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Abstract
Naval ships are assigned many and varied missions. Their performance is critical for mission success, and depends on the specifications of
the components. This is why performance analyses of naval ships are required at the initial design stage. Since the design and construction of
naval ships take a very long time and incurs a huge cost, Modeling and Simulation (M & S) is an effective method for performance analyses.
Thus in this study, a simulation core is proposed to analyze the performance of naval ships considering their specifications. This simulation
core can perform the engineering level of simulations, considering the mathematical models for naval ships, such as maneuvering equations
and passive sonar equations. Also, the simulation models of the simulation core follow Discrete EVent system Specification (DEVS) and
Discrete Time System Specification (DTSS) formalisms, so that simulations can progress over discrete events and discrete times. In addition,
applying DEVS and DTSS formalisms makes the structure of simulation models flexible and reusable. To verify the applicability of this
simulation core, such a simulation core was applied to simulations for the performance analyses of a submarine in an Anti-SUrface Warfare
(ASUW) mission. These simulations were composed of two scenarios. The first scenario of submarine diving carried out maneuvering
performance analysis by analyzing the pitch angle variation and depth variation of the submarine over time. The second scenario of submarine detection carried out detection performance analysis by analyzing how well the sonar of the submarine resolves adjacent targets. The
results of these simulations ensure that the simulation core of this study could be applied to the performance analyses of naval ships
considering their specifications.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Naval ships include various surface ships and submarines.
They are assigned different missions, such as search and
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submarine warfare. These missions require different degrees
of effectiveness, and naval ships must achieve these standards.
The performance of naval ships is important for their effectiveness, and this performance depends on the specifications of
their components. These components include hulls, propellers,
rudders, fins, and sonars. For example, the rudders and fins of
naval ships affect their maneuvering performance, while their
sonars affect their detection performance. Such performance
should satisfy their expected effectiveness in various missions.
This requires performance analyses at the initial design stage.
In other words, the specifications for the components should
be determined with performance analyses.
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Modeling and Simulation (M & S) is an effective method
for performance analyses from the aspects of cost and time.
Broadly defined, modeling is a method for organizing
knowledge accumulated through observation or deduced
from underlying principles, while simulation refers to a
method for implementing a model over time (Etter, 2013).
Such M & S has also been used a lot in the case of naval
applications. Vrijdag et al. (2007) discussed an efficient type
of differential sensitivity uncertainty analysis method which
is applied to the ship mobility model. Michetti et al. (2010)
introduced a Ship Management System (SMS) which is able
to integrate different systems onboard in order to monitor,
control and manage whole systems or part of systems, single
machineries and equipment. This SMS was optimized by
using the ship simulation model. And, Martelli et al. (2014a)
developed a simulation model suitable for Controllable Pitch
Propeller (CPP) control system design and testing. Also,
Martelli (2015) presented a propulsion control design
approach where consolidated methodologies and newly
developed procedures are linked together into the same
simulation environment.
In the case of naval applications, there are four principal
levels of simulation: theater, mission, engagement, and engineering. The theater level of simulation is generally
applied to evaluate force structures or strategies. Next, the
mission level of simulation is normally applied to evaluate
force employment concepts. The engagement level of
simulation is mostly applied to evaluate system alternatives
or tactics. Lastly, the engineering level of simulation is
mainly applied to design and evaluate systems or support
system testing. For performance analyses to determine the
specifications for the components of naval ships, the engineering level of simulation is required. This engineering
level of simulation assists naval ship designers in decisionmaking. A simulation core is proposed in this study for
such simulations. There exist mathematical models that
represent naval ships for the engineering level with high fidelity. Also, these simulation models follow Discrete EVent
system Specification (DEVS) and Discrete Time System
Specification (DTSS) formalisms, so that simulations can
progress over discrete events and discrete times. This paper
introduces the details about this simulation core and its
applications.
The remainder of this paper is structured as follows. Section 2 describes the related works on simulations for performance analyses in naval applications. Section 3 explains the
theoretical background for the simulation core, including
maneuvering equations, rudder and fin control, passive sonar
equations, signal propagation, and DEVS and DTSS formalisms. The study used this simulation core to carry out the
performance analyses of a submarine. Section 4 proposes a
simulation core and Graphic User Interface (GUI) for the
performance analyses of naval ships. Section 5 presents the
applications of the proposed simulation core to the performance analyses of a submarine in an Anti-SUrface Warfare
(ASUW) mission. Section 6 concludes this paper, and describes future works.
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2. Related works
Li et al. (2012) analyzed the detection performance of active
and passive sonar on naval ships, considering sonar equations
and signal propagation. These considerations refer to mathematical models for the detection performance of sonars. Through
various scenarios, the detection performance of sonars was
analyzed according to different target types, sonar parameters,
and sea conditions. However, these simulations did not consider
the maneuvering performance of the naval ships. Son (2012)
focused on the maneuvering performance of submarines.
Mathematical models for their maneuvering performance were
considered, applying maneuvering equations. Also, DEVS and
DTSS formalisms were applied for the flexibility and reusability
of simulation models. However, the sonars of the submarines
were not considered. Kaymal (2013) analyzed which ship design
factors were key drivers in the performance of surface ships in
ASUW, based on realistic ASUW scenarios. In analyzing their
performance, the key factors were compared for various ASUW
scenarios. Although the ship design factors that were the key
drivers in their performance were obtained, mathematical models
were not considered. Lind (2014) focused on the maneuvering
performance of submarines. The mathematical models for their
maneuvering performance were considered, applying maneuvering equations and rudder and fin control. However, sonars
of the submarines were not considered; nor were mission scenarios, such as maritime patrol or anti-submarine warfare.
Khaledi et al. (2014) analyzed the detection performance of
UUVs in mine detection missions. The detection performance
was analyzed through the possibilities of mine detection, and
the time and energy they took. Although mathematical models
for the detection performance applied sonar equations to determine the possibilities of mine detection, the mathematical
models for maneuvering performance of the UUVs were not
considered in determining the time and energy. Martelli et al.
(2014b) focused on the maneuvering performance of naval
ships. The maneuvering performance was analyzed through
mathematical models considering maneuvering equations, propulsion plant dynamics, propeller pitch change mechanism, and
propeller propulsion control. In the aspect of maneuvering performance, it is inspiring to consider naval ship simulation
including propulsion, maneuvering and control system. However, there was no considerations of detection performance and
mission scenarios. In this study, a simulation core is proposed
for both the maneuvering and detection performance analyses of
naval ships. This simulation core can perform the engineering
level of simulations for both performance analyses with high
fidelity, applying mathematical models such as maneuvering
equations, rudder and fin control, passive sonar equations, and
signal propagation. Also, DEVS and DTSS formalisms are
applied, making the structure of simulation models flexible and
reusable. In addition, these specifications enable simulations to
progress over discrete events and discrete times following
mission scenarios. This study carried out the maneuvering and
detection performance analyses of submarines using such a
simulation core. Table 1 shows a summary of related works on
simulations for performance analysis in naval applications.
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Table 1
Related works on simulations for performance analysis in naval applications.

Maneuvering
performance
Detection
performance
The flexibility and
Mission scenario
Applications

Maneuvering equations
Ruder and fin control
Sonar equations
Signal propagation
reusability of models

Li et al.
(2012)

Son
(2012)

Kaymal
(2013)

Lind
(2014)

Khaledi
et al. (2014)

Martelli
et al. (2014b)

This
study

X
X
O
O
X
O
Naval ship
(Sonar)

O
X
X
X
O
O
Submarine

X
X
X
X
X
O
Surface ship
(Patrol vessel)

O
O
X
X
X
X
Submarine

X
X
O
O
X
X
Unmanned
underwater
vehicle

O
O
X
X
X
X
Naval ship

O
O
O
O
O
O
Naval
ship
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3. Theoretical background
The simulation core of this study is based on maneuvering
equations, rudder and fin control, passive sonar equations,
signal propagation, and DEVS and DTSS formalisms. These
theoretical backgrounds are introduced as follows.
3.1. Maneuvering equations
The following would explain equations for motion of naval
ships (surface ships and submarines); surge, sway, heave, roll,
pitch and yaw. As shown in Fig. 1, in general, Surface ships
are assumed to have 3 Degrees-Of-Freedom (DOF) motion of
surge, sway, and yaw. Submarines are assumed to have 6 DOF
motion of surge, sway, heave, roll, pitch, and yaw.
The maneuvering equations for these motions can be obtained by changing NewtoneEuler equations from an inertial
frame to a body-fixed frame. The maneuvering equations are
given by Eqs. (1)e(6) and express surge, sway, heave, roll,
pitch, and yaw, respectively (Gertler and Hagen, 1967).
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where, m is the mass, (Ix, Iy, Iz, Ixy, Iyz, Izx) is the mass moment
of inertia, and (xG, yG, zG) is the center of gravity. (u, v, w) is
the body-fixed linear velocity, ( p, q, r) is the body-fixed
angular velocity, (X, Y, Z ) is the external force, and (K, M,
N ) is the external moment. The external force and the external
moment consist of hull forces and moments, propeller forces
and moments, and rudder and fin forces and moments. These
forces and moments could be expressed by weight, buoyancy,
and hydrodynamic coefficients. How these forces and moments could be expressed by weight, buoyancy, and hydrodynamic coefficients is explained in Gertler and Hagen (1967).
Applying these maneuvering equations makes it possible to
analyze the maneuvering performance of naval ships.
Above equations (Eqs. (1)e(6)) could be simplified by
following five assumptions. First, the forward speed could be
taken as constant. This assumption makes sure that the

Fig. 1. The motion of surface ships and submarines.
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propulsion forces and moments are no longer a consideration.
Second, roll angle could be assumed to be small. Third, the
center of gravity could be assumed to be at the origin of a
body-fixed frame and the cross-products of inertia could be
neglected. Fourth, all terms involving the weight of water
blown from a particular ballast tank could be neglected. Fifth,
all terms involving nonlinearity could be neglected. As a result
of such five assumptions, following equations (Eqs. (7)e(12))
could be obtained and there is no coupling between vertical
and horizontal motion (Babaoglu, 1998).
u ¼ Uðconst:Þ

 r 
r 
mv_  mur ¼ l4 Yr_r_ þ Yp_p_ þ l3 Yv_v_ þ Yr ur þ Yp up
2
2

r 
þ l2 Yv uv þ u2 Ydr dr
2

r
r 
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2
2

r 2
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2

ð7Þ

ð8Þ
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 r 
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2
2
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2
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2

ð10Þ


r
r 
Iy q_ ¼ l5 Mq_q_ þ l4 Mq uq þ Mw_ w_
2
2

r 
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2
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 r 

r 
Iz r_ ¼ l5 Nr_r_ þ Np_p_ þ l4 Nr ur þ Np up þ Nv_v_
2
2

r 3
2
þ l Nv uv þ u Ndr dr
2

ð12Þ

where r is the mass density of sea water, l is the overall length
of a naval ship, dr is the deflection of a rudder, and db and ds
are the deflection of a bow fin and stern fin, respectively. B is
the buoyancy force and zB is the z coordinate of the center of
buoyancy of a submarine. f and q are the roll angle and the
pitch angle, respectively. (Xsubscript, Ysubscript, Zsubscript) and
(Ksubscript, Msubscript, Nsubscript) are the hydrodynamic coefficients used in representing (X, Y, Z ) and (K, M, N ) as a
function of a subscript, respectively. In this study, the values of
these hydrodynamic coefficients are from Babaoglu (1998).
In this study, the motion of submarines are expressed by
Eqs. (7)e(12): surge, sway, heave, roll, pitch, and yaw,
respectively. And then, the motion of surface ships are
expressed by Eqs. (7), (13), and (14): surge, way, and yaw,
respectively. Eqs. (13) and (14) could be obtained from Eqs.
(8) and (12) by ignoring the terms which are related to the
motion of roll.
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r
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2
2
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2
2
2

3.2. Rudder and fin control
As shown in Fig. 2, surface ships and submarines would
cause the yaw motion by controlling their rudders (horizontal
hydroplanes) and submarines would cause the pitch motion by
controlling their fins (vertical hydroplanes). Such the yaw
motion and the pitch motion of naval ships (surface ships and
submarines) would change the heading of the naval ships and
the naval ships could move to target position. That is, naval
ships control their rudders and fins so that the forces and
moments by rudders and fins make the naval ships move to
target positions. In this study, the rudder and fin control have
been considered through the terms representing the deflections
of rudders and fins in the maneuvering equations as presented
in Section 3.2. And, the deflections of rudders and fins are
determined by considering how much the forces and moments
by rudders and fins are required. The required forces and
moment by rudders and fins are calculated by the
Proportional-Integral-Derivative (PID) controller.
The PID controller is a widely used type of feedback
controller, which consists of proportional, integral, and derivative parts, as presented in Eq. (15) (Karl and Tore, 1995).
The first term refers to the proportional part, the second term
refers to the integral part, and the last term refers to the derivative part.
1
0
Zt
1
d
ð15Þ
uðtÞ ¼ K  @eðtÞ þ  eðtÞdt þ Td eðtÞA
Ti
dt
0

where, K, Ti, and Td are the gain parameters for the proportional, integral, and derivative parts, respectively, t is the time,
e(t) is the error, and u(t) is the output of the PID controller. In
this study, the error is the differences between the heading of
naval ships and the direction to the target positions, and the
output is the required forces and moment by rudders and fins
to move to the target positions.
3.3. Passive sonar equations & signal propagation
Fig. 3 shows an overview from noise generation to target
detection. Fig. 3 (1) shows that first, targets generate noise,
and the noise radiates in all directions. The radiated noise
propagates far away, undergoing the loss of acoustic energy,
and addition to background noise (Fig. 3 (2)). Once the

ð13Þ
ð14Þ
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Fig. 2. The steering of naval ships by rudders and fins.
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Fig. 3. An overview from noise generation to target detection.

radiated noise arrives at sonars, the sonars analyze the radiated
noise (Fig. 3 (3)). Finally, sonar operators determine whether
or not the noise represents targets (Fig. 3 (4)).
Such target detection can be expressed as a passive sonar
equation (Michael, 2010).
SE ¼ SL  PL  NL  BW þ AG  DT

ð16Þ

The first term, the Source Level (SL), is the magnitude of
the radiated noise, whose major sources are engines and propellers. The characteristics of the radiated noise vary,
depending on the type and operational conditions of the naval
ship, which becomes the clue for the classification of targets.
In this study, the sources and the characteristics of the radiated
noise are not considered and the value of the SL refers to the
data in Urick (1983). The second term, Propagation Loss (PL),
refers to the loss of acoustic energy that the radiated noise
undergoes when propagating. This loss of acoustic energy
results mainly from the spreading and the attenuation of
acoustic energy. Eq. (17) is used to determine the value of the

PL and this equation consider the spreading and the attenuation of acoustic energy, and reflection from the sea surface.


4 2ar 2 kzs zt
PL ¼ 10 log10 2 e
sin
ð17Þ
r
r
where, r is the horizontal separation between sonar and target,
and this refers to the effect of the spreading of acoustic energy.
a is the attenuation factor and this refers to the effect of the
attenuation of acoustic energy. k is the wave number. zs and zt
are the depth of the sonar and target, respectively. The third
term, Noise Level (NL), is the magnitude of the background
noise. And, in this study, the value of the NL refers to the data
in Urick (1983). The fourth and fifth terms, BandWidth (BW )
and Array Gain (AG), are related to signal processing. Sonars
analyze the radiated noise by signal processing, and the results
of the signal processing are the magnitudes of the radiated
noise according to bearings and frequencies. There is some
loss and gain of acoustic energy resulting from the signal
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processing. The loss of acoustic energy is expressed as BW.
And, this loss of acoustic energy generates because the signal
processing is carried out in a defined range of frequencies
called as the processing bandwidth. The value of BW is
determined by Eq. (18)
BW ¼ 10 log10 df

ð18Þ

where, df is the processing bandwidth.
Meanwhile, the gain of the acoustic energy is expressed as
AG and due to the spatial filtering. The spatial filtering involves sampling a waveform in space to remove any noise of
unwanted directions. And, to carry out such spatial filtering, a
collection of hydrophones known as a hydrophone array is
required. There are various types of the hydrophone array
according to the configuration of the hydrophone array. In
this study, the linear array and the circular array are applied.
The response of the hydrophone array is defined as a beam
pattern and AG could be determined by the beam pattern as
presented in Eq. (19).
 
B qR
AG ¼ 10 log10 Z
ð19Þ
BðqÞdq
2p

where, q is the bearing. qR is the direction of the radiated
noise. B is the beam pattern. And, the beam pattern of linear
array and circular array could be expressed as Eq. (20) and Eq.
(21), respectively.


L
BðqÞ ¼ sinc2 kðsin q  sin fÞ
ð20Þ
2
where, f is the look angle. The look angle is the direction to
detect. L is the length of the linear array.

BðqÞ ¼

pD

2
sin q
pD
sin q
l

2J1

l

ð21Þ

where, J1 is a first-order Bessel function of the first kind. D is
the diameter of the circular array. l is the wave length.
The sixth term, Detection Threshold (DT ) is the standard
for determining whether there are targets or not and determined by Eq. (22).
DT ¼ log2

1
pfa

ð22Þ

where, pfa is the false alarm probability.
Finally, Signal Excess (SE ) expresses the amount of excess
of DT. If the sign of the value of SE is positive, the sonar
operators decide that there is a target.
Such terms in the passive sonar equation vary in the
specifications for the sonars of naval ships and the underwater
environment. Thus, applying the passive sonar equation and
signal propagation make it possible to analyze the detection
performance of naval ships according to the specifications of
their sonars and the underwater environment.
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3.4. DEVS and DTSS formalisms
Simulation modeling is not done by writing out the systems
themselves, but indirectly, by using system specification formalisms. System specification formalisms are shorthand
means of specifying systems. Zeigler et al. (2000) proposed
the DEVS and DTSS formalisms, which are widely used.
DEVS formalism progresses simulations over discrete events,
while DTSS formalism progresses simulations over discrete
times. Praehofer (1991) proposed a system specification
formalism, a combined DEVS and DTSS formalism, by which
simulations progress over discrete times, based on DEVS
formalism. Bang (2006) developed a simulation framework
based on a combined DEVS and DTSS formalism. To evaluate
the efficiency and applicability of this simulation framework,
Cha et al. (2010a,b) applied it to the process planning of ships
and offshore structures, Ha et al. (2012a) applied it to the
submarine diving simulation, Ha et al. (2012b) applied it to the
evacuation simulation of a ship.
DEVS and DTSS include an atomic simulation model and a
coupled simulation model. The atomic simulation model is the
smallest constituent unit of simulations, and Fig. 4 shows that
it is composed of the fundamental elements of the formalisms.
Table 2 explains the fundamental elements. The coupled
simulation model provides the method of assembly of several
atomic and/or coupled simulation models to build a complex
systems hierarchy. In this study, the components of naval ships
are modeled as atomic or coupled simulation models, and then
the naval ships are modeled by assembling these atomic or
coupled simulation models. The simulations with these
simulation models progress following defined scenarios over
discrete events and discrete times.
4. System configuration of the simulation core and GUI
This study proposes a simulation core and Graphic User
Interface (GUI) for the performance analyses of naval ships,
and Fig. 5 presents their system configuration. The first layer,
named ‘Simulation GUI’, corresponds to the simulation GUI,
and the second layer, named ‘Simulation core’, corresponds to
the simulation core.
Fig. 5 (1) and (2) show that the ‘Simulation GUI’ plays
supportive roles in simulations. Fig. 6 shows that the ribbon
menu, model view, map view, and property view provide users
with interfaces to manage and visualize simulations. The
ribbon menu is for generating models, starting or stopping
simulations, and so on. The model view shows the list of
generated models. The map view shows the progress of the
simulations. Lastly, the property view presents the data of the
models, and reports the result of the simulations.
The Simulation core includes the DEVS & DTSS model,
Object model, Space model, Surface ship model, and Submarine model. The DEVS & DTSS model (Fig. 5 (5)) represents the state variations of the components of naval ships over
discrete events and discrete times, following DEVS and DTSS
formalisms. The Object model (Fig. 5 (6)) represents the
mathematical models for the components of naval ships,
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Fig. 4. The atomic simulation model of DEVS, DTSS, and combined DEVS and DTSS.

applying theoretical equations corresponding to the components. The components related to the maneuvering performance are represented with the maneuvering equations, and
rudder and fin control, while the components related to the
detection performance are represented with passive sonar
equations. The Space model (Fig. 5 (7)) refers to the signal
propagation of the noise, which is the acoustic signal. The
Space model transmits the noise generated by the Noise model
to the Sonar model, which does the signal processing. The
Propagator model calculates the travel time of the noise, and
the Environment model has the effect of underwater environment on the noise. Based on such DEVS & DTSS model and
Object model, surface ships and submarines can be represented by the naval ship models: Surface ship model and
Table 2
The fundamental elements of DEVS and DTSS.
Elements

Functions

State variable
Input & Output

State variable represents the states of models.
Models exchange data among each other
through input & output.
External transition function changes state
variables when external events generate.
Time advance function defines durations for
the states of models and generates internal
events according to the durations.
Output function outputs data when
internal events generate.
Internal transition function changes state
variables when internal events generate.
State transition function updates state
variables over discrete times.
Rate of change function determines state
variables over discrete times to be integrated.
State event function checks state variables.
Integral function integrates Rate of
change function over discrete times.

External transition
function
Time advance function

Output function
Internal transition
function
State transition function
Rate of change function
State event function
Integral function

Submarine model (Fig. 5 (3) and (4)). Naval ship models
correspond to the Coupled model in DEVS & DTSS model,
and are composed of the Command model, Maneuver model,
Detection model, Decoy model, or Torpedo model. The
Command model represents commanders, and issues commands following defined scenarios. Each command works as a
discrete event to the Maneuver model and Detection model.
Then, the Maneuver model and Detection model operate at the
word of the command, calculating maneuvering equations and
passive sonar equations every discrete time through the Motion model and Sonar model, respectively. These three models:
Command model, Maneuver model, and Detection model,
correspond to the Atomic model in the DEVS & DTSS model.
Meanwhile, the Decoy model and Torpedo model represent
the decoys and torpedoes of naval ships. The decoys are devices intended to deceive enemy forces into attacking them,
and so protect real naval ships. The torpedoes are selfpropelled weapons with explosive warheads. The Decoy
model and Torpedo model are composed of Command model,
Maneuver model, or Detection model, considering their own
properties, and operate at the word of command issued by the
Command model of the naval ship models. These two models:
Decoy model and Torpedo model, also correspond to the
Coupled model like naval ship models.
With such a simulation core and GUI, the engineering level
of simulations for the performance analyses can be carried out
over discrete events and discrete times. The next section introduces the applications of this simulation core and GUI.
5. Applications
The simulation core proposed in this study was applied to
the performance analyses of a submarine in an ASUW
mission. Fig. 7 shows an overview of the simulations for the
performance analyses.

D.-H. Jeong et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 446e459

Fig. 5. The system configuration of the simulation core and GUI.

Fig. 6. The simulation GUI.
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Fig. 7. An overview of the simulations.

These simulations were composed of two scenarios, with a
torpedo-equipped submarine and a decoy-equipped surface
ship. Once simulation started, the submarine would dive and
move. This was the first scenario for the maneuvering performance analysis of the submarine. Then, after detecting the
surface ship which was moving forward, the submarine would
launch a torpedo and evade. The surface ship, detecting the
torpedo, would launch a decoy and evade. This was the second
scenario for the detection performance analysis of the submarine. Figs. 8e12 show the progress of these simulations.
5.1. Maneuvering performance analysis
Fig. 13 shows that when diving, submarines change their
pitch angle by controlling their bow and stern fins. From the

aspect of maneuvering performance, it is important for submarines to reach target depths within target times. Thus, this
study carried out maneuvering performance analysis by
analyzing the pitch angle variations and depth variations of the
submarine over times through the first scenario. Table 3 shows
the specifications for the submarine. The target depth was set
to 300 m, and the target time was set to 270 s.
Figs. 14 and 15 show the pitch angle variations and depth
variations of the submarine. To reach the first point (Figs. 14
(1) and 15 (1)) the pitch angle decreased to the minimum
negative values, which corresponded to the increased slope of
depth variation and the depth changing rapidly. The inverse
situation was generated at the second point (Figs. 14 (2) and
15 (2)). At this point, the pitch angle increased, and this corresponded to the slope of the depth variations decreasing

Fig. 8. Progress of the simulations (1).
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Fig. 9. Progress of the simulations (2).

rapidly and the depth changing slowly. At the third point (Figs.
14 (3) and 15 (3)), since the depth of the submarine exceeded
the target depth by a little, 7.2 m, the pitch angle increased to
positive values. Finally, at the fourth point (Figs. 14 (4) and 15
(4)), the submarine reached the target depth in 265.8 s. This
was earlier than the target time, 270 s. The submarine satisfied
the requirements for maneuvering performance in diving
operations.
These simulation results show the ability of the submarine
to dive to the target depth in the target time. Such simulation
results ensure that the simulation core of this study could

be applied to the maneuvering performance analysis of
naval ships.
5.2. Detection performance analysis
Fig. 16 shows that sonars of naval ships have many hydrophones in array. The hydrophone array makes it possible to
reduce the noise from unwanted directions. For example, as
shown in Fig. 17, if the noise comes perpendicularly to the
linear array, the phases of the noise at each hydrophone are
same. However, if the noise comes obliquely to the linear

Fig. 10. Progress of the simulations (3).
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Fig. 11. Progress of the simulations (4).

Fig. 12. Progress of the simulations (5).

Table 3
Specifications of the submarine.
Length
Breadth
Draft
Hydrodynamic
coefficients
Fig. 13. Submarine diving.

55.9 m
6.2 m
5.5 m
Babaoglu
(1998)

Surface
Submerged

Displacement
Speed
Displacement
Speed

1290 ton
21.5 knot
1180 ton
11 knot
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Fig. 16. Sonar hydrophone array.

Fig. 14. Pitch angle variations of the submarine.

array, the phases of the noise at each hydrophone are different
and the noise loses the energy. In such a way, the response of
the linear array varies according to the direction of the noise
and results in reducing the noise from unwanted directions.
And this is referred to as spatial filtering (Michael, 2010).
Through spatial filtering, sonar operators can identify in which

Fig. 15. Depth variations of the submarine.

directions targets lie. Then, from the aspect of the detection
performance, it is important for submarine sonars to resolve
adjacent targets. Thus, this study carried out detection performance analysis through the second scenario by analyzing
how well the sonar of the submarine would resolve adjacent
targets.
Fig. 18 shows the results of the signal excess over bearings
and these results could be obtained by calculating the passive
sonar equation over bearings. That is, these results mean the
magnitudes of the radiated noise over bearings. The left part of
Fig. 18 corresponds to the situation shown in Fig. 9, and there
was only one target: the surface ship. Next, the right part of
Fig. 18 corresponds to the situation shown in Fig. 10, and there
were two targets: the surface ship, and the torpedo. The peak
values are lower in the graphs on the left part than on the right
part. The reason is that the targets were closer to the submarine, and the loss of acoustic energy was less in the situations
of the right part. Meanwhile, the results also show that the
width of the graph around the peak values is broader in the
case of 35 hydrophones than in the case of 70 hydrophones.
These situations did not present a problem when there were
only one target. However, when there were two adjacent targets, the problem of not resolving the two adjacent targets
occurred. This is because the width of the graph around the
peak values was too broad compared with the adjacency of the
two targets.

Fig. 17. Spatial filtering of a linear array.
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Fig. 18. Results of the detection.

These results show the ability of the sonar of the submarine
to resolve adjacent targets according to the number of hydrophones. This ensures that the simulation core of this study
could be applied to the detection performance analysis of
naval ships according to the specifications for their sonars.
6. Conclusions & future works
This study carried out the performance analyses of a submarine using the proposed simulation core, and considering
the specifications for a submarine. The existing studies carried
out the engineering level of simulations for both the maneuvering and detection performance with some limitations, or by
not considering them. However, the simulations in this study
considered both the maneuvering and detection performance
through maneuvering equations, rudder and fin control, passive sonar equations, and signal propagation. Also, DEVS and
DTSS formalisms were applied to the simulation models. In
addition, a simulation GUI was used for the management and
visualization of the simulations. The simulations were
composed of two scenarios. The first scenario analyzed the
pitch angle variations and depth variations of the submarine
over time. The pitch angle variations corresponded to depth
variations, and the time when the submarine reached the target

depth was checked. The submarine reached the target depth,
300 m in 265.8 s. This satisfied the requirements that the
submarine must dive to the target depth, 300 m in the target
time, 270 s. The second scenario analyzed the magnitudes of
the radiated noise over bearings. The results showed how well
the sonar of the submarine resolved adjacent targets according
to the sonar specifications. The ability of the submarine sonar
to resolve adjacent targets was better when the number of
hydrophones was 70, than when the number of hydrophones
was 35. These applications ensure that the simulation core of
this study could be applied to the performance analyses of
naval ships at engineering level.
In this study, the maneuvering performance analysis was
not carried out for various specifications of the submarine,
because it is difficult to obtain the specifications of real submarines, particularly the hydrodynamic coefficients. Future
research will analyze the maneuvering performance for
various specifications for naval ships by applying empirical
formulas to calculate the hydrodynamic coefficients. From the
aspect of detection performance analysis, this study assumed
the noise was propagated as plane waves. To improve this
limitation, future research will propagate noise considering the
sound speed profile. Finally, future research will additionally
implement naval ship components, such as the global

D.-H. Jeong et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 446e459

positioning system and inertial navigation system, for more
varied and high fidelity simulations.
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