2 ©

P-simulator

*) message
O or ° —

Teo feo [(9) e {(*)] :input queue

(x) message

[sTs|s[s]s] :statequeue

¥
[T Tel

[ o ] :output queue

(a8 9) Bz 2|8t P-simulatore] 2=
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Algorithm 3 P-Simulator:Input-Synchronization()
b mt =+ A0E AAE AR mE n] B}
> taps order: time-and-priority-stamp <A 5 2w ¥},
if (timestamp(m) >= T, ) then do

> mE ulW 9 time-stampE 2= v A R o)}

[—y

2 if (sign(m) == '+’) then do
3 if (m~ € IQ) then do
4 annihilate m™;
5 else
6 insert m™ into IQ in the chronological order (taps order);
7 end if
8 else if (sign(m) == ’-’) then do
9 if (m* € IQ) then do
> mt& obx A=A gt}
10 annihilate mt;
11 else
12 insert m™ into IQ in the chronological order;
13 end if
14 end if

15 else if (timestamp(m) < T, ) then do
> mI F7 2 AZHE e sl ol
16 if (sign(m) == +’) then do

17 if (m~ € IQ) then do
18 annihilate m™;
19 else
20 rollback;
21 insert m* into IQ in the chronological order;
22 end if :
23 else if (sign(m) == ’-’) then do
24 if (m* € IQ) then do
> m¥T& olul A& vilx) A o]}
25 rollback;
26 annihilate m*;
27 else
28 insert m~ into IQ in the chronological order;
29 end if
30 end if
31 end if

(33} 10y P-simulator?| 92 BAlX] 573 Ym2|E

o p-simulatore AFE| 9} 28 ALDES EWatA Bt o] 99 2o
T dr dAe EWe 9% p-simulatord FRE (1Y P-simulator= AEA ] Time Warpd| A9} Zo] A 7)<
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g 7IA1 g YR Al wAx7E 2E3sE p-
simulatore ©] WAIAE Y HA)A] F)) F718l time-
and-priority-stamp M2 4+91%lt). & 7)A] time-and-prior-
ity-stamp DEVSS] ALAES 4+ Algg o] 37
AEYL F UAXE ALY Aolh7]. o] 44 AN &
W o BE AR dnEEe (29 10)7 2ok

313 AFH A 2AE

5 ¥A 29 aAE ol AW g8 749 p-simulatorE 9]
AT@A o5 29 =A fok A HA 29 @A o]
E psimulatorSS AZ2A0Z A} AAZYdJe Aotk
o]Z 93 p-coordinator®] ¢ IE]ES 7uFSFATHE).

4. 2AIEE A2t 24

AZH AEGolAdA 2AZ ARE(*) <} (done))
£ 7t A EH ol 28lnitt 24 A EHCHY AZS &
gajof 3ttt AZH 2AEH S A /A FHE A
I o, & simulator® 2AEHY] AHME AR
(level) 4= +29] BB coordinatorE Axjof 3t} 282
2 08 2o EF & o, AZY 47 gE5E 2
AEHo] dele A7ro] Bolth DOHS e 241&
g AAE HE3) e nE 7t & AFEH ¥TE
4 AEHolHY AZFe A4 AFF RO o1

el 1 <ad 1DeA Be wpsk Zo] N /19 94 &
9 A w0l L AL k9 8 FY F4 AEHIH
T4 EYE 7T o, U AR s Fe 2
T e 2AEY A9 speedup T3} 2ot

logN+1

S , (1

sync ™

logk%l

T
=94 299 £, P=xE FAHFHY 5 k=74 dF =
oA MH 2l 4

Zd (ag 1A Ef Eol()E I=logN)+10] B
o

g AN FF AEEHHY 2AEE AHL F @
A, & 1) H49f 24F AZHy) AA dAIs} ) 2o}
A simulatorE AA)7= SAE U 4tk
A Hax 2AE AR ZF A 7 Hdy
coordinator AHA1e] BE TALAEY 1,58 HlE
H A9 ty(min 1y)& Zro}r F R coordinatorol] ] (done, min ty)
WA S B A Ak (done, min ty) HA] RS Ho 9 root-
coordinatori= ©] AAES AYAIF) 7] Aste] (*,min 1)

’

= =

level

# Ataomic model = N

(a) Sequential simulation

---+:Making a new schedule by (done) messages
—+ : Executing a new schedule by (*) messages

PR
II ‘Q
! S
" [ER N RN I ) Node P
S e
;
[ d .
\
’l “ iy ~
. S AN
II .
/ .
l' AN
; .
/ .
/ \
h

. ——————ea—

TN

D—;"' log (NP) + 1
[

L # Atomic model = N/PJ,-"'
I~ |

(b) DOHS

(2 11) HEN AHZ A2l ci3t Speedup
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AR S HEAI7| T o|ARE 2AE A GA AF
Al o] AAXE Be 2z HHdY coordinators H49)
& 7HE THRAE BHL 3 FAHLNA of W
AAE AEsHA Aok ol Zo] T Ao 2AE =2
AzoA Zele AIZME 25 FRAEE, & A EH oA
28N 2AE T2A|20] Aele AA AR OeF
2t

te,=(ck+a) - (logN+1)
tpous =(ck+a) + (log, 5+ 1).

A7NA, ¢ £ k Y FAHRAY 12 wns] AT
To|1, a& 2AF 23 BANA Hi9 1S T}
H Zge Aot
AEYold AA 25l Zele 2AF ATE B4

RE () HAAY $TF 49 2AF ATE Had

.

faaiaal

Tyg=m * t,;=m + (ck+a) * (log;N+1)

mti 1 m _L.m, . N
Toouf‘?, Hoows= gty M Ibons = " (ck+a) [log,{F*rl’,

A7)A, me AA =5 AFEA ul2A g *)
v A A9 AA) Agrel, ue AA k= AFEHIAM Lu}
27 295 gu 99 () dAAY HA Agolch

YRR T, & Tpous WA () WA A 24 S
g3} AZog X dojAle 2AEY A2 speedupd
ARE & o

hzie_‘?—:p -P-long”. o
i
Tpons longI

2 99 S vnAY 74 EYE Fugdy,

E
speedup & T3} Zo] | &F £ gtk

sxh=—T&‘sz ‘P @
DOHS

, G714 e SHREA AE () BAA Y £ A
(*) WAAY £9 H&olL, PE == HFHY 7, Ie
Qo FHEZY H49 , 221 AR Z IS 7
ElE MBES g Folt.

3~

e RE MY olF 2] gEd) wd o ) 1 oz

£ 3484¢ Y BZ p7} S83] 27 gud o] 2
B3 speedupo] A9} speeduplZ YEIE ok

5 A¥ Zo

o]Zo] M= Aokel DOHS HHHS A¥L 284 A%
& e Bk A% Hrbo AMSE Bl ZFEHoL B
A 7 A2H(CHCS)olg T Fa2e §9 Bdelt. o]
z2de gy 24 Alggold AFEAA AEA $toh
CHCS el & n}S3} BALE J|1EdZ 3= o 4
29 573 #g A2dojgtn & £ it Z vi&ddle &

—

Huge-HCS

Large-HCS1
Large-HCS2

Large-HCS

Eedlum—Hcsd\
-

[Feomgr

edium-HCSH

Medlum-HCS

| Small-HCS1 l\
SmalFHCS2 M-Hospitatl—o L

ese

Small-HCS8

Small-HCS

, S‘V‘"HQOAI—‘, SHosphaTI“"

(33 12) FEdlol 22 M2 AlLHL| ASY 29 7Y
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NS BALIE Ak vk AlEo] Wel Zgd 1 XY
o BALXZE 7H4 1S i1 7Hedd 88 w9
o 9 1 BAAA 5T & Qe yolgw £ 2
HU0E JHA H1 oA A2 RS LA "ok Wy
of #xp7 =AY, e Fol YA, £AYE A
s det A geg Jbg & Hde ¥Yee 28
He o NEE § dvx M3k

(a9 1) AFHLE 749 CHCS 2dS HYE
o Mg w2 #de dF Zde SLARGE-HCo|th
SLARGE-HC: 27)9) LARGE-HCZ T4 5 3. LARGE-HC
= MIDDLE-HCZ, MIDDLE-HC: 87)¢] SMALL-HCZ T
49t Zzte] HC 29 HOSPITAL 3} VILLAGES] %
Ax 2d& 1A Qlek A8 Edexperimental frame) &
A 2 VILLAGE® #AES WA 4227} 80 Z
HOSPITALL ¢} a7l 9] JAES 7t A7t €
th. 2} 12/3/47) %] HOSPITAL-S 16/4/4/1%2] QAIS&
7zt 74X A Yoka 7HA§ o2 DEVS 329 9

8 7149 CHCS 2d& D-DEVSim++ 0.2 Tad3c} o
A CHCS EdS HE AEHoHE sy £
(partition)}& @} (¥ 13)& 7158 d7kx] 28 o9
o.
A& 0]dL KAICUBESSO AJAElA o]fof .
KAICUBES60-& KAISTOlA 7§+d 5 2499 2 AR
(hypercube) ¥ & FEEjo|t}. Z+ AEE =T 40MHz
i860 mlo] =2 T Z A|A ¢} 8Mbyted] W R 2], 18] 1 store-
and-forward ¥} 2H9-8S k= 5 3 BA AdE 7}
Ak FYAAZAM Z e=e Add 1 9ol Expresse}
£ ¥3 0SE 7}A)1, 3AE AFEY £944 = UNIX
System V R4.20]t},

DOHS W9 4% H71E Y3A, == FAFEY ¢
1 oA 3270 742 SR AZFHRA Al Ego]d AlZhs
A3l Btk FYsiol & He, 119 == AFEHAA
A8 E u]= D-DEVSim++-& £xHsequential) ZEF £3t
k. A EooMe A AlEHo|H AZHglobal

=
=

=
=

() Number of comuuter nodes = 4

(f) Nuraber of computer odcs = 32

(g 13) a#lol AFBEl CHCS 2Eo| HElM 12 2 miE|Mo| 2fe| B HErHC)
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simulation time) A4, e} A%, s} 22 7
B F77F 8Q gleuz o9 #Ed dag A &
=0

A, AY 19 EAHA 2AF AR speedups AF
317) 9135k, 0 (%)) referral rate®] 7$-of tiaf AA=

=]

A7HE 2R3 0 referal ratex= 0 9 AXHE 44 3t
71 figted A g, ojn) WL AHF dohhA] %7
2o] ek 0] Pk (¥ )L v AFHE RAFT)

T WA F (249 speedup)d) =L coordinatorE0] 2
AZ v MRS+ (done))& M st=d 2™ Aztolt.
A HA E (EBAE speedup)d] g 27) HsiMT 4 2
7t o] &H A A 28 AN HXE 0P T
U EHES gotot dit}. I's A7 Ysixe 4 oiE
Ag ME EgY gl & gojof gt 74 AH E
gof gt rghe (28 13)9] Yeh it oA T3
Zt MEHEZ Y I'S Y& Ud BT 'S 88 & Atk
dq& SolA, =5 AFEY 57 8L W), B I'=(5+4+3
X 6)/8=3.38 otk (X 4= o]#3 WHow FfI H
T IrE& BAET (E 3)d B9 ule}l o] 24d g+
4 ol o= Ax: IXTE ¢ + A% EE, 9
speedup o =19 w] FolBmZ 7P} EL Foth
Referral rate®] Zto] £713 42 A9 speedupS ZHAa

(7 3) 2HE AZhol| ci#t speedup
(Referral rate=10, # patients =1200)

reo| & £XE| speedup £4zl speedup
1 1 1
2 22 22
4 50 53
8 10.7 11.83
16 225 237
32 579 61.5

(E 4) 2M2 93 AIBE! Hi2{0lEiS

e / ¥Z I
1 1 5
2 1 4.5
4 1 375
8 1 3.38
16 1 3.38
32 | 2.60

3A €k

DOHS "9 AAAA 45& HI] Hetedre 27
= AlZboll thet speedup 425 oprizt 2l A3 A[7te] of
& speedup7tA| & WA speedupo] F2F A7} A
A Algd ol Azt tek speedupE A T
oGt A[gdold At WEZ 78] oJg AlEH oA
A7te}e] wlgo] Hr}. olu) Zolglol & P £apA T
o)X F71stet BEE GE (HA AlEHo|A ATt
A2, fossil collection, A8 AR S)& TR Yojok
sithe Aol (2¥ 14)E =X AFEH a7l vy
o 9] speedup AFojt) T3 (Y 15)% referral rate}
4% el speedup WE 249 Aol

Spin-loop, Num. patients=1200 ——

12k Num, patients=! hacaatll I
Num. patients=1200 -@-- .

Num. patients=600 » -,

i ::.’_._-_:)S ‘

Speedup
©

4 8 16 32
Number of Nodes

{38 14) Speedup v.s. =E ZFE{Q| £

Speedup

0
Referral ratio (%)

(28] 15) Speedup v.s. referral rate (# nodes=32)
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DOHS W2 712202 Time Warp7|¥S AMg3tn
2 24 ¥ o) U %S aAuole} ek (19
16)& E&H(efficiency) & BlZTh B Aol 4
A 71l AN 58 2A AR $2 U Roz b
B4 Agdolde] e} TAE IE ehhe 4
5 Aot BB (19 1Dt 373 24 AdE 1
ST} 2 =R 22824 vEF 4 7] 4
3598 ¢ + 9o

1 ]
0.8 _\\\ p
F)
3
£ os}
<1
w
o4l
oz}
) . .
0 10 20 40
Referrul ratio (%)
(38| 16) H]M v.s. referral rate (# nodes = 32)
{# nodes = 32)
3 —
25 b
o
g 1t
&
%
2 15
o
[
%
g
§ ar
<
ost
0 \ . \
0 10 20 3 40
Referral ratio (%)

g 17y = B 72| v.s. referral rate (# nodes = 32]
(# nodes = 32)

4 8

o] =RdNE AZH DEVS Bdg 3 B A5
o)A 3749l D-DEVSim++& A3l ch

D-DEVSim++o] A& DEVS 2] B4 xEyojdg
$}3] DOHS W& AH&-3ka gich. DOHS W& # %3
2AZE g ke F4 A B ol d Time Warp TZEF
£ Aoyt o] & 98] DOHS-manager ¢+ DOHS-queue
ge HAA Ao 71HE AT = E&XU &
WS 3 o3t Zol AgARE FEHE Y duF
& Aotttk & A% 2AE F4, simulatore] AE]
g 23 fAR 29, 281 AFH A 2AFHloh
DOHS W& AZH 2AZAS HEs §o3H 27
Z N7t U HEAE o]&T F e o2 A%
speedupS EA31Ith =3 W3] vla AlEg ol AY
AL AZ3143, D-DEVSim++90] A3
speedupS B2 F AT AT Foz vkt Al
Eyo|d zdo] i3] AP ALIHA AEHolHY A4
o 4 vAE A olvES AT Rl Frt.
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