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A Reverse Simulation for Developing Defense Systems based on
Simulation Models

Seon Han Choi' - Tag Gon Kim - Ki Byung Jin - Kyung Tae Park - Dong Cho Shin

When analyzing the effectiveness of a defense system in a virtual battlefield with a simulation model is
referred to as forward simulation, reverse simulation is required to design a good defense system with high
effectiveness. That is, using the simulation model, it is necessary to find the engineering factors, measures of
performance, and operational tactics that are demanded to achieve high effectiveness of the system. However,
the efficiency of reverse simulation is still a concern since many replications of forward simulation are required
for conducting reverse simulation. In this paper, we introduce various efficient algorithms to reduce the number
of replications and a reverse simulation tool for utilizing these algorithms easily. The tool allows practitioners
to easily and efficiently conduct reverse simulation for design a good defense system based on simulation models.
This is demonstrated with the case studies on the design of warship’s defense system and the design of military

network system.

Reverse simulation, Reverse simulation algorithms, Reverse simulation tool, Defense system,
Model-based design
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1

Forward simulation: f(X) =Y
(for analysis and training)

x Simulation model y

IMOPs, Eng. Factors, f(X) 2MOE
Operational tactics

Y — |
Reverse simulation: f~1(Y) = X
(for design and acquisition)

IMOP: measure of performance, 2MOE: measure of effectiveness

Fig. 1. Concept of the forward and reverse simulation
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Reverse simulation problem definition
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We have ...

I:A simulation model: X; @ =Y, +N(0,0%)

A set of input alternatives: {X;, X5, ..., Xi}

Stochastic noise

Then, which input alternatives have Y; greater than 20?
=> Reverse simulation problem: S = {X;|Y; > 20}

Since there is no inverse
4 l7 model of f(X
Reverse simulation f( )

k input alternatives

Independently repeating
forward simulation

N samples

= S can be estimated as {X, X} <——

*y EN

/N ~N(Y;,02/N)

Fig. 2. Conducting reverse simulation
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Table 1. Various R&S algorithms based on the four approaches

Output requirements

Optimal computing
budget allocation
(OCBA)

Uncertainty evaluation
(UE)

Expected value

Indifference-zone (1Z) information (EVI)

Selecting the best input that maximizes(or minimizes) simulation output.

Best input

Choi and Kim (2018c);

Chick and Inoue (2001) Choi et al. (2019b)

Kim and Nelson (2001) | Chen et al. (2000)

Best and worst

Selecting the best input that maximizes simulation output and
the worst input that minimizes the output simultaneously

inputs

| Zhang et al. (2017b) | | Choi and Choi (2020)

Selecting the best-m inputs of which the simulation output is within top-m.

Best subset
(best-m inputs)

Chen et al. (2008);
Zhang et al. (2016a);
Xiao and Gao (2018)

Wang et al. (2011) Gao and Chen (2015) | Choi and Kim (2018a)

Best and worst subsets
(best-m and worst-n

Selecting the best-m inputs of which the simulation output is within top-m and
the worst-n inputs of which the output is within bottom-n.

inputs)

‘ Xiao et al. (2017) ‘ - |

Ranking within

Selecting the best-m inputs of which the simulation output is within top-m, and
identifying the ranking of the best-m inputs simultaneously

best subset

| Xiao and Lee (2014) | | Choi and Kim (20184)

Identifying the ranking of all inputs completely.

Complete ranking

Xiao et al. (2014);
Xiao et al. (2019b)

Beirlant et al. (1982) Choi and Kim (2018d)

Identifying the ranking of subsets that consist of several inputs.

Subset ranking

‘ Zhang et al. (2017a) ‘

Selecting Pareto set in multi-objective domain

Pareto set in
multi-objective

Lee et al. (2010b);
Frazier and Kazachkov
(2011)

Lee et al. (2010a)
Li et al. (2018)

Butler et al. (2001);

Teng et al. (2010) Choi and Kim (2018b)

Best feasible input

feasible input that maximizes(or minimizes) simulation output under
given stochastic constraints.

Selecting the best

with constraints

Andrad E)ztt(;ll'()i;lld Kim Lee et al. (2012) Choi et al. (2019a)

Best feasible subset
(feasible best-m inputs)
with constraints

Selecting the best-m inputs of which the simulation output is within top-m under given

stochastic constraints.
| Xiao ct al. (20192) | - |

Feasibility determination

Selecting all feasible inputs that satisfy given stochastic constraints.

Batur and Kim (2005) |
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Algorithm 1: Sequential allocation procedure

11 collect n, output samples (i.e., ifi) for each input X,
where the input index i€{1,...,k}

2: set the number of allocated samples at X;, N, <n,
for each ¢

3: calculate the sample mean ?l and sample variance s>
using the collected output samples for each i

4: while Zf_ | N, <T do

5. set Acmin(A T—XF_ | N)

6: allocate A depending on R&S algorithm

(i.e., calculate additional number of samples to

be allocated at X, a, for each i, where

ZF o, =A and q; >0)

7 collect a; output samples for each i

8: set N.<—N, +a, for each i

9: update T’l and s? using the collected output
samples for each i so far

10: return solution selected from ?l by R&S algorithm
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Simulation Simulation Simulation
model 1 model 2 model m
Forward Forward Forward
sim. engine 1 sim. engine sim. engine,

2 m
Adaptor Adaptor Adaptor

Y LY Y

Network connection

R&S algorithm
[—

Engine thread 1

R&S algorithm

Engine thread 2

[4{----»{ Client GUI 1

[4{----»{ Client GUI 2

R&S algorith .
LEOMNM [le—» [4{----» Client GUIn

Engine thread n

Network server

Reverse simulation engine server
Fig. 3. Structure of the reverse simulation tool
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=#include "RSAdaptor.h"
#include "RSSimWrapper.h”
#include <iostream>

static CRSSimMrapper *g_wrapper = new CRSSim¥rapper () ;

double Simulator(int _gui_id, std::map<int, CSimParamDesign> & param_list)
{

g_wrapper->SetParam(_param_l ist)
return g_wrapper->sinulate(_gui_id);

}

Callback function

=int main(int arge, char+ arav(l)

if(arge < 2){ 1
std cout<<"[EXE] [SERVER_IP] [SERVER_PORT] "<<std":end/; Rengter

return 0; ﬁ

CRStdaptor _adaptor (9_wrapper->GetSimInfo(), Simulator, argv(ll, atoi(argvl2]));
_adeptor.Start();

Starting the adaptor

delete g_wrapper:

}

Fig. 4. Example of implementing C++ callback function
in the adaptor.
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5] Reverse Simulation GUI - x

Parameter List

D Type Range Setiing
» Continue 1000 ~ 5000, 500 Setting
2 s Continue 3~18.3 Setting
3 Decay Operation Time[Sec] Continue 200 ~ 500, 50 Setting
4 Warship Evacuation Degree[De,,,  Continue 0~ 180,30 Sefling
5 Worship Evacuation Speed[m/s]  Continue 9~18.3 Setling
[ Decoy Tactics Discrete P1P2PIPY Setting

Problem Select Problem Description
R T — | Find s of Inputs() whose aufputf00) fs masmurn,

puts)
bssts(Best-m and Worst-n inputs)
ot cubset

§ B aal S nmemwg

10, Bestimax) feasible th constraints

Algorithm Description

Description of Selected Algorithm Undate
Parameter

List
Algorithra

Fig. 5. Screenshot of reverse simulation GUI client: input
parameters’ configuration, output requirement selection, and
R&S algorithm selection(Kim, 2015)

Maximum Value Step

| 500
Add Value Delete Value

Minimum Value
Automatic Setting o

Value
Manual Setting  [J v

Automatic Setting

- Set the parameter with the values are generated at an interval of step
value in the range of minimum and maximum values.
- This mode wouid be selected by *Automatic Setting® check box, and the
parameters are set by min / max / step value.

Manual Setting

- Set the parameter with the values are entered by user

- This mode would be selected by "Manual Setting” check box, and the
parameters are set by user input value.

[ e Il ]
(@

Discrete Parameter Setting - x
Select D Name
H P2
3 P3
0 Pa

Fig. 6. Screenshots of reverse simulation GUI client:

(a) continuous input parameter setting, and
(b) discrete input parameter setting(Kim, 2015)
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Fig. 7. Screenshot of reverse simulation GUI client: monitor and control the process of reverse simulation(Kim, 2015)
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Table 2. Design parameters of warship’s defense system
(i.e., input parameters of the 3-stage defense system
simulation model(Lee et al. 2006))

Parameter Range Description

Py 120,401 Nm/min) Velocity of SAM

Pojumr [20,30] (sec)  Response time of SAM
Poyrrpn [0.3,0.7] SAM’s probability of kill
Py [0,0.5] Success probability of ECM
Poyarr [0,0.6] Success probability of chaff

AARE AF Algeold E-E HiO2 oHeF A
Eeolde stglon, R&S darej&e] getulE n,
o AL 7471 203 20005 ARk S A%
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=0.5, Pryyp=0.61011, o] Aeo] gk P{CS}= |4
Somol ol ek, 2+ Yeie] chel abe] < A
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oz 2k 30| A7} e AlEdo] S =5 2
2 AAIS} FUT FEol 99%0]”) Table 3> W3k
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Table 3. Comparison of reverse simulation time spent for
warship’s defense system design with and without using the
reverse simulation tool

# of forward Time spent
Est. P{CS} simulations (hour)
Not applied 0.99 1,263,600 350.2
Applied 0.99 29,860 8.1
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Table 4. Design parameters of NCW network system
(i.e., input parameters of the simulation model in Figure 12)
(Choi and Kim, 2019a)

Range

P eter | Type (or values)

Description

Ppg Cont. [100,6400] (byte) The size of packet

The transmission

P t. [-1040] (dB
rp | Cont. [-10,40] (dBm) power of node
The transmission
P
. Cont. [0,20] (dB) gain of node
The reception gain of
P ¢ 020
RG Con [0.20] (dB) node
Th 2.11 phy I
Py, Dis. 1,2,5.5,11 (Mbps) ¢ ¥ e

mode of DsssRate

o2 ROCE 335t YENA A28 A
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PS | War game model | L > P2 (End-to-end
L
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Pre, v LY —PYL.Z (Packet
ns-3 network model

delivery ratio)

Fig. 8. Simulation model for analyzing effectiveness of
NCW network system(Kang et al., 2019)

Table 5. Comparison of reverse simulation time spent for
NCW network system design with and without using the
reverse simulation tool

# of forward  Time spent
Est. PCS} simulations (hour)
Not applied 0.99 24,405 405.7
Applied 0.99 1,780 29.9
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