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Abstract

Hybrid simulation may employ different types of simulators based on which m_odels in 5
~ different system types are developed. The simulation rtequires simulation time )
synchronization and ‘data exchange between such simulators, which is called simljlato'rs'_"”
inferoperation This paper develops such interoperable snnulatlon environments for
modeling and sxmulatlon of hybrid systems whose components consxst of contmuous and‘f
‘ discrete event systems The environments, one for centerized and the other for dlstrlbuted .
~ support mteroperatlon between a discrete event simulator of DEVSim++ and a contmuons
, smulator ~of MATLAB. The centerized environment, HDEVSim++, is - developed by< -3
l extendmg h_,, .existing DEVSim++ environment; .the - distributed enwronmentl K
HDEVSlrnHLA is developed using the HLA/RTI library. Verlflcatxon of both environments

is made and performance comparison between the two using a simple example  is :
. presented.-

" Iiey. Words: Hybrid SYstem,s, Interoperable Sjmulation, HDEVSim++, HDEVSimHLA, HLA/RTI
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A:M1 C:M23

acknowledge

N

C:M1 S:M23

N

A:M2 A:M3

models as passive elements

N

S:M3 S:M2

Simulators as active agents

<@ 1> Abstractor Simulators Concept
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M 94 mde] ABgolHE MATLAB, 18
3 oA E R4 Ag#olE = DEVSIm++E
AHg-3 T »

MATLAB & <% 29 #oio dgd &
olBzgl g AFsY C Aol UHHo|l2E F
3 9§ T2 oA MATLAB Al Ed¥ o4&
23 8 4 9oh ¥ DEVSim++ & oAb

Conversion Functions

% M&i‘;@ﬁ; Eagine

{ | DEVSIn++ Bagine

[HDEVSini++ Bagine

Hybrid DEVS
Models
HDEVSim++

<29 3> HDEVSim++ for Simulators
Interoperation

Differential

* matlab bpen request
1 Equations

o pre-simulation with
...... . initigl value and -

maximal advance ti

MATLAB

* nex{ event time
* fingl state value

2d e Y3 C++ FHEE ATy Al g
ol FAo] C++ FolBEE FEZ AT
71 W &EAC/C++ ¢dolE Folo ¥ Z2 Y
oA DEVSim++ Al E#HolAE 83 & ok
g FelEI= AE#HoA  #FEQ
HDEVSim++ = DEVSim++ ¢ 4 Al &g o]
8E 843l DEVSim++ 9 MATLAB ¢ ¢
S 7% FEE 3 Aot FAHoz T
¥, HDEVSim++& MATLAB o €723
% Ao} pre-simulation WAIA ¢ (pretN) & B
JozM MATLAB o] 94 ANztE 9% =
45 AEFold A $rk. MATLABS
pre-simulation 232 (e, tL) WAX]& HDEV
Sim++ o] EYF I o] HAANE FYoz 39
DEVSim++ A &g o]4e] As)gr}y.

32 HDEVSIm++ o 78

<Y 49 <29 5>949 o] HDEV
Sim++& 7]1&¢ DEVSim++& #%§ gz
24t DEVS Coupled (DEVS-CM) Rd2
¥E 44w Hybrid Coupled Model (HCM)
3 DEVS Atomic(DEVS-AM) Rd23e A
%W Continuous Atomic EYW(CAM) 121
A/E 2 E/A ¥@7): A<¢d® HDEVS §48
o] eJAsS FRer FAle) CAMS AR 9
A= MATLAB® Simulink® £3H9 ©]2wA
4 Yz ZAgag. 22 AdH AFH 24

& Atomic H‘fﬁ{“ﬁ&"&mmié i

CCoupled H{,‘K}?&upfﬂﬁ'i

) CObject }——

String

<219 4> Class Hierarchy of HDEVSim++
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A gdolg el A3 HCMS 34 A&
#olg dngFE Hybrid Coordinator(HC)Z
a2l CAMY F4 AlEdHolH dnFe
Continuous Simulator(CS: &A1 Edo)H)2
Fadgg.

33 HE A2 0je] 2 MATLAB

HDEVSim++ol 4] QA& A &dgole= A9 HC
2% 8 W& pre-simulation WAIA A (pretN)
€ "9 o2 CAMY AHE AgA7|= 98
St (pretN) WA E e AL A B o)
B+ MATLABAA #AE3E C A HolAE
AH839 Simulink 299 A& ﬂf’MU}
HDEVSun++°lV~1 Abg3tE QEHolA~ j4

& 953 2,

(1) simget(MODEL) : CAMS] 44 =gl
Simulink 29& Alg#elA 3= 373 W
FE& 94t ¥4 874 usr ¥ ‘—H%—
h = ul"?‘%%}"‘]'g' Eo““}7}'\_ step \_T, =
q ¥F, 271, Mg YET. Ao 87

T ‘OPTIONS'.

(2) simset(OPIONS, ‘NAMEL’, VALUEL,
‘NAME?2', VALUEZ, ..) : 7]&¢] 87 d
4 ‘OPTIONS’| X389 W§ Fo 45
e #g HL9e g5 94 Ax: #7
B4~ "OPTIONS’

[]

TIMESPAN, OPTIONS, UT)
A ZHAQ
i 4 'OPTIONS’
9% UT'E ¥ges 39
s o4 A%E 29 uxe 4d ¥sE

(3) sim(‘model’,
: Simulink 299 ‘model’ &
"TIMESPAN’ &<t &7
£ M3 9%
7t e BHWS At8-A47b Ao @

9 us ’S?}.

A3,

A 71E3QA A F+E vgoz dEA
EdolHE CAMY Al 88 <a¢ 6>4
o 22 oA 838 94 A% E T1
S olA AEHolA F8 AL LY} gL
A7 tN Alol2 Aol simulink 2d@o] 71
= AH ¥ge x7gs HEs) QA
simset HH & T3l olH A EHo)A FEA
AR=olA FRUS M2 Iz A
do. gdgoez AN 73 T1, §74 ¥
option, 28] % 18 49 input_funcE
7oz simyPPS T ANEH)ANS £Y
t}. Pre-simulation 71ZHEQF €4 A EHolA
€ AYPANFEA A EFolAd Azd W& AE

HEE A dd. AE A8 & dzAes 9
& W] glo] AL FHdE A9 oWE

Continuous Simulator
: t -> last simulation end time
: z¢_points -> zero cross points vanables from Conversion Functions

‘option = simget(‘InitialState’, fisl, is2, ... ]);’
When receive (pre.ty) from -parent
“TL =t A5
‘option = simset(option, ‘InitialState’, [s1, s2, ... ]);’

- ‘[TX Y1Y2..]=sim(‘model_name’, T1, option,
[T1, input_funcl, input_func2, ... |);’

if [zc_points] == 1 at timet;’

L=t

send (e, t;) to parent

return
endif
tL=ty

send (NULL, t;) to parent
End Continuous Simulator

<19 6> Interface Between CS and
MATLAB
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HDEVSIimHLA

4.1 HDEVSIimHLAS| =

<ag T>oAe <ad 3> Jed F8Y
AT AlEdHA g vd £ o AT A
5 AlEdEolAd 48 AUdsin Y. Aud
BRAME 71&] HdF A/E 2 E/A HE S
A9 g Conversion Functions® 2 4= A&
oJd RN REdd EHHA g5z 7
stk =g AEHOIH %9 A FI3E=
Z A EHoIEY WF A XY duAFS
as2 #FAF A R 2AF dIYA
(Ambassador)& €A AT 1P& FHF B
WE AHEE olg @ g 7E =F
7t I3 Qe 2AF €uEEd 5dWHQA
2A1F deAY Loz IFFHom AJx
& 4% AEHo)A 4L AT £ YA
Lid=2

MATLAB

DEVSim++

MATLAB Engine
Differential
Equations

<z ¥ 7> HDEVSIimHLA for Simulators
Interoperation

42 HLA2} RTIONAM AjE3o]4 AlZE &2

RTI(Run-Time InfraStructure)®™ HLAE
TS gojrdgEz A 6714y ¥ FFoR
TFAEY, o] F ATt #AH Time Manage
-ment F§FE NFAHQ AH L ot Er}

- Time Management -
enableTimeRegulating : 4 ZdE0] o]
g2 #y3A 99 RddA 2d5E RE A}
FEL AT ¢Ad HEHo YAEE A3
A €.

enableTimeConstrained : ©]d 2 do] o] ¥
F& FYstA HH o2 2doy Ayl nd
A AA} AEHE B9 I AL &4
o FEsd wrE dddes FRE RTINA
daFot

timeAdvanceRequest : ol Rz do] X|zZ+&
APsanz s Z o A7l mdoA A€
T dgE AE FAAM FolA AR ®
E ARES dA9sa Az AYgS 8 A
Hoz ANzt 713 ANE#HolA (Time Stepped
Simulation)o] 4=, A= AMAA &
e Alde &4 & gl
nextEventRequest : oj® 2 do] Az7+E A3
dnz s ASd A7 RdoA AdHE
doke Al Fol stue Ag Adsiy

Abzie]  olg A E#olAd (Event Driven
Simulation)of &€t}
timeAdvanceGrant : timeAdvanceRequest$}

nextEventRequestd 232 RTIF Z 2o
A Agss g2 JA9E AAANE e
AlHo] Agyx gomg oAslm A7l A&
& A= AT £A o2 UA FSE BAE
o

queryMinNextEventTime : @] A4l 2o

> A AgHE dqord AHIE FAM Az AR

g 934 sv 4984,
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4.3 DES Ambassador, CS Ambassador 2} RTI (2) RTIO] A<Ho} e A FoA ANL ©)
- Ao AlFe) EARA EE 1 BFYE F
AE A= timeAdvanceGrant(tN1)o] A

P R oji Al Ede A7 g

B HoA= 42 oA AM&¥ RTIY Time
Management $5E& AH&3td ojit A1 =

93 9% =dd A7 Ade AFL PP
t 9YRy daneEe AFdT WA mE

FdEe %73 #HANA enableTime
Regulating®, enableTimeConstrained ¥4 &
AGAA A ¢4 HEP MAET- F1

we = e AMAS RTIY «8iFd o] W
We B2 NBHOA RoplH AgaE na
# (conservative) A7t &7] Wiz 4% 7
f-oltt. <29 8>9 H#Zo Jeld o4 AR

£ 934 (+iN1) WAIAE AdsA Pt
(3) RTIZRE N odo] LA Apado] &
& Agolt Ag WA =Ha, o Ade
ol AA RUdAE 4R A AoeF
2 #3387 98 xiN3) HARAS A
3t Slm, Az AWe AAe Az N3 7t
A APe 5 it e
(4) (209 W3 28 Aol F57 FAFAY,
2o (3)9 A% A Aol FF7 3w

2d9 ~7% A< DES Ambassadord] , At A9 A g Ad ARE

F8 &HE g 2. ' AXs7] 984 (donetN2) A A& DES

' Ambassadore A €t} =

(5) (1) (4) (2) or (3) & ¥tE 3o F=3P3lc}.
<29 89 $5d yeEd d& 2d9 &

AE dZ]AA CS Ambassadorel FH L&A=

- DES Ambassador -
(1) A gL LA Az (NS AAsa
nextEventRequest(tN) & <33 RTIZ

Ry Az AW S Be WX sdd  ged 2o
A A4 '
'| DES , cs '
DES Ambassador _RTT | Ambassador EZ_S—_
. uery min next event time
et next event time _ (pre,tnl) message
X ¥ next event time request ' ‘ © time advance,
' : next event time request (&L} message ¥
time advance grant‘: tme advance gran, (pre,tn2) message R
(*,tN1) message ¢ . . . ,
* uery min next event time

' ¢,1L2) messdge
time advance (e,tL2) gy

w(done,tN2) me'ssage

next.event time request

next event time request send interaction

receive interaction y

<

time advance grant

(x,tN3) message

(done,tN4) message,

o o (pre,tn3) message
time advance grant ]

4

next event time request

L Z
simulation time advance

<213 8> Sequence Diagram in Simulators Interoperation
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- CS Ambassador -

(1) queryMinNextEventTimeS 33t <Al
NA S 7R dotd Hax A% tnlg &
< F U .

(2) tnl 7AA & AbRe] 0124 ¥5& BTE
YA dS mde] &Yoo) AA A
Ae & F 4o ggA 94 m2dy A7
A& BHINE (pretnl) WIAAE Adst
A ot

3) 9% 2d9 Ao we) g Ald A+

C o YguEkE (LS @A Hu 44 2d
AL tL1 oldelE AR e 9w
3t nextEventRequest(tL1)E 4~33tA |

. :

(4) RTIZH®E A ke dge we
timeAdvanceGrant(tn2) & 2A HH tn2o]
Fof Azt W@ ABHH A APS
A8 (1) (2) (3) & wEFA "o}

<ag & $oA Ad9E3 DES Ambassador
2 CS Ambassador] 53 £X S dng&o
2 EPE Aotk os dnIAYZL 7AW ¢
5 ABdHoH 8749 AZE o8 A 3ol

DES Ambassador:

Bz Axge] 2dyg g AEHE AHAE

T8t o] FAT
5. O ¥ HIT BN
51018 22X Hof AlAH

511 delRg= Alxg mdgy

<2¥ 10> FHAL 98 GAE A%
22 $AFE oF 2R A A2dL8)H
o]Ae solnzs mdg Yehin Yo B
AAAE  <a¥ 10>9 solRg= Al2de
HDEVS 4 2& vgoz rdlgsiy /Apud
A% AEdeld BFL FaiA ABdML
FPsax @k <ayg 10>9 stojrElz =
AN o] AlA E A2y mde o
zAsE A 223 FArt $FolE, 9
ARE FP3Y) A% §4 292 o)Foun).
¥ 4% 2de A mde 298 0% =
Roz Agsy) 9% =zolxg mdxlios
2RO 5% mdo] XTPHE o)F 2how
42 749l ol »de) jud Ay
ofefel e}, .

CS Ambassador:

main loop . . )
Tequest grant for next event time from RTI
if grant time = next event time
send grant for next event to DES model
untit end of simufation . -

when receive a grant méssage from RTI
grant time = time of the message

when receive a next event message )
from DES model
next event time = time of the méssage

main loop )
request pre-simulation timefrom RTI
request grant for time advance from RTI
if grant time = next event time
sent grant for time advance to CS model
until end of simulation

when receive a prefsimulatioﬁ time from RTI
request CS model to simulate within the time

when receive a grant message from RTI
grant time = time of the message

when receive an event from CS model
next event time = time of the event

<% 9> Algorithms of DES and CS Ambassadors
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<21¥ 10> Mobile Robot Control Hybrid
System
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<219 12> Environment Model
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<229 13> Block Diagram of Continuous
Subsystem

Conversion Functions: WA #A oo ¢ X7}
Wsle] EAWo] HolE YXNE AUA
HA A/E ME7)olEs AtRol wAsHA 5
3, oAl §73 xndd ACHEHY. Apg
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& Ydes AESx9 Z4E4x9 gz A
FIH<aE 19).
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NEdolE HE 838 5

of =< fa5s8e4 >
’ FasRouR) = land (x,, %)

[ (R R,) = land (x,, ¥,)
fas(Ry,Ry) = land(x,, 93)
fus (R, R,) = land(x,,y.)
fas (R4, RS) =land(x5,y5)
15 (R, Re) = land (x;,34)
Fus R Ro) = land (33, 3,)

SRy geale_V(V)) = vxu(t - _viime)

T gule_w(w)) = wxul(l -e_wiime)

<% 14> A/E and E/A Conversion
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<219 16> Continuous Subsystem
Modeling in MATLAB SIMULINK
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5.2.1 Pres-simulation A]Zt3 o] w&
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<29 17> Simulation Time in
HDEVSim++ :
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<% 18> Simulation Time in
HDEVSImHLA -
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<% 1> Simulation Times of Two Simulators

Time window = 0.40 045 050
lookahead ) _ ) )
HDEVSim++ 82sec  T5sec  69sec
HDEVSIimHLA 92sec  83sec  T6sec

AEE 7HAe Al&" Alojo 4
T 3lojoF ok 4y stojEy
A #7420 HDEVSImHLAE Al
AX ZEsd 2AEY 71es A
AHERE ol RE A% md Apo]
zgi ARE FAoz AHARz, 2AEH
doME HLARTIZF WAgn Qe =A%
e o2 $8Fo2A F Nad
ABLE 2R £ Joenz AP
S bsdn B8 3A002 "ol
Faolx AR ANzde] FAHAY, T
743 Algdold 2dg A% AEHA g
B¢ 2¥L® B Y o)
HLA/RTIS AHEste] £4F Al Edoldo 7h%
371 Wl FHA FA4e AFETn

& g

L

L o
H o
>,

e g e ol -'IN' Lo, ofy #o |rt ofn
nr(n Lo,

rlr

6. 28

2 =%dAE HDEVS #d4&og 7)&d

128 RdoA d4 mds} ojaxd =
do] ztzbol Alg#HolE A EAE AE o
AFstd AA x2S Algaﬂ} =
At 9% 84 d% mdg
9% MATLAB Al & 8l o] ¥ 9} OM_H}a 24d&
HIDEVSIm++ A& olEE o]t F 7}
A9 4587 - IFY(HDEVSim++) & B4
¥ (HDEVSIimHLA) ~& 7§48},

AEY 4% 42 #59 DEVS A&
A #7492 DEVSIm+E #3std FdYn
Y 4% 842 DoD BF Qg H o] 29
HLA/RTIE AH&-3td F&SAT T 9% A
Edold #49 FaAe AFs] 3t 7w
§ FolHIE AlAEel o)lF TR AlxdH]
solEale Rdy 2 AEHAE FYay
o oobgd, F A% 849 AEHN AHE
] 3 5 o}

B =844 MEd Agdoldy d5q9 o
T AH/01dA T Sl E AJFH oL A
298 AAHoz NEHH st=d JF &

i=



28 A2 alolMels] =2%| H103 M3ZE, 2001. 9

Holn gHolm FUT YWD BE §
§ o 89 oz ARYL

¥ HAZE NBANY AT BEE 4
sto G@y $718 FuPEL o4 AF
Agdeld Al U AT 2 83 Aol
g 9.3t}

=gkl

{1] Bernard P. Zeigler, Herbert Praehofer and
Tag Gon Kim, Theory of Modeling and
Simulation Znd edition, Academic Press,
2000.

[2] MathWorks, Using MATLAB Manual,
1998, ftp:://ftp.mathworks.com.

[3] Sung-Bong Park, "DEVSim++ A
Semantics Based  Envirionment  for
Object-Oriented Modeling of Discrete
Event Systems”, MS Thesis, KAIST, 1996.

{41 Bemmard P. Zeigler, Multifacetted
Modelling and Discrete Event Simulation,
Academic Press, 1984.

[5] K. M. Chandy, and J. Misra,
"Asynchronous Distributed Simulation via
a Sequence of Parallel
Communication of ACM, April, 1981.

[6] D. Jefferson and H. Sowizral, "Fast
concurrent simulations using the Time
Warp mechanism”, Distributed Simulation,
15(2) : 63-39, 1985

[71 DMSO, High Level
Framework and Rules. 2000.

Architecture

Computations”,

[8] Chong-Hui
Distributed Mobile Control Robot System

Kim, "Implementation of
using COTS Systems”, MS Thesis,
KAIST, 2001.Yeong R. Seong, Sung H.
Jung, Tag G. Kim, and Kyu H. Park,
"Parallel  Simulation of  Hierarchical
Modular DEVS Models: A Modified Time
Warp Approach,” International Journal in
Computer Simulation, vol. 5, no. 3, pp.
263-285, 1995,

[9] Yeong R. Seong, Tag G. Kim, and Kyu
H. Park, "Mapping Modular, Hierarchical
Discrete Event Models in a Hypercube
Multicomputer,” Simulation Theory and
Practice, vol.2, no.6, pp.257-275, 1995.

{10] Ki Hyung Kim, Yeong Rak Seong, Tag
G. Kim, and Kyu Ho Park, "Distributed
Simulation of Hierarchical DEVS Models:
Hierarchical Scheduling Locally and Time
Warp Globally,” Transactions of the SCS,
vol. 13, no. 3, pp. 135-154, Sep. 1996.

[111 Young Jae Kim and Tag Gon Kim, “A
Hetrogeneous Simulation Framework
Based on The DEVS Bus and The High
Level Architecture,” WSC-98, pp. 421-428,
Dec., 1998, Washington DC, US.A..

[12] Young Jae Kim, Jung H. Cho and Tag
Gon Kim, "DEVS-HLA: Heterogeneous
Simulation Framework Using DEVS BUS
Implemented on RTL” SCSC-99, July 1999,
Chicago, U.S.A.



solEels AlAE e Y AlEold - 25 : AgdolH o Y ‘ 29

@ A%adl @

e

Mg :
t3e7| e A7)/AAE s H AL (1999)
gx337]ed A71/A4-8 83 AL (2001

29 ¥ 4 AAFNATY, MEQAVIEATLA AFen oy
F AFRere solEIn A2", EAAEHNM, AEYolEH AT,
HESA AEHoA 9.

20009 24 9 =% AAdINA B =202 34 74

ro

2

1988: ofejx gt HA/HFHF 5} 4}

1980 - 1983: T A EH(E: HFAdsw) 545 AdAFAL
1987 - 1989: ot} $AATA AF dA Yo

1989 - 1991: AAb: distn, AAARE s, 2us

1991 - 1998 #=As7|ed, A7 ARAFSY =
1998 - &Al: =AY, AAAA S W
A/ ANEY o)A WHE € 87 AL, ANEYo)
A5 B3l Tz gud A7 FFS
SA/TAGEAENI] =EAd 100 B o] =
g0l Rdyo] BdH g FASFeA HY
A FAAE# )T (SCS)lH E3tet= 8% A< Transactions
of SCS ¢ Editior-in-Chief & 23 lon 19 tl49 24 823
(SIMULATION; Int. Journal of Intelligent Systems and Control;
IEEE Simulation Digest) ©] Associate Editor& T2 S, AA(Z
Az} B.P. Zeigler, H. Prachofer)2% 2000 v = Academic Pressol
Al B 2dR) Agdold AE ZAQ Theory of Modeling and
Simulation(Znd edition) ©] 9. FFAIEH ol 33 2 HAYY
FE YA, @4 stER34Y. A g wAQ EEEEA A
71342 8+3]) @ SCS(ZA Algdlel 83])e] Senior Member©) ™,
ACM(P 2418t 3]) 2 Eta Kappa Nu 9 Regular Member <.

Tk

|

oz
2o
H >
A
> %

o 38
tlo

tlo Mg ok
QL
K
32
lo
2

fiio 2
L
of X 30 N
=
_(1>_I_L



