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ABSTRACT

Purpose: The purpose of this study is to develop an effective simulation modeling formalism for autonomous
control systems, such as unmanned aerial vehicles and unmanned surface vehicles. The proposed simulation
modeling formalism can be used to evaluate the quality and effectiveness of autonomous control systems.
Methods: The proposed simulation modeling formalism is developed by extending the classic DEVS (Discrete
Event Systems Specifications) formalism. The main advantages of the classic DEVS formalism includes its
rigorous formal definition as well as its support for the specification of discrete event models in a hierarchical
and modular manner.

Results: Although the classic DEVS formalism has been a popular modeling tool, it has limitations in describing
an autonomous control system which needs to make decisions by its own. As a result, we proposed an extended
DEVS formalism which enables the effective description of internal decisions according to its conditional
variables.

Conclusion: The extended DEVS formalism overcomes the limitations of the classic DEVS formalism, and

it can be used for the effectiveness simulation of autonomous weapon systems.
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1. 4 &

& sk Eokoll A Modeling & Simulation (M&S) 7158 AR o] Edks] &-8381a o), Al zwof, =
ol ozl AFEok 5 AL BE FofllA M&S 7158 AEsl] 71E 7w dAES FHEsaA) s =
H& 7)ol t} o] e M&S 7|&& HE3te Horse] 352 Fu7F tFe tdAl=8(Target System)©]
w9~ sL7FoI AL F& wlg- YFETh= Ak S oA ="l U kel AV v fIEEIA AAl AlAEE o
BOR Fste RS HATORE Fojob & FaUt S W, RIAAM&S)S T8k Aolth (Kang et al.,

2005; Keane et al., 2000).

Adatrtar & 4= glom, ek M&S 7]+ 4
2] 15 A A (FCS: Future Combat System) 73 9]

B TR B gt ole A ARG o] AWA Hue e JEle] sAEA JuE dofdel wet

B3 zp&A| o A 28 (Autonomous Control

olo] g¥Hoz gtz tstis 2EE Sy vES
System)= +&3= RS AR stal du o7]ol= F<9 444 (Unmanned Surface Vehicle), F<1 H|3)7]
(Unmanned Aerial Vehicle), ©A8 ¥, 18|11 thedst ¥4 5 F 59| 1t} (Figure 1). o]#|3 11719

e
FAAE WY 52 =4shy] ofdel A F7IAA 2 B4E Fdste] £8 wo] dahs FxTe] 2yt

g 24 @ 5 deAE Aeeke Aol vy $88 (Jung et al., 2017).

(a) Unmanned surface vehicle (b) Unmanned aerial vehicle

Figure 1. Autonomous control systems in future combat system

w FEANZAAZY A, 855 AA @ met o),
401 2 Tofslolof D 5 AT R elold wle) T4
8 Gk %% Nt

Zy t8tnle] Bernard P. Zeigler7} 119FsF DEVS (Dlscrete Event System Speaﬁcatlon) formalism (Klm,
1994; Zeigler, 1984)°] glom, AA|AF o|H AST2E Eﬂrﬂ o Ao wy thfdt oA B #=
S AlEY oA B FFol k] AREEITE 58] itoF W Al okE HREE thekeh fofe] A &xo] KEl
2 g AEA A7 A Q)

A zdofel A= DEVS formalisme A #ste] ALrbA| 28lo] thgh o] AR DS 2pdste] AA| Alof A 2~Hl3}
153} Hardware-in-the-Simulation 7] A|$Fel ¥} Atk (Park and Chang, 2012). A&k o] 9] %= 53]
) Bolo| A wo] &REQ=1), dA48 Hof (Park and Seong, 2010; Yang et al.,, 2013), F71AA4 £3%
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A% FoF (Kim and Park, 2015; Ham et al., 2014; Lee et al., 2014), 1811 AUz 2. A EoF (Park et al.,
2013)%5ll &-&¢ w glrk. ©]A 5 DEVS formalism®] &8 T3t fofoll A o] Fojx|aL glow, Fr]A7Ale] &
a5 g AE ool wE A thekd A o w FRE A v 1Yk 54 545 918 classic DEVS for-
malism= &3l At vkt A A3t ¥ A o2 Stochastic DEVS (Castro et al., 2010), Dynamic
DEVS (Barros, 1997), Real Time DEVS (Hong et al., 1997), Fuzzy DEVS (Kwon et al., 1996), —1&]aL
Vectorial DEVS (Bergero and Kofman, 2014) %9] 9,1‘“/}.

o]x 7 7|Eel| DEVS formalisme #-&-38to] F7]1A|A| 9] AlEdo]del] 283t vt A7} oA+
=YL Q= AEA A 2R mab wdy g AlEY o] tigk At F53 dAoltt 7]EY classic
DEVS formalisme A-&A|ojAl2gle] Relgo] 83517 =y 2 7}x] ek Kol Ful3)7] Ak glisoz
A A A 22 AA A O 8 4SS drdato] Al~'le] A E HEstA| Hi=H], classic DEVS formalism o] &
gk et 7lol oigk g v FEshAl Stk

Bt B g Al A8S gt or wdd & 4= QI%=E classic DEVS formalisme 2
t}. 4% DEVS formalism 53] A-&A|ojA|2=ule] FRiAsE S0 542l 2d o) 71
Au APES aA o2 BEg & 5 glojof gt} & =9 743 ¥ 2t 274 += classic DEVS for-
malismel] tall A3hH, classic DEVS formalisme H&3 = ol #etel] tjs] 7]< g}, 374 += DEVS for-
malism®] &7 FEjQl C-DEVS formalismel 3l 7|3t} 474 C-DEVS formalisms ©]-&-3F /3t 7]
R el 7]t 5ol 2 Agtell vk AR oE whegt

2.

OJAMFAA AELS: 7]&dle] RS &3 2dy W Ed = DEVS formalism, Event Graph, Petri-Net,
Activity Cycle Diagram 28]l Finite State Automata 5 o1& 7FA|7} it} olg3l ndle W EEL »5F 747}
o A IS 7R AL AR M E T E A o7 HEtE 4= glo 1o B A% 9t} (Choi and Kang, 2013).
Ay WHE ol A DEVS formalisme F 7H4 tE4 FHE 7ML gl A dAs £ 4
= 2] AFA Fx 752 7hesAl @k Aloltt (Zeigler, 1984). ¥ Aol A3= DEVS
formalisme AH&EAIOIA| 2810 HElgo] &2 0% Agsl7] 9fa] st ek AlStatast gict.

DEVS formalismol 4] 3}4e] A Al2=81S- Atomic B2 (Figure 2-(a))@} Coupled 22 (Figure 2-(b)Z T4
=0 It} DEVSS Atomic B2 t)d A|2~BIS] AJEIE S (State) = @S} Stater= €159 f& o] EoleAY
=2 Al Algro] E2W TE State® Wsgith, X2 7] i A 2ELS ofs)staL, A skl tf Al =9
StateE o9l thz Zlolal AA| Stated] Wshrb dojuh= Ao gk AoE Wgw Afoldtar & & vk
Atomic B2 9] 7719 4= Aot

ﬂ.{

—L
T

AM = <X, Y, S, 8int, Gexts A, ta>
- X o]/\}/x}ﬁ %}E_ﬂ‘ 2]}

H A
Y ol FY W
©S 1 AR oakAkA elel W
bt S > S TR AE o] g5

extQXX_)S ]_]?L}ED]—F’H
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L
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Q=1(6e | sES 0=e =tals) : total state of M
a: S — R[0,0]:AIZF 218 3=

Atomic &2 Al 7o) Agtat vl o] Fp FAE ik Al 7 B9 (XY, S)= 4
FER R EHS ek u] 9] Sk Foll 95 A Ho] S(8e)E 2159 ol dhgaiA
Fste], g7 g do] 60T YA el et & AA A oz AeHHsrt Yo
AN 2] 9= “9)Re] 714 glo] AxE ARHEtE A]"sta AAshs St }%tﬂ, °
& U Aol 6o R FEs] = ofelwo] Sith 71E Ul A de] R 6)E
A 512 0] 071t} o]2 ulte] wahW 7|E YR *Pw o] tﬂ*(&m)“ W4l e
ATkl 7FAskaL itk Blelth SRRk AR Ao Al Bl o] A9 o]2j gt 7} o] ‘é%ﬂﬂ
7t gk ozl A o] wsts AAIREe R uEste] QIS FHse A Ao AT A 5
18] & 57k gl7] wiitolth. meba] “9)ie] 14 glo] 2R AJRRIstE
AgAo] A" EAE 2 237 a4 classic DEVS formalism®] Wi- 8] o] 3(8;,) o ALa
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Quiput function
;-] | | [ o Y
\‘ External transition function ;J'menmf transition function
R i i ¥ Input | Il L outl .Qomput
M,
.-1mnuc.\mei' . Atomic Model” oy, 1>
- 02 e e 2
\-\.__R-_>
(a) DEVS atomic model (b) DEVS coupled model

Figure 2. DEVS model structure

Coupled 29& Atomic 249 7F && ojun] 2% DEVS RUES AAsle] A9 A AES whEq I 1 A]A
do] i & A|~He] BER ALSE = IR St 7]5S AlFetth uEbA, DEVS formalisme AR 2% 29

R 7 [e}
S 2E3I(Modular)dtar AZFH oz fare 4= 9otk Coupled B2 the 7709 248 AoFr}

CM = <X, Y, Mi, EIC, EOC, IC, SELECT>

X ol AR 9 0E
Yol Al B9 %

- M e s RE(AA £E A% B 49
- BIC: 9)5-¢48 94 WA (External Input Coupling)

- EOC: ¢|%-%&9 A4 "A|(External Output Coupling)
)=
n

- IC: W5 92 HAl(Internal Coupling)
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- Select: 941429 $H4=(Select Function)
[e)

A=
= VoM AZe] WAEE ARl o) R $HEAE AMsHe A g4

‘ Maneuvering Module ‘

USV=<1,0,S, 8¢, Ooxe, A tg =
I ={Lg

0 ={0s}

S = {P, Move, T}

Ot Move) = T

é‘ext (P~ IM) — Move

A(Move) - Og

te(P) - =

te(T) ==

t,(Move) — ?

Figure 3. Limitations of classic DEVS formalism

o]#] 3} classic DEVS formalism AHg&-A|o]A| 2#l¢l USV (Unmanned Surface Vehicle)ol] #-&3ltla 7146
B2p wlg- 2hagk AUE] 2 USVE 54 S8AH PPy Py, PYollA 821355 wow 4290 T(Ty, Ty, THA A

A o) Fol Wik Aclt), wl§-

il

=
g Aue] e o= Bteka ko] Atomic RRE @8] 7F ket
= € 7 A (Figure 3). Classic DEVS B2 = Feste dor]s AL ofF ) Aol o (6ex) R -
e AolghrE (Gl 7 AEelnh A A o5 e o] g HAX A R ARE R8chs A
AA"sh= AgA oA 7] 5o A F-EX] ek aF ok - 4

H
do] Stz HAAel] =2t As @R sh=tl, classic DEVSS] Ul Aol do] k= Aol s}l

EH Y

285 E AIZES W7 €A ke 7S AR SFaL Qi) dlE o] USVY A F8foll 8k mA= A7
< vla, vighe] WEk £ 55 £ 4 e, o3 Ad3to] AAzto s v uf e ol H Qs A7HS v]g
&3 s M2 AHEY] EEsith B =iolAs “YFe] 1 glo]l A2 ASHHEE Q1A= A
Aor 28 g34A A Eyold RdE-S 93l classic DEVS formalisme 3743l C-DEVS formalisme #|¢Fst
TF 3,

3. C-DEVS Formalism

oA Yeld 4= 91+ classic DEVS formalisme] o]# &5 BeH317] 9
dofok gt AaA <l =eloh Al A2 A Aol A 28l o] W F-A
agste] XS WEa dFE Fadste AS gttt o & Fo] USVZE o7l 53

PAR A=A, 2e]ar Aol APgA R el deAoh &2 20S i-Aos
& 4 Qojof gt oled 2UES FHa] HaiMe skt o] 2 (Conditional Variable)E i
4 doJof ARt classic DEVS formalism ol A& o]81dk Ao tigh /dS 7IX]A] o, Q%] A|l~He
’JElE Sequential states set2Z Tk AL lofA] ol A-&4 27 £7]9 a&4 xdo| 2#g Aol
Z71 M49) sdo] ¢lE classic DEVS formalism®] Sequential states set©.2 A& o] X ~Elo] thoksl AE| S

il State 7§57} A0 2 Soju= ‘State explosion” ¥A17F TS o] w9 At}

kil
Hes SHs] flote], & Al A =t F9E mdY & 5 AeH MRS FH

L

=
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2737] 4El(CS, Conditional State)$} 271 4~(CV, Conditional Variable) 7I'd-& 283} classic DEVS for-
malisme Fstlth. 2AMF(CV)E o)8ate] 21271 FE(CS)9] Feidel7t AolHaL, o5 Fa&f AHAofA
2810 2HEAR] = 3 g9 E mdHor mdy & QA g

Classic DEVS Atomic B2 Al 7119 A3t} o] 719 &= Jo A5 8245 C-DEVS Atomic Z. 2ol 4
715 384l Al JHe J g vl JHe gl Frtete]d 2AETEE RRHCS), 2ARMFHRHCV) 22
B71231E #887] 913 243 H O = 7712 2490 20302 203 £do=
H a7rolw AWM Tt nol\?‘r‘jq Z1FH e n-dimensional conditional space”} ®t}.

i=]
Classic DEVS formalismel| 4+ A Aol A e Hol7F dojub= A= 2o o3k Al dhaio]

=5} .ilm >
reoox rr

g

#49 AgEsEe] 4% A o1} oI FAEh C-DEVS formtismol 1t @A Al Fo17 2
v o Ao Hol7k ol 4 glom, 2ol els) Holsi: AU gebd 5 k. AFE =
202 99 Wrel 4% Ten 248 4 o] F5E TFH S 6719 9 571 4

°
B o> 2

pud

ko

C-DEVS = <X, Y, S5, CS, CV, C, &ty Sexts Scons A, ta>
X o]A}A]_}] ole et

R RARE

I
b

K
- S dEe oAb el A
- CS 2R A
- CV : 2AWH3

- C @ n—dimensional 271373 (n = #(CV))
S 0 S > S U CS WF- e o] 3¢
Bext + QXX — S & JE| o] g
Q=106 | s€ES 0=<e <tals)) : total state of M
Seon - CSXP(C) — S 274 A do] gk
P (C) : power set of C
NS Y EY g

~ta 1S = R[00] : ARF X7 g

Classic DEVS Atomic B2 U] 79| g<E 7IX 2 =, 345 C-DEVS Atomic 2@l A= 7] U] 719
el F7ksto] ‘204 dH) do] o4 (Ben)E 7HA AL T 73 C-DEVS Atomic 22X 204 ) o
(o7t “HF-S] 4] glo] 2R WSS 1A s AFA A 2EE Ao R RE5H T 9
A Aske sttt 214 A Aol (8.9 9GS Sequential states set(S)o]H, Ao FH& ZHE
e g (CS)9 2AF7H g2 B35 (P(C): power ste of O] #33 (CSXP(0) 2.2 FoRt) 20FHg
(O n7le] 23] 2902 o]Fo]x n-dimensional space°lth. o]2§h 2153 HHTHPCO))2 A
SAlofA|28lo] 7HA = Qle BE 2o AARelaL & = vk = 23104 A Aol o (BT 58 24
71 E(CS)ol A Ao Al =5l e] 54 231 (P(C)ell whehA X]"l‘l‘]:l Al dElidelE Ao 5= A &l
Itk AE B3 o A A8 9,
G dlE ddstaat it

)

A
th8 Aol A A|¢tE C-DEVS formalisme o]-&ste] AA = USV

(e}
e
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B =8 AetEl C-DEVS formalismg ©| A (Unmanned

oo
_0|L
o)
=
=<1
2
-0,
D)
o
>
2
>
[
juii)
ro,
-
ro
&

Al
Surface Vehicle) 22 2Adate] Algeo]de] &&31lch. AHE #57] fl8te] A & 99 Alue] Lol o
st el FEslaa) st USVeE 54 S98A14 PPy, Py, PYolA A8 wom 24291 T(Tx, Ty, THA 4
7HA] o] =3k o] M= Aot} Classic DEVS formalismO.& o2 £38317] Ysis T 711 HhiS Azksk &
Atk A HA= Classic DEVS formalism®] W 8] Ho] (5,0 %2 Fddte Zlolal, & WAl 2143 118s

o] Sequential states setS Al&-3}sl= Ao|th
A HA 2 Figure 3o Ho] X+= A3} 20|, Classic DEVS formalism®] W4 2] Ao] sk=(5,,) % ©|& F &3}

71 $18i A= USV7E S8 A] ol =zl Al Al ta(Move)) Pl2] €aLl vk 7Hgo] Al ¥ ofof g}, 17
U dnkA o g USVe] 7] AlEdelde #stehe A1 (L, F4, “6&“)4 USve] 7ls Aes aelste]
A A7k HA(delta D22 A& updatedhiz WA o2 Aoz, BAX o 22 A7k g ga Qo
7H8E AYEA %tk 7 AR Classic DEVS formalism®] W &) deo] 605 E8aH4 &L
Sequential states setS A|5-83Fo 24 o]#] 38l o]H S-S T3l Woke 1dE 2 £k r) kAR o] A=
x21 23ke] Jhg wobdlel whet State explosion Aol 2WSHAl Hol HA] golstA] Tt
USV'=<L 0.5, CV. CS. C. 0us, Gps Grom Ay 127
I={Lyu}
i o
Oy CV ={P (Py, Py, P2, I(Ty Tv. T3}
€S = {Paa}
b Wait 21y »(Move Ja- - - C =6 dimensional conditional space defined by CV’

O Wait, Iyg) = Move
* Oy (Move) — Update
> Gy (Stop) = Wait

Gy (Update) = Pepeeyc

PO

Op * BeonlPeheck: {P=T })~ Stop
I: * Beon(Peeckc - {P!I=T }) = Move
TTTTeRETY T ’ * Seon(Peheck. @)~ Update

A(Move) = Oy

C: 6-D space {P(Py, Py, P3), T(Ty, Ty, T2} A(Update) = Op

A(Stop) = Og

tiMove) — deita_t
to{ Updpate) — 0
toStop) = 0

ti{Wait) — =

Figure 4. C-DEVS model for an unmanned surface vehicle
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Move from P to T e, T(Ty, Ty, Tz)
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1
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1

1

L

& P(Px. Py, Py)

.

Figure 5. Maneuvering simulation of an unmanned surface vehicle

Figure 4= Classic DEVS formalism< 430 24 728 C-DEVS formalism & ©]&38fo] USV RdL

o
= ==
=3 A E BolFa gtk 58 USV B 2137 (O« 94 9 A4 (PX,PY,PZTX,TY, TAHZ 49

¥ ¥ 6-dimensional space’} 1t} 44 A7F 7FF 02 X E update sHAA 2R 71 (Pcheck)oll A E4 A

(TXTYTZ)N A e ARk shot B mashl 58 ol 2o gstel 45k whlshe

EXA] o =as=t A= AT v)E] dal A B3
ZM State explosion AL I & gk o]k

=

C-DEVS formahsm9] ASS 98 USV SimulatorE 7@3H31 2™ Figure 5= USV 7|5 Alg#o]AdS HojFaL
o)

AR
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5. 2

2 ok A= g AEA A (FCS: Future Combat System) 7ldo] B& FES wky 9l om FCSE F
ol #4444 (Unmanned Surface Vehicle), F2 H]87] (Unmanned Aerial Vehicle)s TF¥3F Ap&A|ofA] 2~ H]
(Autonomous Control System)& X835} o} ity o 2 2-gA|o] 7| A A= 259 1S HAR hal A2~
= S QA st 52 Fdcks kel Aladleln, gl =9 B HiAE Sl ARl vt el
*194 AlEF OIS 3l 48 o] Yike Hagwe e g4 @ 5 UeAE AEEke Blo] v Fasita

ts]— hj_

’\]E'ﬂﬂ"]’ﬂ Al AP mele] Aol B dorng, AR F BHEs T5sks Aol vl Fagh,
7)Eol theket mely] W Eo] EASHA|RE, &3] Classic DEVS formalisme AAX| &4 o|lw ASTF2E a740
2 A Q3o 2 theFdt okl A AR =2 AlEE ],\q el 5o 2hiks] AR EH I 58] AlZoke}l ik
ofol| A} torat A S ojel) A ow & F4H vl Qo). ST “9Fo] 7MY Qlo] AT AFMIIE Q1A 5=
A A A 28-S @ Hloll= of#gol & 4 vk, 71 DEVS Atomic RFollA AE) Hol& d o7 g

= o5 Bl dol (e ok - AEl el FH4(s mt)‘/] T 7HA7E vk AEAo A 2]l o] 2w e stE

QA ste] e HolE do7= A Ul A o] (6 E AREste] Ak oF sl o= 7IE UiF: AdH
Aol TGt R FAs] o= ofelgol AUrk 715 WF- e Hol e(6in)e= Azl Alzte] sk A
stE doit) ofF o] wah = Ui A Hol T WA deiistel] A Q= AR ofn] &L
AvkaL 7Hgstar vk 740]‘:} SEAIRE ARG Ao A 28 o] B4 o] gk TP o] AR E A B A5t Bk Tkl
AAgg o] wsks AAIRro R st YIRS FHsks Ao A 2R Ag 54 dF-E Fdsker 2
AR mel & 57 Q7] “H—ro]‘:}
ole]dt oY & FHaly] flste], & dATolMe AEAR] =Tt A9E REY ¥ UET 20E7] A
(CS, Conditional State)?} ZAWM<=(CV, Conditional Variable) 7132 283} classic DEVS formalisme %
3t C-DEVS formalisme 7Haakeict, #lekdl C-DEVS formalisme ZAMF(CV)E o] &afo] ZHE7
(CS)9 BejdolE AostaL, o]& Eall AgA | =He] A< =8] B P& GaHHoR Ry & F
st} Classic DEVS formalismoll A& AHE] dole 9]tol o3k Ab WX
Hol7} o] Fof XA wk, C-DEVS formalismel| A= @Aje] Adefoll A Folxl 3ol tigh drkoz Aeyel x4°]7P o
o -D
=

FUlO e R

_\.,

30 ox e
=

011/1- 2= o:q Z79) ¢ gH 140]H‘:« }\hq]_L getd 4 9o}, whA| et

845 AFs] fle USV BEs 53819l oH 7] AlEd oA

Al 2

 Are et A ATHIA L (UD160080BD) ol o] 3l S H AF U
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