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Combat Modeling and Simulation (M&S) is significant to decision makers who predict the next direction of
wars. Classical methodologies for combat M&S aimed to describe the exact behaviors of combat entities from
military doctrines, yet they had a limitation of describing reasonable behaviors of combat entities that did not

appear in the doctrines. Hence, this paper proposed a
models considering both 1) the exact behaviors using

synthesizing modeling methodology for combat entity
descriptive modeling and 2) the reasonable behaviors

using prescriptive modeling. With the proposed methodology, combat entities can represent a reality for combat
actions rather than the classical methodologies. Moreover, the experiment results using the proposed metho-
dology were significantly different from the results using the classical methodologies. Through the analyses of
the experiment results, we showed that the reasonable behaviors of combat entities, which are not specified in

the doctrines, should be considered in combat M&S.
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Modeling Combat Entity with POMDP and DEVS
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Figure 1. Model integration of descriptive model and prescriptive model



502 WAL - o BE - QAL o 2Y - mRA - GEY - B - QAT - A
et 5 22 ded A fAshy] AR dExAR 2 d7dMe A AR 84 ZoE A
A, B AU QM= T A" (red team)S] AloF BEo2 o <F 300mx400m <] 1LA|E KO o2 AA3)
F-3J8ko] AR (blocking position) S H B3kl Bzteh= 2 Ao} QA Al B A G JHE o] E-8ho] A 7
of & M EAFE 3 ok A, A7 FW 18 S Aok AR A BA, 1A, 715 5 A AF
WA A, FRAAT S8 BFohel A2 #1299 7] o) ROl n% % ARo] G WA K, o2
Fol i3 A 3 A S AART A2 E 26 A AR A 2 2 AR AAES AR 3R
GRAA ] =2 ek, o 162 S A IAZ AAst] & & fFEet gk o8 50, Ik AHE AT
T AAES wdgth 39, S AR A A B R Aokl 43S FA "ok AFE A o] F Al
o 15S @Ashd 4 A S ANt i S FPT 1 F S 1R W uet 1x7} FoldeE £
A Foll T Aeo] 30% oletE oA A HH, FTL 2 HAL AT oA FE STt FolA®
& AR WFeE FHE AT AT 2 1" Sol AT AT O AT RS BF Al F A Aol 9
B7ksl7] Algreba Fa A A= S48k A S 2t & Aol &) 7haAdol 7 A,
LAY = SR & WA B A9 AR AT A 9 o] F Srol 9
S UAA At} oS S0, AF BRI =R, H2
£ TOE ERE0 AT, AF /hA 9] AA o)F &
il o7 o] £ 2.9 100%, 80%, 60% 7+ ¥ =
D‘Blacking Position 4, X-‘li-_':. 7Hj-“ EE‘E] 7“11‘]_:!_-
B Aol M= JhA 2d(combat-entity model
/v anl ™™ 93 o4 A1 RADEM)T} A} 2
T Y e et Qe AT 4 0l P9 REABM)E
=N T}, £3], DEMT} BM& 242} DEVS §412
Figure 2. Squad-level Engagement scenario around Mt.BongSeo 93 E o] &3l /et & =214 0 7 JutE DEMI BMS

|[C—"] : DEVS atomic model

|(:) : POMDP model

L# on links : Multiplicity of models |

= oot

E‘—ﬂ'@}@l st
3} POMDP = ¢

[1

[ 1

1

Environment

Team
Leader

[—

[~

( . II Team Enemy . II
\ Soldier [ POMDP ] Leader Soldier
Decision | |1] Decision 1 /Maneuver |1] Decision | 1] Decision
Making Making POMDP Making Making
Maneuver | — Maneuver — Maneuver — Maneuver
Fire — Fire — Fire = Fire
1 ] 1 1
Detection | [ Detection —] Detection | Detection
Damage | [1] Damage |1] Damage 1] Damage
Evaluation Evaluation Evaluation Evaluation

Figure 3. Model structure of the computer generated force model
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Table 1. Variable list used in the computer generated force model
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.2 oA} A4 B dl(decision making), 715 =@ (maneuver), 1
A 2 (fire), B4 2d(detection) 12| 3 93] 7} 2 dl(damage
evaluation) 2 T AT & F= g 71 9] ©(red team) LH
2 o|FolA i, § Rl o] FAS AT Y © md
o 87 Rl A S-S RoYjste REE A7 S
o] 3% AAol FFE )X = Zdo|th. POMDP B9 A
T AT A 229 7)E 2l ddE " V)
HEe FAGtE A0, 2849 7% WS Ags=d)
AR

<Table 1> 7V Eda} AFlA A8k U
(variable)E AT 3tt). A& W (input) = /M3 29

i

l

1 m[o —{UZ

S AY A S WASHAA TS WG E v, 28 |
"(output)%’é@gl ANE Y5 HEE gr|gth A uE
S stetvE & AlEd o] A Alvke] 2o e AW, 7Pt

299 729} 27] 93] S HRE etk A% A 2
9 W A me ARk S wegdtel 24w
25 T by 2ust 2o A% A Bl 7%, 94,
A9 A 293} BAR YRS vl Pk o2 Eol, <Table
1>9] 718 SEE 2 we e 1Y Fofel B o|F £
M WIS, 87 29 e Al o A9
44 AY % 1% YRS ehbel, A% A 2UEY /)%
94 2 04 59 Aol 92 VA 24T A5

42 7P 29 9 o)A AA 7Y

AT WA Bd9] o]4t Abd BE 2 HEF wHE T
5}% e FA R gk o} o Al "o A= o3} AL
3.5 7|3l b ARS-E DEVS 3420l tis)M 53t
]*} AR o] A 3} A2} wdof tisf A2 A
Uﬂ?ﬂ\:} DEVS(discrete event system specification)< B.P. Zeigler
o el Aote FHgEol| ZA3Z o] Ak AA Al ~H(discrete

K ri rE

Variable . Initial L
Variable Name ) Implications
Type value(unit)
Dispersions in the Distance between two combat-entity models of maneuver
formation formation
. ) Varied in Angles formed where two lines in the maneuver formation
Input Angles in the formation .
experiments cross each other
Maneuver Behavior models describing maneuver of combat-entity
Behavior Model models
Formation Performance measure for evaluating how much team
violation penalty formation is deviated
) Ratio of military power of the red between at the start and
Output Damage ratio of the red - . .
end of simulation
) Ratio of military power of the blue between at the start
Damage ratio of the blue . .
and end of simulation
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Number of blue squads Number of blue squads which were sent to the mission
Number of teams in a :
Number of teams in each blue squad
blue squad
Number of soldiers in a o
Number of soldiers in each blue team
blue team
Number of red squads Number of red squads which were sent to the mission
i Number of teams in a red :
Scenario Varied in scenarios | Number of teams in each red Squad
Parameters | squad
Number of soldiers in .
Number of soldiers in each red team
a red team
Initial points Initial points of combat-entity models
Withdraw point Withdraw point for a retreat of the red
Mission objectives Mission objectives of the blue
Mission maneuver points Mission points for maneuver missions
Detection range 150(m) Available detecting range of the combat-entity model
Shot range 50(m) Available shot range of the combat-entity model
o . robability of damaging other combat-entity model within
Probability of kill 70(%) P Y gme Y
the shot range
Current point Current point of the combat-entity model
Objective point Mission maneuver point of the combat-entity model
Maneuver objectives Mission objectives of the combat-entity model
i Maneuver formation of the team which the combat-entity
Maneuver formation .
model joined to
Detected information of - Detected information of the blue in a specific time of the
Parameters . . .
) the blue running simulation
DEM(DEVS) Detected information of Detected information of the red in a specific time of the
the red running simulation
L Maneuver direction of the combat-entity model to maintain
Maneuver direction .
maneuver formation of the team
Maximum maneuver speed 3.33(m/s) Maximum maneuver speed of the combat-entity model
Maneuver speed of the combat-entity model in a specific
Current maneuver speed - . . . .
time of the running simulation
Elevation o ] Real elevation information from the scenario regions
Varied in scenarios - -
Landform Real landform from the scenario regions
. . Mean and variance value which are used to evaluate noise
Noise(mean, variance) 0.0, 1.0) . . . .
information affecting detection and engagements
Weight for reaching goal . . . .
( ) 1 The weight for reaching goal in the reward function
“)_(/Utll
Parameters . .
. Weight for keeping . . . .
in the . 1 The weight for keeping formation in the reward function
formation(wy,,.,,1i0,)
BM(POMDP) '

Weight for avoiding red

team( Wetecte 41)

0 for blue team 1,
1 for blue team 2

The weight for avoiding red team in the reward function

event system) &2 20|t} (Zeigler, 2000). DEVS & 4] 28 9z}
a3} 49 RS o] ot AlFHolal KA RdHY S

A9 gk 9
s} 2.

AF o} A w4 o] 428H4 WA= <Figure 4>

DEVS 9] 4=8}4] ue wd s
Akete] 258 $18)4, DEVS tho]o]aalS o] 8-5e] Tdlo]
U&S F3@3it}h DEVS tho]o] 1#-S FSM(Finite State Ma-
chine)®] tholo] 19 & HFste] ARg-atal glth DEVS A}

BAlE dA 8 gsatA
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Atomic Model, AM =< X,Y.S, 8y, Sipy, A ta >
X : a set of input events
Y : a set of output events
S : a set of states
Sexr © O XX — S, an external transition function,
(O ={(s,e)| s €5,0<e<ta(s)} is the total state set of AM)
Sins - S— S, an internal transition function
A : S —Y, an output function

Coupled Model, CM =< X.Y M,EIC,EOC,IC,Select >

X : a set of input events

Y . a set of output events

M : a set of DEVS models of component models in CM
EIC CCM.X x UM,;.X : external input coupling relations
EOC CUM;.Y x CM.Y : external output coupling relations
IC CUM;.Y x UM;.X : internal coupling relations

Select : tie-breaking function

ta: S — RT, atime advance function
Figure 4. Formal specification of DEVS atomic and coupled model
DEVS Atomic Model DEVS Coupled Model
X al
[cond2]?X1 = Y_al
X1 Ya_cl
Y1 X.cl m _
N > —> AM1 > R
. P
i |
0o ta_B i lxa2 Ya2 o
=) AM2 | >—-- .
[condﬁh?l """""""""""

| T — Texiemal transifion Tund
I ————— > internal transition func. I
?event : input event |
levent : output event I
| [condition] : conditions on state transitions

gy g 2d o] thojo] 13

g

<Figure 5>(a)= DEVS ¥4} =&l o] tho]o] 23)-& LpepiT
DEVS 97} Ed o] &(X1)Z Z8(Y1) oM E < tholo] 18
HPRZ:9] of Qo Aztg o2 B4 stk dAt Bl o] dHe
etglo g Jeh o, Aeje] A7t AZ(time advance)gh-S B
ol A 3 52 W E Yedth o & 01, <Figure 5>(a)
o] “State Aol A JF oW E X1"& ¥l cond29] S W
5} ‘State B’ 2 H o] 3t= W 8-0] ‘34/\]5101 AT} <Figure 5>(b)

2 9 9] <Figure 5> Zo| &

= DEVS A% 2499 tolojails et & S0,
<Figure 5>(b)¢] A% Rd& AM17} AM29] ATVE 7de
Egsta k. Agt 2o A2 A (coupling relation) 2
S Ed ATIE w59 ¢ 28 oHIES ddste 4
A PR AR

() 7V 2o 2% =g

o|H Ao M Al 4.2.18 04 A3t 7Pt Bl e o]4t
A Bd F Bde] F2E R¥se A% Zdd tisiA A
3t} <Figure 3>3 20|, 7Mdt Rl o] g wdl & 7Pkt
L&(CGF model), #ul] 29 (squad model), B =2 (team model)
23 AP Zd(soldier model)©] Tk T2 <Figure 6> 7}
gt RE o AR A% Bdl S toloj g o2 T

<Figure 6>(a)= 7P 2 2aS Yepdid, 7P 2%

____________ =
— 5 : External Input Coupling (EIC) I
___> : External Output Coupling (EOC) |
—.—.> :Internal Coupling (IC) |

———————————— —

@%5‘:&,% o 2 8 2d 2 FAE o] o 7
T 22 AU 71¢d YF-E ¥il(scena-
D ARE 7|E357] Yot 7t oo Eu

3
£ 952 Bl tKreport out). FTF T2 Bl 479 |
#(order in)E IO Z RS B&E0) 34 Rde H7 T
T ZH 25 Ab(dead out), 7 1 (mnv_out) 1L A
2 3(det_ out)ﬂig: Wy, &2 A3l env out)E 2% Euo
A Adgsich w3 A7y 7 2lle ZqE(ﬁre out) =
W Lozt WA S R Oghth <Figure 6>(b)= £y

O

B 5 A AAE RFEh A7 £ U“é"ﬂt“rm
o] § ®do] Exata 7} g8 2o A5 A9 A,
71%, HA ARE o) 9 =8 oWl EZ YR 59
A TlY F Y © 5, H7 2 19 (blue team]) Bd-
Alue] o] wE A HEs g o, A7 #d 28
(blue team2) oA A H R HH (order out)= M3t
23S 48 ) <Figure 6>(c)E v B 29 o A2 B
AE Yehith © a3 71 9] 2]t (team leader) 2+ Y] 7] 2]
} (soldier) 2dZ FAAT Yrjot ApES 3¢t HAE
2 Z4Ape) A, 7% 18] 3 BX) AR E 9RE Bua, A
B (report in)E BT NAl A&} <Figure 6>(d)= B T
A F syl APE Y] Ae o] thojojafo|t) APY B
98 oA} AR (decision making), 7]E(maneuver), B A](detec-
tion), 1L A(fire) 22] 3 I] 3% 7K damage evaluation) R Z

o _&
PU HN

B
R
=
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Computer Generated Force Blue Squad
Blue Squad Environment Blue Team 1
Dead_out Dead_in Drder_in . Dead out Dead_out
Mnv_out Mnv_in —t>Order_in Report_out
Env_in . Report_out
Det_out Det_in —t> Env_in ) Fire|qut
S Fire_out
ioCei:ar [>4>0rder_in Fire_in o v M| qut
Réport Env_in Env_out > Firein nv_out Dbt|aut
_out <F<|Report_out Det_out
Fire_out Fire_in
‘ ‘ Order_out
Y y W
Fire jn fire_out Order_in Dead_out
Dead_out [>- Report_out
Mnv_out [>— > Env_in Fire_out [>r
Scena Det_out [—r Mnv_out
rio_in [ §rOrderin > Fire_in -
Repotg<|report_out Det_out [>—
tout Env_in
Red Squad
Blue Team 2
(a) (b)
Blue Team Soldier
Report out Report_out | - Damage Evaluation
Team Leader, Fire in - £>Fire_in Dead_out
Order Dead out Dead_out Fire_out Eval_out[>
>—‘4 Order_in
- Order_out Order, -
ire_in " t Fire %t_q Flléﬁn Deaa‘;‘{n
= Fire_in Ire_ou i Order_put
) nv_out Mnv_put Order_in Order_in Order_out] =.
> Env_in b out Det bul . ) Decision Making R
<] Cantrol_out Soldier Model Epmt*mbReport_in Report_out] eport but
Action_in Stop_o .
Det_out é:] M"ﬁx'” Det_out ADef in
Obségvatiqn  |Report = M Fird/ )i nv_put
ut _in —<Mnv_out out utl_ | L
. L] Fire_out - - )
(Repart_in Report_out Fire_put
L ction in Order |
ﬁ I Observation_out g Sto 0 Stop Enemjy Stp Det
Control_out in| outf [in \out i 1
Fire_in -l Dead out DMin i DMin D!\;T‘_/in
_ Eny_in Dead_in, | -
Con % — Action_out Maneuver Fire Detection
bservation Observa
i o b 2 Deal ead Env Env
_in I-‘?ctlonfln ti ﬁ-"”t in gkﬁ% in _out
Ao ontrol T
I _out Env_put
Env_i Observation_out
Team POMDP
Control_out
(c) (d)

Figure 6. Coupled models in the CGF model : (a) CGF model, (b) Blue squad model, (c) Blue team model, and (d) Soldier model

At A 2o AXHE R SS DEVS YA} Zdo|n,

Ay BEle AYHE BdlSo] Aste o[ HEES Rz A

golal, Qo AgE oHEE Uz mde] oY oWE
Aggi,

E

2) 7Pt Zdl o] YA 2d

ot Aol A& Al 42184 A3 DEVS FAES A&
A A 7t RO oak Ak B ) HElo] s
oyt YA mdof tisfA] A sttt <Figure 3>2] 7
2o ¥38 DEVS 94 Zd-8 37 (environment) F.2 3}

= A 249l 7)1 (maneuver), 2L H(fire), BA(detection),
J]BH % 7Hdamage evaluation), 2JAF2 4 (decision making) %2
o] itk 7t A} mellof 8 9] -8 Th5- <Table 2>l 7HHH3]
71Esth
919 A 2d 7, 7P B 728 Ha e oA A
wdlo] tho]o] 1S shte] o Al 24 AT gtk AL A B
4.8 27] Ae(ready)oll A JF-ZHE 2HA 8 (order in)o]
A oHER So0jow, A Ael(decide)E Holste] B
&£ gfotstal A5 A & v 3 (next action)= A7
sht} 1 uhe 2 o= AT JhAQ 3% 3 (course



POMDP-DEVSE &8-3 A F /A 2d¥

Table 2. Model behaviors of atomic models in the CGF model
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Atomic Model

Behaviors

o

Describing position of combat-entity models, and elevation and landform in the battlefield

Environment o Affecting maneuver, detection, and result of engagement of combat-entity models
o Updating position of a combat entity model according to the result of POMDP model
Maneuver o Deciding new position of a combat-entity model reflecting mission objectives and formation in the
POMDP model
Fire ° Describing direct firing engagement between combat-entity models
Detection ° Detecting combat-entity models with detection range and battlefield

o

Forwarding detecting information to decision making and team POMDP model

o

Damage Evaluation

Evaluating damage and death of combat-entity model using the result of engagement

Decision Making

o

° Deciding mission of the squad using scenario and detection information
Controling maneuver, engagement, and detection models based on detection information

of action)o] It FF W2 AF A7 2 Foll
gtopd d¥ e PFEEH, A wedl] 7INkE FaL Alue
Q. st FAE o A AL aE] ¢} 3749 Ay
QE nigto gy RdoME A2k 7)Ftactical move;
TC_Move), "l ET)7](ambush wait; A Wait), A A2 (cover
fire; Cvr_Fire) 12]3 7 7]%(charge move; Chr Move)2] 3}
TES ol&ate] B AT A tgt BF FHlo] FAH
o] Atk 7 AT JfA 9] 5 WL AT AT A A
= Foiet AE JhA o] Ao mEtM g Stk A & &
g 1E g9 s S 2 1" AP Y s i
g2, 2 28 2H Y @ A E g2 old tfe
AT A Y s e Aelatr] s, 7P ZEoA
T <Figure 7>3} 2o] g5 W3 o] FA o FAglo] AL 2A
= @5 e IPER YA 2A BEl S o] 833tk vk
A Bl A= ;gr;q we o]u]]EE E34 3% 1

A WA T

2

A5 el A AT S £ATT A AR AE
o]  A419] s} 2 o] el report_out) S

F5S AA 8= el (decide) = o] 3k
35 ol A2k 7]%5(TC_Move)
F A o AEIE TC_Move’
A2 A 0]6]-1:]- o] 3k ﬁ[‘ o 28| & Stop’, ‘R_Fire’ 22|31
‘Report’ &} el & 7%4 ‘Decide’ A= o] g}, ‘Decide’ 4
goll e oAl Al W3S s, o] 35S HdEst
3 720 gk AE R Holshe S gt

43AFAA S BT 2D 7=

2Rl HEAAS G5 2d F 53 L gAo P
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Figure 7. DEVS diagram of decision making model
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Table 3. Terminology in POMDP model
POMDP Model
Notation Implementation Description
S <Z, B, ;> a set of states
A <:, Z> a set of actions
4 <E7 57 ;> a set of observations
T (O 0u) A0+ pricos o+ N0, 1), ey, prising, +N0, 1) transition probability
(8. 8,8, + N, 1), 8,+N(0,1)) g is not changed
0 <a, B, 9> if LOS=true <a, NULL g> if LOS = false observation probability
R Wy T goat (85 @5 8" ) FWpoion T formation (5 & 8) F Wiereerca Tacreatea (5: @ 87) reward function

POMDP A2 ZAHapproximation)3}7] H3l &A4|<] £ F
9l featureS ©|-8-8}= 4% (parametric) & (Bertsekas and
Tsitsiklis, 1996) <2 Monte-Carlo *}*H (Bertsekas and Castanon,
1999)(Chong et al., 2000), particle filter 5] B] 2-4=2(non-para-
metric) 3£ &(Doshi-Velez, 2009)S A3l ket 919 A2E2
-8 29 POMDP FAI 0l th&h el A PARE AA] A5
A 2l o) H&sl7]dd = A7FER = (time complexity)Holl
A A3 SAE B tlale] B gaolgte E4 &
A& 913 F-¢k 2k POMDP ZAI 50l tidh 2AF gl g2
= o @A S A & o Aok £ AN e 22
A HA F= g 53td 2AF dare]F 5 52 nominal
belief-state optimization(NBO)(Miller et al., 2009) &1 2]&& A}
83t POMDP Y| 5 A4 d1e|E-& 7dstars st
NBO<= ozl 24 (4)¢h 2o] AT it

H—1
V'(b) = maxm,,---,a,,,l)z R(b; a,, b, 4y) )
=0
where A : planning horizon, bA0 =b
919} Aol A o] F0) 7 belief state bl A F01 71 5 ]
‘}:‘E— ((107"'701[-[71)% %%gi}ﬂ ?:‘L% _/|: 9)]\% q’% behef

state S-S PR Al S 3 (sampling) 3F3L 1 W] 9] beliefES 7|
HFO 2 value functions 7-5HA] Btk o] W) A belief state =

Table 4. Pseudo-code for NBO algorithm

(1) Define nominal belief-state sequence (b, -+, b,_,)
(H : given planning horizon, b;: b)

I;t+1 :45(17;, a,)

where @ : nominal belief state update assuming that
the random noise is 0
(2) Define approximate value function
H—1

V(b) = 2 R(b;v Gy bt:-\l)

t=0

(3) Optimize over action sequence (ay, -+, az_,)

Az 5 slto] thE belief stateS nominal belief states}

t}. nominal belief state 2] A4+ F 2re] POMDP 87 4
ol &5 2 #F F& A A FAG dY A E 002
7Hg3ta 71 & o] =2 kol tigt th- time stepoll A
9] belief state 2 A AHE T},

NBO ¥i8|FS AHEste] A 2= g 742 ol 9
<Table 4>9} 2t}

A9 A} ZE(pseudo-code)oll A HEo] NBO ¢ &2
nominal belief-state approximationS HFRO.Z (2)oA] value
function (g, a, ) ol & F42 £287 ()49
o] 35 HA3lstE optimization FFS AX HA Y P
AFAE 3 B Ao A= optimization FA S 7] ¢
3} MATLAB] fimincon 32 AH&-3H3 T

4.4 o] AL B3} 5 2l JEF o] &

£ A7) HE /A Bd& AT ANAE o2k Ak BE(DEM)
% RIBM)E FEete] SHA R e &, A
O|&E Tl F Ed-& AZgt o Ho A= o4t Ak
zdl7} BMO 4 9Jal ARE-gF QIE| s o] 20f ) A] ApA)E]
Av 3t} <Figure 9>+ ¥ L (<Figure 6>(c))2] tho]ol 13
=, o]ak Ak Zdl(team leader$} soldier model) ¥ 35 =l
(POMDP model)2] 912 #A & Fx5te] R d3ATh

Team Leader

Control_out

Observation _out

Action _in

-— Control_in

= Observation _in

Action_out

Team POMDP

Control_out

Observation _out

Action_in

Solider
Figure 9. Coupling information between DEVS models(team
Leader and soldiers) and POMDP model(Team POMDP)
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<Figure 9> 5T 7|4 B9 55 Ast7] Hs) o]it
A 2d(team leader and soldier; DEVS model)¥ 35 2@l
(team POMDP; POMDP model) AFo]ollA] o] Z0iz|& WA A
W E-S Yepdith ik AL BEl e fF R A g
A7 9] Agk Alg(control_out)¥} ¥ Fh(observation out)2] W]
S H "o 47 83 € W AF jA Rd S dHE
sl Y5 Ldle A H 5 (action out)S oJ4F AR B
oA AEsith & AFx e AT A 2 85 7, 4
o 9 2d9] 7|F 5 AAst=H <Figure 9>9F 22
< 483tk /Y 715 A W& A wEld 7]E o
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o] 24, © FAHLEL 239 715 N¥ S w7 F
st ok 3L | 7)F FoE, ¥ 2 Ui AR AAE
& A A AREA, A a2, A" 7 F2Y 9
A 5)e skl 71E WH(lE B R Vs £5)2 24
gt} & A7 AE A 2P oA REd g wdl
o] W 3ksh= WA A 9] U2 <Table 5> U}-§-3} 2T} <Table
5> o]k A mda 9] il Alool A ke = A4
o] W&o] w3 DEVS ZE o] o] E o} w3hE & WA A

7} 93& 5 POMDP 29] 8] ws=e] v ¥ 2 A
3ttt

Table 5. Relations between variables and model specifications in DEVS and POMDP

. . Components in .
Variables Message Inputs or Outputs in DEVS Implications
POMDP
Current . A component of ) )
) Mnv_out in Maneuver - Current point of the combat-entity model
point state, o
Maximum . . .
i Involved in policy |Maximum maneuver speed of the
maneuver Control_out in Maneuver . i
- computation step |combat-entity model
speed
Objective Mnv_out in Decision A component of | Mission maneuver point of the
point Making state, ¢ combat-entity model
Maneuver Mnv_out in Decision Involved in reward | Mission objectives of the combat-entity
objectives Control Making function model
Maneuver Mnv_out in Decision Involved in reward | Maneuver formation of the team which the
formation Making function combat-entity model joined to
Detected ) . ) )
) . . ) Involved in reward |Detected information of the blue in a
information Det out in Detection . . . . .
- function specific time of the running simulation
of the blue
Detected . . .
) } . . A component of |Detected information of the red in a
information Det out in Detection - . . . .
- state, 3 specific time of the running simulation
of the red
Detected
information Det out in Detection Not Used Current point of the combat-entity model
of the blue
Detected . . .
) i ) . A component of | Detected information of the blue in a
information Det out in Detection . - . . . .
- observation, [ specific time of the running simulation
of the red Observation
Maximum . . .
) Involved in policy |Maximum maneuver speed of the
maneuver Control_out in Maneuver ) :
- computation step |combat-entity model
speed
Current . A component of . )
i Mnv_out in Maneuver P . — | Current point of the combat-entity model
point observation, «
Maneuver direction of the combat-entity
Maneuver A component of o .
L . - model to maintain maneuver formation of
direction action, ¢
) ) the team
- Action Action_in in Maneuver
Maximum .
A component of |Maximum maneuver speed of the
maneuver = :
action, r combat-entity model
speed
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Aolut A& &I (combat effectiveness)oll T]X|= F&FE S
TAsE A 783 dojtk & HJ/HQ 53 F 4] o
& AHE S5t w48k Ao] Basit) wEkA & AT
M= A5 S =(combat effectiveness) AFZ AT AHEF]
= T3 &(damage ratio)= A5 AG-= AHESFITHA (6))
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A gl &2 Y IF 531 AHS gF sk BA
A E5E ARE Adeta e S st wrle] An
£ sk, A Foll Y& H7e] v E 27] Mg vl
sto] HE=Z UEpiTh %Lﬂ el &S B 18A ZdE
o] Y5 AAo| AAl HF BHE| LA WP =A] ot
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Table 6. Experimental design of the battle experiments
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Variables(unit) Variation Range

Implications

Dispersions in the
. 1.1, 1.65, 2.2(3 cases)
formation, d(m)

Distance between two combat-entity models of the maneuver
formation

Angles in the formation,

120, 135, 150(3
0(degree) > 135, 15003 cases)

Angles between team members in the maneuver formation

Maneuver
Behavior Model

DEVS model, or
DEVS-POMDP model(2 case)

Behavior model describing maneuver of combat-entity models

total cases 3X 3 X 2= 18 cells

Each cell is replicated for 30 times

ST wj7hA] AP At AE A 1 t
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Figure 10. Screen captures of the battle experiments (d : 2.2m,
© = 135) : (a) Initial position of red and blue teams,
assault of blue team 1 in (b) DEVS model and (c)
POMDP-DEVS model
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Table 7. Experimental results for formation violation penalty

Avg. Formation Violation Penalty
(d 0) Blue DEVS Model POMDP-DEVS
/ Team # | (95% conf. | Model(95% conf.
interval) interval)
1 21.13(£1.12) 2.04(0.29)
(1.1m, 120°)
2 22.66(2.40) 1.54(+0.11)
1 21.11(£1.11) 2.71(£0.33)
(1.1m, 135°)
2 16.50(£1.93) 2.73(£0.33)
1 19.13(£1.12) 3.53(£0.38)
(1.1m, 150°)
2 13.55(x1.84) 3.51(0.45)
1 21.41(£1.27) 1.94(x£0.21)
(1.65m, 120°)
2 16.79(£2.67) 2.00(x0.14)
1 19.87(£1.56) 2.39(0.23)
(1.65m, 135°)
2 15.79(£1.80) 3.12(x0.25)
1 18.60(£1.27) 3.48(x0.31)
(1.65m, 150°)
2 11.67(£1.48) 4.49(x0.28)
1 22.13(£1.17) 1.77(x0.15)
(2.2m, 120°)
2 15.28(£2.91) 2.06(£0.16)
1 19.98(£1.54) 2.38(£0.22)
(2.2m, 135°)
2 11.95(£1.84) 3.26(£0.14)
1 18.90(x1.29) 3.27(£0.35)
(2.2m, 150°)
2 12.29(+1.16) 4.70(x0.32)
<Table 7> 4 714 DEVS 22 9] 7%t g 9Juk Eo]<]
gtol 7Fd=* POMDP-DEVS Edo] ]3| B2 02 3~15H)
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M= Bl 199 gjE 99t Eo]9 iz 2 289 o §
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ol tisli A -1 8l(marginaliza-
tion O}OE] l‘ﬁg*—i }2}\1}. <F1gure 11>& < (<Figure 11>(2))F &
T(<Figure 11>(b)) 9] F31&-E tha &4kl thafA Fuisteh o
232 o] a1, <Figure 12>+ A (<Figure 12>(a))} & (<Figure
12>(b))9] H3 &S thE A=o thafjA T3t 12z olrt.
<Figure 11>} <Figure 12>¢] 23} POMDP-DEVS 2.&-& A&
A | 2o S A3 459 DEVS ZHlvk ARg-shof
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J= Apoju= AL gttt o9 2HE 53, AT 4F

A AT A 2 i E §A 5L AR EREd e o
S FUSS IS 53

Q) et Zd S T A A 24

Ny Al e Hal & Wl oS4t dE 24
3l A ApAllS] 2238171 el A3 37 4 (linear regression
analysis)< T stAth A% 37 242 POMDP-DEVS 24
3 DEVS 2ol tiai A 42 a)atl om, s A4 At
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Figure 11. Average damage ratio marginalized over dispersions : (a) blue squad (b) red squad
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Figure 12. Average damage ratio marginalized over angles : (a) blue squad (b) red squad

Table 8. Standardized coefficients from the linear regression analysis

Behavior model POMDP-DEVS model DEVS model
Performance measure Damage ratio of the | Damage ratio of the | Damage ratio of the | Damage ratio of the
blue(p-value) red(p-value) blue(p-value) red(p-value)

Dispersions in the formation(d) 0.107(0.080) 0.17(0.777) -0.74(0.226) 0.01(0.984)

Angles in the formation(©) 0.072(0.235) -0.11(0.859) 0.15(0.806) 0.027(0.664)

Adj. R-square 0.17 0.00 0.06 0.01
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