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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 synthesizing modeling methodology for combat entity
models considering both 1) the exact behaviors using 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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Table 1. Variable list used in the computer generated force model
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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 A w
A gttt 4
o} ot

dlo o
f=2=1

2] Zo]t} (Zeigler, 2000). DEVS
S ol&st] AFH ol BEAQ ndHS
AF el 3} A ®d o] 4=3H4 ®Al| =<Figure 4>
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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 — R*, 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 _
> > AML > P,
. P
i |
0o ta_B i lxa2 Ya2 o
=) AM2 | >—-- .
[cond~l~]T\T1 """"""""""

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

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

———————————— —

Figure 5. DEVS model diagrams : (a) atomic model (b) coupled model
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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 —1>Order_in Report_out
- Env_in . Report_out -
Det_out Det_in —t> Env_in Fire out Fire|qut
ifei:ar [>4>0rder_in Firelin| y B M| dut
Réport Env_in Env_out > Firein nv_out Dbt|aut
_out +<|Report_out Det_out 3
Fire_out Fire_in
‘ ‘ Order_out
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 Mnwv_put Order.in Order_in Order_ouf =
> Env_in b out Det bul . ) Decision Making R
<] Control_out Soldier Model Epmt*mbReport_in Report_out] eport put
Action_in
Sto&éﬂ Mnv,_in .
i Det out FAN Det_out ~Def in
Obségvatign Reporti = Mnv Firey T nv_put
ut in | —<IMnv_out out utl_ | 1
- L—|Fire_out - - 5 )
(Repart_in Report_out Fire_put
L ction in Order i
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 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 RO 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
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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
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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 ZAKapproximation)3} 7] ¢J8f #A412] EA4F
9l featureE ©|-8-3l= 9=H(parametric) ¥ (Bertsekas and
Tsitsiklis, 1996) <2 Monte-Carlo *}*H (Bertsekas and Castanon,
1999)(Chong et al., 2000), particle filter 5] ¥] 242 (non-para-
metric) 3£ A(Doshi-Velez, 2009)S AHS-3l kit 99 HEES
-8k 2+ POMDP FAI S0l th gk 3 A AT AA] AT
A 2l o) 28317 A7 B S time complexity)Holl
A A3 SAE BRIk iAo A= gaolghes 543 &
A& 95k Fok A-POMDP A S0l ti gk A darglEe
= o A HHE AAS = 5 Aok & ATl M= 22
A HA A= "o S3td ZAF darelE F shlnominal
belief-state optimization(NBO)(Miller et al., 2009) &1 2]&& A}
&3 POMDP Y| & B A Yae|Es /fdst izt gt
NBO<= ozl 2 (4)¢h 2ol 2T = Sltk.

H—1
V'(b) = max, .., 23 Ry ap b, y) (4)
=0
where A : planning horizon, bA0 =b
91} Aol A ®o] o A belief state bl A 0171 35 ]
2E (ag - a, )8 ATLEA E& F S5 T belief

state 52 LA T A1 Z-2)(sampling) 3t 1 ] 2] beliefES 7|
HFO 2 value functions -3HA| Dtk 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_,)

B A= H 39 L belief stateZ nominal belief stateZ}
2t} nominal belief stateS] A2+ ¢ 2re] POMDP 347 A
B Mo g& 3 #& gE A A FUE Ay A2 5002
71438kl 718 o] & I gholl ol § thartime stepoll A
9] belief state 2 A AHE T},

NBO €12|&& AME-ato] 27 Z =2 &4 AL ofgf o
<Table 4>9} 2t}

A9 A} ZZ(pseudo-code)ol| A HE0] NBO ¢ &2
nominal belief-state approximationS HFRO.Z (2)oA] value
function (ag, - a, ,)o & F42 T283 ()49}
o] erE A 3ot optimization HFE AH HH 9 AF
AFAE T3 B Ao A= optimization FA S 7] ¢
3] MATLAB 9] fmincon &5 AM-3F ATk

=]
-
=]
-

4.4 o] AL B3} 5 2l I F o] &

£ A7 HF A B AT AE oA A EEDEM)
3 YF TABMZ TRt} ZUHOZ AL T el
O|£E T F Ed-& AAg ) o Ao A= o]4t Ak
w7 BMO A4 93 AHE-g AE F o] 20 t 3 4] AFA 3]
Av 3t} <Figure 9> © FH(<Figure 6>(c))2] tho]oi1]
=, o]ak AbA Zdl(team leader$} soldier model)¥ &5 =d
(POMDP model) 2] 9174 #AE 28t T A

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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W ES YET: o AP BEl e 5 REoA PF
A7 o] Ak AF&)(control_out)?} ¥ Zh(observation_out)2] Ui
&5 EU HY JF W E U AF A DS HEHE
Ageta, 5 B2d- 24 H 35 (action_out)S o2 AR &
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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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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 AFE APAA AT o) 259
715 W3S A4 N2 7)E il i E 9] Zhe(d)9)
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Figure 10. Screen captures of the battle experiments (d : 2.2m,
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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(x1.12) 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(x1.80) 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(x1.17) 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)
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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 :

Table 8. Standardized coefficients from the linear regression analysis

072
07
0.68 - |
0.66 | -
064 -
062

1.65

Dispersions in the formation (m)

(b)

(a) blue squad (b) red squad

Behavior model POMDP-DEVS model

DEVS model

Performance measure

Damage ratio of the | Damage ratio of the

blue(p-value)

red(p-value)

Damage ratio of the
blue(p-value)

Damage ratio of the
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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