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ABSTRACT Combat systems are developed by utilizing stangkeddrameworks, such as the V process,
with testing paired with validation and evaluatiM&E) at every phase. To achieve that, V&E requites
ability to utilize both simulation data and reakalgenerated during development. This article psepa
data-driven V&E system (DVES) that integrates thtadypes of V&E and can be utilized for all phasks
the V process. The proposed system consists ofaact#lection module and a designed and implemented
V&E module. The data acquisition module functiossasfile system for simulation data acquisition and
data distribution service interface for interopematwith real systems. The V&E module consists of a
mathematical analysis model and a graphical arsaiysidel. To test the proposed system, experimesris w
performed in scenarios using simulation data arad data and a hardware-in-the-loop simulation of a
submarine was conducted. Through the experimemsilts, tactical analysis and radar performance
evaluation indicators optimized for target engageinsmulations could be identified and torpedo Eun
procedures were verified. This is expected to redbe development period and cost of combat engitgee
systems by replacing multiple V&E systems with DVES

INDEX TERMS Data-Based Validation, Data-Based Evaluation, Catnlystem Engineering, Data
Analysis, Validation and Evaluation

I. INTRODUCTION represents the decomposition of operational reongirngs into
A combat system, as a type of system-of-system$)(So system/subsystem requirements, components desigh, a
contains computational subsystems to perform a vaidge of  production design. The right side of the V prodessives
military functions. In an underwater vessel, foaeple, an  validation and evaluation (V&E) of the system ativas
inertial navigation system (INS) enhances the cdatinal  |evels, starting from individual components andsystems
accuracy of its orientation and velocity based atadrom  and progressing to the entire system. With the \&&Hvities,
other subsystems such as electromagnetic log esisblgl combat system developers [7]-[16] can ensure #wit phase
position subsystems [1]. For effective developmehta  of development is properly verified before movingto the
combat system, it should be built and integratedguthe V. next phase. It also reduces the risk of costlyrgiirothe final
process, which is a standardized framework to dgvel system.
complex systems such as combat systems [2]. To perform the V&E activities for combat system
The V process, illustrated in Figure 1, providesractured  engineering, both simulation data and real-worlg é&ould
and systematic approach for combat system develu8le  be obtained. Simulation data are mainly used inirements
[6]. The key concept of the V process is that galtase of  analysis phases [17]-[23]. Simulations enable thation of
development is paired with a corresponding vetiitaand  controlled environments where various scenariodearsted
evaluation phase. For example, the left side ofipocess  repeatedly. Thus, in the requirement analysis phasabat
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system engineers can evaluate the performance robaio
systems under different conditions, including raoe
dangerous situations that may be impractical tdicae in
real-world testing. On the other hand, real dat#]-{28]
obtained from development and operational evalngtimses

The V&E module validates and evaluates both siredlat
and real data. In the validation function, operslosalidation
can be performed by utilizing thB-spline method. This
approach ensures effective operational validatidheotarget
system. In the evaluation function, performanceluation

provide a more accurate representation of the myste metrics can be calculated using H®RVERS NE of the target

performance in actual operational conditions.

Simulation-based data i Real data

i
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FIGURE 1. V&E application to system engineering

By combining simulation data and real data, corspsttem
engineers can leverage the benefits of both appesac
Simulations enable cost-effective and controllesting in
various scenarios, whereas real data provide v@iga
realistic assessment, and confirmation of perfooeam
actual operational conditions. This combined apgtoa
enhances the overall V&E activities and helps engbe
readiness and effectiveness of combat systems.uBeca
combat systems have complex structures, havingpabdsed
V&E system that can be utilized for all phasesef¥ process
is important [29].

Research in the last decade has focused on dateefioh
stage of the V&E system. Some researchers havéedtud
validation using only simulation data, whereas &heave
used real data to evaluate the performance of lasyatems.
This is meaningful for individual phases of the Mgess, but
the overall perspective of SoS requires V&E redutim all
phases. For the development of a successful cosybam,
experimental results based on limited informationd a
knowledge from the initial requirements analysis the
operational test phase must be utilized.

This article proposes a data-driven V&E system (BYE
that covers V&E activities in all phases of the Mgess. The
DVES consists of two components: a data colleatimalule

and a V&E module. The data collection module has a

interface for real data collection and a file systdor
collecting simulation results. Here, the data @biten module
interoperates with other systems using data digtob
service (DDS) and Transmission Control Protocatimét
Protocol (TCP/IP) communication interfaces. It ates the
support to include modeling information for thecigitation of
simulated and real data.
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system. The V&E function is designed to be modwidrich
has the advantage of reusability and easy mainteraren if
the target system changes. To make V&E even mtwetive,
we leveraged the Unity 3D engine to visualize #milts.

In the experiments on the proposed system, V&E was
performed in all stages of the V process in thersarine
hardware-in-loop simulation (HILS) environment. The
experiments utilized simulation data and real daist, the
simulation scenario utilized data from a simulategpedo
engagement between a submarine and a surfaceosrepfty
the attack pattern of the torpedo and the evasamenwvers of
the surface ship. The engagement simulation wad tse
perform optimal strategy analysis. The scenarilizing real
data performed V&E of the submarine radar perforrean
evaluation and the launch test of the shipboangetio. The
proposed system could generate baseline indictioradar
performance evaluation and compare the resultshef t
integrated test phase with the requirements amalysi
information of the shipboard torpedo. These resdltdirmed
that the proposed system can be utilized througtimaty
process, and it is expected to be utilized in datoanbat
systems.

The remainder of this paper is organized as falow
Section Il summarizes related work on V&E systefetion
[l describes the design and implementation ofgghe@posed
DVES, and Section IV reports the experiments arsdlte
Finally, we summarize the conclusions in Section V.

Il. RELATED WORK

System development of V&E uses simulation-basedreald
data to analyze and test systems [7], [31]. Var&tudies have
been conducted over the past decade to obtain WéiEators.
Table 1 summarizes the previous research relatetheto
present study. This section describes the appmicatf V&E
based on data generated by HILS or combat engmgeri
systems.

Most V&E approaches have been applied to systefosebe
development [30], [31]. For example, Ke et al. [@8}eloped
a subsystem that combines an HILS of antiaircrafsites and
used it to conduct simulation training evaluation
antiaircraft missiles. Similarly, Zulkefli et aB3] developed a

nsubsystem for evaluating and analyzing the fueseoption

and emissions of vehicles in combination with arL$l
testbed of connected vehicles. The evaluation iiesiaded

a real engine, an engine-loading device, and aualirt
powertrain model. The above studies developed atpar
subsystems for evaluating simulation data, simitarthe
method proposed in this study.



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3299441

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

TABLE 1. Related works on validation & evaluation systems.

Related System Data-based V&E method Description
work approac approac
[7 System engineering Real data V&E - V&E of interoperability data between the SoS
. . N - Propose software and protocol for V&E of sensors
[31] System engineering Real data Validation used in smart buildings
- Proposal of interface system for evaluation of
[32] Data based Simulation Evaluation efficiency of anti-aircraft missiles in HILS
environment
. . . - SW proposal for performance evaluation of
(33] Data based Simulation Evaluation connected vehicles in HILS environment
[34] Data based Simulation Evaluation ) Design of guided bomb control system and

performance evaluation in HILS environm

Yang et al. [34] built a HILS testbed of a guideahit and
a system to evaluate the control model of the bammb to
analyze the sequence diagram. They focused onagivejuhe
performance of the target system by establishingSHI
testbeds. In addition, they evaluated their saohstithrough

simulations rather than by developing V&E systems.

Therefore, researchers [32]-[38] have focused wlation
data and performed V&E, although these works haenb

limited because performing V&E on various systerss i

difficult.

From the perspective of real combat system engimger
V&E is performed after developing the target systétar
example, Seo et al. [7] proposed an interface atitid system
for the interoperability of combat systems. The teys
interfaces during design and after implementatiefpdd
verify the corresponding system of systems. Dailef24]
introduced a data-based least-squares support veatthine
to build a combat effect evaluation model for reambat
systems, achieving higher accuracy than convedtammabat

GPS simulator Proposed system

Simulation data

training evaluation systems. Du et al. [31] anddDat al. [37]
proposed neural-network-based combat evaluatioreladar
cooperative combat between underwater unmannedlgghi
They basically combined a neural network with fulogyic to

analyze and evaluate cooperative combat patterns of
underwater unmanned vehicles to improve the system

accuracy. These studies focused on collecting aalli&ing
data generated by real combat systems to improgg th
performance. Therefore, they developed V&E systasiisg
real data for evaluation and further improvement.

Our research team has conducted various studi®&&&n
systems. For the success of the proposed DVESiudeed
most activities in V&E for combat system enginegrifror
example, we performed a requirement analysis ofbedm
systems and studied several methods of data-basEdsvich
as data analysis [39]-[43], interoperability betwesystems
[7], [31], simulation modeling [32]-[38], and pr@gnming
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V&E Module

Simulation data |

Real data based
based V&E

V&E
[

Data Collection Module

Network for defense HILS
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Real data
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FIGURE 2. Schematic of the proposed DVES for combat system engineering.
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based on a 3D Unity engine [44]-[51]. These studiezbled
us to collect real and simulation-based data ifngegrated
environment and improved the effectiveness of V&itigh
3D visualization, which is different from previosidies.

lll. INTEGRATED V&E SYSTEM
This section details the proposed DVES, systemiteathres
for V&E, and main components.

A. OVERVIEW

Figure 2 shows the configuration of the proposed=B\and
target system. It is a HILS system composed ofyaiems for
simulating real submarines, such as a global positi
system (GPS) simulator, a floating table simulatzoseabed
control simulator, a multifunction command conscéad
databases. The submarine HILS generates simuldédm
similar to those of the actual system, or the ctdié real data
can be identical to those of the actual systemekample, a
GPS simulator can generate both simulation and rei
navigation data of parameters such as locatiorspedd. The
resulting database can transmit the collecteddagal through
the network data bus.

The proposed DVES comprises subsystems of simalatol

and data collection modules with databases fromatteal
system and V&E modules. A data collection moduls ha
functions of network interfacing and data clasation for
interoperability with HILS networks, enabling daiallection
for interoperation with the HILS internal simulator
Thereafter, V&E of simulation and real data capédormed

Data-based V&E system
V&E module
Parameter setup Evaluation
¢ Parameter N
u - Visualization object * Distance loss
- Standard coordinate system -_p
- Standard time
Data analysis
*+ Validation Validation
* Evaluation * Operational
i behavior validation
Data load e ex
L, ¢ Network interface
il - TCP/IP
i
______________________________________________________________ 5
Data collection module !
i
Data collection Pre-processing Data sending
i
* Network interface « Classification * Network interface | | !
-DDS - Real data - TCP/IP
- Simulation data
Legend [ ] system —> Intra-module connection(interface)
I: Module — ____. » Inter-module connection
l:l Function element

FIGURE 3. Overall DVES configuration.

The data collection module comprises three steypshawn
in Figure 4. The first step is data collection, efhconsists of
DDS interoperation for data collection and messajjection
logic. For DDS interoperability, messages are ctdig
through connection with the DDS data bus by de§iriddS
interoperability settings and message modeling. S¢wnd

using the V&E module. The DVES is implemented as Astep is preprocessing, which includes message nparsi

modular and hierarchical structure for easy interafion with
other systems.

B. ARCHITECTURE AND METHODOLOGY OF DVES
The DVES has a hierarchical structure comprisireg\t&.E
and data collection modules, as shown in Figure 3.

First, the data collection module uses the DDS ftaiddre
in the function to collect data for analysis in #etual system
or HILS. The collected data are divided into sintiofa and
real data and are classified by preprocessingdateeare then
transferred to the V&E module by a data transfercfion
using TCP/IP communication.

The V&E module sets the parameters to be validated

evaluated by the V&E parameter setup function. The

parameters define the appearance of the visualizatject,

standard coordinate system, standard time, and ewuwib

systems to collect data or load scenarios. The aladdysis

function distinguishes whether the collected da¢argended

for validation or evaluation for subsequent progss

Validation enables highly effective validation bypdying a

B-spline interpolation model for missing valuestetn data.

Finally, the evaluation function evaluates the eyystusing

distance, position, and azimuth performance-eviainat
equations.

1) DATA COLLECTION MODULE
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classification, and transformation logic of theledled data.
The collected data are divided into simulation eel data,
and analysis data are reconstructed according gpeaific
format. The data collection
preprocessing to reduce the computational loathénM&E
module. In the third step, the collected data mmesmitted to
the V&E module, and interactions using TCP/IP amdiad
transmission logic are performed. If data collectis not
complete, steps 1-3 are repeated.

2) V&E MODULE

The main functions of the V&E module are the V&Edaita
(simulation and collected real data) generatednduthe
system development. Therefore, the V&E module atssif
V&E functions. This structure is hierarchical andsg to
expand, modify, and use to supplement the intertdahe
target system.

Figure 5 shows a brief description of a maneuvédaton
scenario for a submarine. The validation functierifies the
system according to the following steps: 1) creatid a
validation environment, 2) validation analysis, 8)dresult
visualization. Specifically, step 1 generates & di§ event
times in the object and environment settings fdidation
using messages received from the data collectiodutao

module may perform
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Reference coordinate settings, object icons, aritalin
positions are set for verification. The event tifigt also
includes information about the positions and pestwf the
main objects and sub-objects by time. After valatatis
started, time proceeds according to the internade ti
management module, which extracts events to pertbem

15t Step
- Data collection

DDS
interface setting

Message
collection
2nd Step i
- Preprocessing Data parsing
Real data Simulation data
Data
classification
Real data Simulation data
regeneration for regeneration for
V&E V&E
[ | Dataconversion| — 7
for sending
3 Step TCP/IP network
- Data sending connection
]
Data send to
V&E module

FIGURE 4. Operational flowchart of the data collection module.

validation analysis and result visualization.

In steps 2 and 3, the generated events are segjlyenti
visualized; in this case, the time resolution betwihe data is
highly important. A low simulation resolution omsampling
rate of the data can lead to accurate verificd@dares, and
the operator deduces the empty value between thentand
subsequent data. Therefore, the low-resolutionlenolof the
verification data should be minimized via a theioedt
background, and in this study, B-spline interpola{52] was
interpolated as empty data.
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FIGURE 5. Brief description of the scenario for maneuver validation
of a submarine.

The B-spline is applied to synthesize reasonablka. da
Equations similar to that of the B-spline curvdude those of
the Bezier and Lagrange spline curves. Comparehl thi
above equation, the B-spline curve has no limit tba
minimum number of control points for curve genenatand
can produce a curve closer to the control poinst Rive define
the subdivided curve as Equation (1) is the basic correction
of the p-order B-spline equation far Then, the basic form of
the p-order B-spline equation can be defined thadyg (u)
using (1), as shown in (2). It is easy to implemamdl has
excellent algorithm performance by calling the basetion
in recursive form.

Figure 6 shows a brief description of a scenario fo
evaluating the subsystems of a submarine. The a&i@tu
utilizes the HARVERSINE algorithm and consists bifee
steps: 1) collecting and selecting evaluation data,
computing evaluation losses, and 3) evaluation and
visualization. Step 1 selects the items to be eatlifrom the
data received from the data collection module. &sduation
items consist of azimuth-error, distance-error, podition-
error evaluation items. Subsequently, the dataesponding
to the error calculated based on the evaluatedsitam
collected. First, the azimuth error is calculatednf the
difference between the azimuth angle of the detedtirget
and that in the actual direction to determine tfiferénce
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FIGURE 6. Brief description of a scenario for the evaluation of the
subsystems of a submarine.

between the detection and measurement angles.iJtheak
error is obtained based on the location of thestadgtected in
the test box and the actual location of the tasget The above
two items are mainly used to assess radar or Gfestie and
navigation errors. Finally, the position error datilated from
the position of the test ship and the actual psiirror of the
test ship, and it predicts the position of the $bgb only using
an INS without GPS.
The bearing evaluation can be quantified as follows

cos ¢; - sinB; —sin¢; - cos 0; - cos(g; — A; )

fi sin(g; — A;) - cos 6; 3)
Bexp,i = tan (fl ﬁ
CEpearing,i = |Bref - Bexp,il 4)
— |1 2 (5)
aebearing,i - ; i=0 Cebea’ring,i!
where
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B,.r: Reference bearing.

B,.p: Measured azimuth between the target and test ships.
¢: Latitude of the test ship.

6: Latitude of the target ship.

e: Longitude of the test ship.

A: Longitude of the target ship.

Cepearing,i- CUrrent error of the measured bearing at time
Aepeqring,i- Accumulated RMSE of theneasured bearing
until timei.

Equation (3) is used to calculate the azimuf).(;) from
the latitude ¢, 6) and longitude/, ) of the target submarine
collected by the radar or GPS. It indicates thatipasof the
target ship with respect to the test submarine ekample, if
Bexp,i= 49.8°, the target line is located at 49.8° closkevirom
the test submarine. However, d&,,; is calculated,
comparison with the true valug,() reveals the error. The
error betweerB,,,,; andB,..f is calculated as shown in (4),
and the radar accuracy is obtained using the alesadilue for
measuring the target error. Equation (5) is the-noean-
square error (RMSE) obtained from radar data ardblen
continuous checking of the accumulated errors tjmout
sensor data collection.

The distance evaluation can be quantified as faiow

gi = cos¢; sinb; + cos ¢; - cos O - cos(e; — ;)

- (6)
-1

Dexp,i = cos (gi) ﬁ

Dyor — Doy i
Cegist,i = —refD feml (7

re

1

Aeqist,i = ;Z?I:o Ceaist,ir 8

where

D,.s: Reference distance.

D,yp: Measured distance between the target and test
ships.

¢: Latitude of the test ship.

6: Latitude of the target ship.

&: Longitude of the test ship.

A: Longitude of the target ship.

cegise,; : Current error of the measured distance at time
aegise ; + Accumulated mean error of the measured
distance until time i.
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The distance error is calculated by applying (8)iclwis  simulation scenarios. Detailed models for visugitiraconsist
used to obtain the distance between two pointssWWGS-84  of a model, view, and controller, which represaettiack end
coordinate system, based on the latituplg®] and longitude  and front end, respectively. The back end coneistietailed
(4,¢) of the test and target lines. The unitsDgf,; are  models such as objects, messages, and playbadissfiée
nautical miles. The ratio of the distance erreryf, ;) can be  front end is implemented as a detailed model djyrect
calculated using (7), and the error between the and
measured position values is calculated as to \ieaétror is
for the true position value. Equation (8) confirnise
accumulated mean error of the distance error (ai&g;; ;) | Operation Validataion model | | Operation Validataion model |
calculated using (7). |

Data-based V&E System
Simulation based data V&E Real data V&E

Evaluation model | | Evaluation model |
Combat system data Model View Controller
Menu View ul ETC. File ETC.
point controller

Evaluation data M ‘ I\/li’esiage Play rate ’ View ‘ ‘ Mirliimap Viewp(lalinf MenIL:
Nl onaan | roker view controller | [controller

Fiatfonn Event message ETC. Unit view lnsgector Inspector Map
message view controller| [controller

4?—‘ Unity engine
I :
Game scene | I Game object | | Environment |
Attitude Navigation ‘ Message ‘ Start ‘ E.nd | L
time time
Network Interface Data collection
‘ ‘ ‘ DDS model ‘ ‘ Data classifier | ‘ Scenario loader ’
‘ ; | TCP/IP model ‘ ‘ Data Analyzer | ‘ Data preprocessor ,
‘ Yaw | Pitch || Roll || Latitude Longitude | ... | Altitude
FIGURE 7. Message modeling diagram for combat system engineering. FIGURE 8. Architecture for DVES implementation.

Figure 7 shows the data used for V&E through messag
modeling for V&E in combat systems. In this stughatform
and event messages were considered. Platform nesssag
contain attitude and navigation data. Attitude datn
represent yaw, pitch, and roll of the target objBletvigation
data can represent information such as the idestidin
number, location, altitude, and speed of the taaigect.
Attitude and navigation data can be utilized toigate the
behavior of the target system or the detectionusadi the
sensor. Platform and detection messages update bgata
identifying platform data and identifiers. Finallygvent
messages should be displayed on the screen atificspime
and should include phrases mainly employed to aeallye
operating procedures of the combat system.

00:10:47.565X50

C. IMPLEMENTATION of DVES
Figure 8 shows the architecture of the proposed &Vt
implementation. The DVES mainly consists of network
interfaces and modules for data collection, vigadilon, and
data-based V&E. The network interface interoperatéh
actual systems or HILS environments for V&E. We D&S
middleware to connect to many systems in a 1:N ectin;
however, this approach can cause high messageatess To
compensate for the message loss, we applied atygofli
service policy in the DDS. Consequently, the DVESwEes
significantly high reliability in interoperability &E.

Data collection is conducted using a module that FIGURE 9. Example of DVES menu and data visualization. (a) Main user
categorizes received messages and a detailed thatidads ~ "™eface of DVES. (b) Screenshot of a sub-tool.
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controlled by the screen shown to the operatorcandists of ~ The experiments conducted in this study aimed lidate and
modules such as mini-maps, views, or file contrsllBinally,  evaluate the data using scenarios with simulaticea data.
the V&E module performs V&E by inheriting the model The detailed scenarios are described in Table 2thén
described above. As described in Section 3.2, DiEiitates ~ simulation scenario, the combat effect of the tdge
the expansion and maintenance of each model owiritgt  performance improvement project was also analyaed the
modular and hierarchical structure. real data were tested based on the existing dadkedt by
Figure 9 shows an implementation screenshot bas¢iteo Daewoo Shipbuilding & Marine Engineering (DSME)
design described in Section 3.2. Figure 9(a) shtvvamain  Corporation [41]. The simulation data compared amalyzed
user interface of DVES, where region A represdmtsnbain  offense and defense-engagement scenarios of sulemari
toolbar of the proposed system. The main tooldawalusers  surface ships and submarines. The developmentmerdtmn
to set options for V&E by setting the purpose ametof V&E stages were validated and evaluated using real aaththe
and the visualization point of view. Region B igliie 9(a)  development V&E analyzed the detection and measmem
represents the replay player for data analysithiérarea, you accuracy of the subsystems. Moreover, operation&E V
can visualize the overall length and playback tiofiethe  validated and evaluated torpedo launch procedsts. te
replayed scenario and set the playback speedffcieaty in
V&E. The information in regions A and B allows optars to L
gain insights into V&E. Region C in Figure 9(b) repents the
sub-toolbar. In the sub-toolbar, the operator edecs detailed
options for V&E. The operator can set the six degref
freedom of the platform, whether to visualize everssages, Data publisher
etc. Consequently, the operator can effectivelyornze the I

e
L\

Database

visualization screen of the scenario for each atmn and

validation. Region D visualizes the details sebyphe sub-

toolbar: it shows the six degrees of freedom ofplagform,

its identification number, and V&E metrics. The ogger can DDS interface
use them to guide V&E.

IV. EXPERIMENTS AND RESULTS I
We conducted experiments to collect data generfnted

complex HILS environments for V&E. The HILS Data-based V&E System
environment of the submarine used for the experisnen
shown in Figure 10. The established HILS environnuses
a DDS interface for communication between simutatBach i =| TCPIP
simulator in a HILS environment consists of a data) data
publisher, and DVES. First, the database storesrirdtion ]
collected from the real submarine data. Then, th&ad Data collector module V&E module
publisher subscribes to the data from the datalzamk
repUb"SheS it for use by DVES. FIGURE 10. Experimental setup for V&E.

Figure 11 shows the diagrams of the experimentssizen
listed in Table 2. Figures 11(a) and 11(b) illustriorpedo
engagement scenarios between a surface ship abdasne.

A. EXPERIMENTAL SCENARIOS

TABLE 2. Experimental scenarios for testing DVES.

Experimental

Data type Objective Application phase scenario

Operations

- Submarine: attack tactics for launching fire-and-

Simulation-based forget and wire-guided torpedoes

Simulation validation before Opefatlonal . Engageme_nt scenarios of .- Surface ship: defensive tactics containing
data requirement, analysis surface ship versus submarine ) .
system development launching countermeasures and evasive
maneuvering

Development V&E E:\';Ei?;?‘;iggaggion of - Bearing accuracy evaluation
Real V&E of the developed 9 Y
data system . . . .

. Engagement scenarios against- Engagement procedure evaluation using
Operation V&E . . h ; ;
multiple surface ships multiple wire-guided torpedoes
VOLUME XX, 2017 9
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FIGURE 11. Schematics of experimental scenarios. (a) Submarine operation including attack tactics of launching fire-and-forget and wire-
guided torpedoes. (b) Surface ship operation including defensive tactics such as launching, countermeasures, and evasive maneuvering. (c)
Bearing accuracy evaluation. (d) Engagement procedure evaluation using multiple wire-guided torpedoes.

Torpedoes are classified as straight-running, et and
wire-guided according to the induction method. Féglil(a)

depicts the evasive maneuvering of a surface shipaf
straight-running torpedo. When the surface shigatstthe
torpedo, an acoustic decoy is fired to disturkidingedo target
and perform evasive maneuvering. Figure 11(b)tithiss the
use of a wire-guided torpedo directed by a sonarnteal in

the submarine to outperform the sonar mountedandipedo
and successfully hit the target. The submarinersected to
the torpedo through a wire, such that it can bekérd without

disturbance by the acoustic decoy.

The subsystems used in submarines include navigatid
detection sensors, such as a GPS, INS, and ragareR.1(c)
shows the locations of targets according to radhe,
submarine sonar, and the bearing of the targetesfijuated
from a test ship. The evaluation provides the dretween the

TABLE 3. Experimental parameters.

Scenario Parameters

Platform models: surface ship, submarine,

Operational torpedo, decoy

requirement

and analysis Sensor model: sonar detection radius
Platform information: submarine
Development V&E Sensor model: radar

Mathematical mod

Platform information: surface ship,
submarine, torpedo

Event message visualizat

Operation V&E
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true and test bearing. Figure 11(d) illustratesotheration test
of the developed torpedo, with the suitability,i@éncy,

viability, fatality, and safety of the system beiagaluated
based on the test results. In this experimentptipedo launch
procedure was tested as an evaluation scenarietéontine
the correct operation. The procedure test for thupe was
used to verify that an event was triggered at etate after
the torpedo was launched.

The parameters for each scenario were defineddiogaio
the experiment, as listed in Table 3. The requirdsiand
operational validation scenarios mainly includedaiied
models to visualize information related to the maee model
of the object (i.e., surface ship, submarine, tdoper decoy)

and sensor (i.e., sonar) model. The development V&E

scenarios added mathematical models to the existodgls
to calculate the bearing accuracies of radar senddre
operation V&E scenarios were used to verify thetesys
behavior according to the procedure designed mdily
testing the launch procedure of wire-guided torgsddhe
existing object model and event message visuaizatiere
used to monitor the procedure after torpedo latocupport
analysis.

B. SIMULATION DATA-BASED V&E

Figure 12 presents the results of a simulatiordatitin of the
evasive maneuver of a surface ship using DVES.r€ifj2(a)

shows the initial phase of the simulation. The satine

detected the surface ship as a target and firedaa-®quipped
torpedo to detect the target. The acoustic detestystem of
the surface ship detected the approach of thedoraed fired
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a total of three acoustic decoys, which confusedd#tection
system and gave the torpedo three more targetstofedo
then used target assignment to track the most pietarget.

In addition to using acoustic decoys to evade tiwpdtacks,
surface ships also find it effective to utilize sive@ maneuvers
simultaneously. Figure 12(b) illustrates the useacdustic
decoys and evasive maneuvers in the middle oirin@ation.
The evasive maneuver primarily directs the positiérihe
surface ship away from the torpedo; thereforestiméace ship
is excluded from the target of the acoustic decwyia spared
from the torpedo attack.

Target 1

Target 2

Tafget 3

00:10:47.154 X 20

Evasion

00:12:07.386 X 20

FIGURE 12. DVES screenshots of surface ship evasive maneuvers. (a)
Submarine target detection. (b) Surface ship evasive maneuvers.

Figure 12 shows that the simulation validated aralyaed
the acoustic decoy utilization tactics and evasie@euvering
tactics of the surface ship. For example, questmurth as
whether the timing of the acoustic decoy launcthefsurface
ship was appropriate or whether the evasive mamiegve
approach was appropriate based on the torpedagposin
be analyzed. This is expected to enable operatoasdlyze
tactical simulations more efficiently.

Figure 13 presents the validation results of amachtt
scenario against a wire-guided torpedo that oveesothe
weaknesses of a straight torpedo. Wire-guided ttoge can
utilize the acoustic detection system of a subneatinguide
them to the desired target. This is possible becdahe
performance of the acoustic system of the subméihetter
than that of the acoustic system of the torpedo.

Figure 13(a) demonstrates that at the beginninghef
simulation, the torpedo approached the detectidinsaof the
surface ship and fired an acoustic decoy as anivevas
maneuver; however, the torpedo target was wiredhéo
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submarine and could not be jammed, assigning tHacsu
ship as the target. After that, the surface shipgccoot evade
the torpedo, even if it utilized evasive maneuwetits. In the
end, the torpedo traced and caught the surface\diigating
the effectiveness of wire-guided torpedoes in jangmi

100110:07.337 X 30

00:18:30.761 X 50
AntiTorpedo Scenario

(b)

FIGURE 13. DVES screenshots of submarine attack tactics. (a)
Evasive maneuvers of suspicious ships using decoys. (b) Attack
using a wired-guided torpedo.

C. REAL DATA-BASED V&E

Real data were also used in the V&E of combat syst®
obtain experimental results, as illustrated in Figsand 15.
In Figure 14, the test line detects the target [iadculates the
azimuth measured through the evaluation modeldapdays
the measured azimuth and direction (green and ines, |
respectively). The lower part of Figure 14(a) shohesV&E
scenario measured from time= ¢, to timet = t, + t;, and
the upper part shows that the same scenario wésrped
using the proposed system. Figures 14(b) and fpésent the
results of the radar performance evaluation. Time teries
shown in Figure 14(b) is the radar performance uatain
obtained using (3) and (4), which reveals the dyetween the
detected and actual values of the radar. The dweresr is an
important factor that can evaluate the performaftiee radar
at the current moment. However, not only the curren
performance evaluation error, but also the acculedla
performance evaluation error is needed, because tihe
performance evaluation indicator for the unit tirok the
experiment. The accumulated performance evaluaticghe
radar is depicted in Figure 14(c), showing thapisdormance
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FIGURE 14. DVES screenshots for measuring the bearing accuracy of sensors
loss(cepearing) Of radar. (c) Measured total evaluation loss(aepearing) of radar.

TABLE 4. Experimental results extracted from DVES.

. (a) Evaluation scenario for radar’s accuracy. (b) Measured evaluation

No. Time (UTC) Bref (o) Bexp(a) Cebearing(o) aebearing(o)
1 2021-01-20 04:48:07 351.742 352.2976 0.55561 6788
2 2021-01-20 04:48:3 350.82: 352.297 1.476¢ 1.08707:
3 2021-01-20 04:49:02 349.835 352.2976 2.462623 28011
4 2021-01-20 04:49:29 349.172 352.2976 3.125618 12821
5 2021-01-20 04:49:57 348.471 352.2976 3.826607 38185
6 2021-01-20 04:50:25 347.797 352.2976 4.500618 96835
7 2021-01-20 04:50:52 347.135 352.2976 5.162605 79284
8 2021-01-20 04:51:20 346.725 352.2976 5.572609 76587
9 2021-01-20 04:51:47 346.204 352.2976 6.093605 782109
10 2021-01-20 04:52:15 345.739 352.2976 6.558601 289918
11 2021-01-20 04:52:42 345.285 352.2976 7.012611 501843
12 2021-01-20 04:53:10 345.076 352.2976 7.221626 705202
13 2021-01-20 04:53:37 344.658 352.2976 7.639625 942217
14 2021-01-20 04:54:05 344.44 352.2976 7.857612 35889
15 2021-01-20 04:54:32 344.257 352.2976 8.040626 321821
16 2021-01-20 04:55:00 344.125 352.2976 8.172615 496839

17 2021-01-20 04:55:27 344.163 352.2976 8.13462 56867

18 2021-01-20 04:55:55 344.18 352.2976 8.117622 03331

19 2021-01-20 04:56:23 344.37 352.2976 7.92762 843

20 2021-01-20 04:56:50 344.426 352.2976 7.87162 552D

21 2021-01-20 04:57:18 344.649 352.2976 7.648628 159573

22 2021-01-20 04:57:20 344.999 352.2976 7.298622 247408
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is good at the beginning and gradually degrades tiftet =
to-

To further explain Figure 14, at=t,, the reference
bearing and the current bearing point to the saanget;
therefore, a slight error can be observed betwaed¢tected
vessel and the target vessel. If the test linedsed and the
reference bearing is updated, the current bearimg aiso be
updated. However, the current bearing has not @thagall,
and accordingly, thee,eqring andaepeqring Values rapidly
increase. Table 4 shows the calculated valuesenfiormance
evaluation indicators of the radar fram= t,tot = t, + t;,
indicating that the current bearing does not chaimggable 4,
the largest values of the current and cumulativeutation
errors are displayed in red for use in the perfoicea
requirements. Moreover, simply by analyzing usitmgp t
evaluation indi€sepeqyring@Ndaepeqring, it is NOt possible to
know exactly which system is the problem. This infation
only be obtained by analyzing the raw data of theser.

angle and induces it to the impact point of theearThe
bearing-rider method induces torpedoes to be placethe
target defense line if they know the target dimttiln the
corresponding experimental scenario, we used thisico-

path method for the torpedo to adjust the depteedpand
guidance modes depending on the target locatioan,Ttme
operator selected detection through a wired orrnale
detection sensor and hit the target.

The above procedure test involved the followingnge 1)
safety distance passed, 2) torpedo sonar activguigance
with collision path method, 4) desired depth of 55nhigh
desired speed, and 6) internal guidance. Figurghb®s the
results of the system evaluation by generating tsvarer the
torpedo-launch procedure. In Figure 15, event Tesgmts
that the safety distance has been passed andpleeldosonar
is active, and event 2 represents the guidanceohetiesired
depth, desired speed, and guidance mode. All sigpise
torpedo launch procedure were sequentially andectiyr

However, the proposed system can help operatorse makperformed.

decisions by simultaneously visualizing all reayltinariate
data.

Furthermore, through the above experiments,
cumulative performance evaluation index of the sensan
be measured using the system proposed in this,stidgh
can be utilized in the system test phase of therdtgss.
Consequently, the proposed system can also beedtild set
the performance criteria required for systems tddeeloped
in the future.

Event 2 Event 1

y 7

FIGURE 15. DVES screenshot of engagement procedure using multiple
wire-guided torpedoes.

D. DISCUSSION

theT his experiment was conducted to confirm V&E fophlases

of the V process for a combat system. For this ex@at,
simulation data for the combat system requiremeantsreal
data from a combat system were used. The simulalita
validated the torpedo engagement effectivenessudbce
ships and submarines. The experiment successtlilyated
the evasive maneuvering tactics of surface shipb the
detection jamming tactics using acoustic decoysiedisas the
attack tactics using wire-guided torpedoes of submas. The
experiment utilized the Unity Engine and was mdfective
because detailed parameters such as the six deffessdom
of the attitude and speed of the object could Ipeessed in a
3D environment. The results showed that the remére
analysis procedure of the V process was successfull
performed.

Next, the real data were used to evaluate the ipeafuoce of
the radar and the integrated operation system.ekpieriment
had two characteristics. First, by utilizing théenoperable
collection module, data from the actual systembsaacquired
in real time for V&E. Second, both mathematical and
graphical analysis of performance evaluation issides by
utilizing the V&E module. The radar performance lgation
experiment simultaneously displayed the computati@md
graphical results of the HARVERSINE algorithm, elivadp

A launched torpedo may detect the host submarie anthe operator to analyze the results of the perfomma

attack it. This situation can be prevented by periog the
fire-and-forget operation. At some distance, a daed
torpedo does not detect any object to preventastltk,
which is an important procedure to avoid attackimg host
submarine. After the torpedo travels a certairadist, it starts
detecting the target using its sonar and seledsi@ance
method. Torpedo induction is divided into collisipath and
bearing-rider methods. If the speed and path ofdiget are
known, the collision-path method predicts the fooeigpd
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evaluation more intuitively. In addition, the todmelaunch

procedure test visualized the behavior of multjplbsystems
operating in accordance with the procedure throegént

messages and guided lines, which has a positieetafh the
integrated operation test.

The results of this study are significant becausey t
demonstrate that both simulated and real data earséd to
validate and evaluate the V process lifecycle ofnloat
engineering systems. This objective can be achiaeednly
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by validating and evaluating simulation data andl data
independently, but also by validating and evalgptiombined
data. It can also be utilized in all phases of thprocess,
reducing the overall development time and costibyirating
the need to configure separate software basedtan da

V. CONCLUSION

In this paper, we proposed a DVES that can be egpdi all
phases of the V process of a combat system. DVESiste of
a data collection module and a V&E module. The data
collection module consists of a file system for w@dgg
simulation data and a DDS interface for acquiriegl data.
By utilizing the DDS interface, various subsystecas be
expanded to increase the scope of V&E. In additlos V&E
module consists of a mathematical analysis moddl an
graphical model using Unity and has the advantddeing
extendable to various mathematical models or gecaphi
models by utilizing a hierarchical and modular dasi

Simulated and real data from a submarine were insén
experiment. The experimental scenarios consisted of
analyzing the impact of a simulated torpedo engagem
between a submarine and a ship, evaluating ther rada
performance of the submarine, and testing torpadodhes.
The experiment enabled analysis of items such as th
maneuvering strategy, sensor accuracy, and opgratin
procedures of the target system. However, verifinadf all
items was limited because 3D modeling similar toeal
scenario was not applied.

Nevertheless, we could intuitively analyze the nuaeeng
strategies, performance evaluation indicators, @ndedural
events, which are essential for verifying combateys. This
proved that DVES can be utilized from the requiratne
analysis step to the system integration step.

In addition, because both simulated and real databe
validated and evaluated, it can be expanded towaV/&E
scenarios in the future and will be highly valudblereducing
the system development period and cost by helpiegcome
the existing weaknesses through the integratiatats-based
V&E systems. Further, because combat systems ateofa
cyber-physical systems, the proposed DVES is egfdotbe
applicable to large and complex cyber-physicalesyst
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