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ABSTRACT
Aiming at the problem of lacking credible and realistic infrared air
combat simulation platform for applying the deep reinforcement
learning method, this paper explored the design requirements for
the construction of simulation system, built the overall architecture
of infrared air combat simulation system, described the structure,
principle and working process of the fighter jet, infrared air-to-air
missile, point source decoy and environment model. The imple-
mentation method of the simulation system was given, and the
credibility of the system was verified through attack and defense
simulation examples and error analysis of missile anti-jamming
probability, which indicated that the simulation system can be used
for the training and testing of agents based on deep reinforcement
learning in infrared air combat scenarios.

CCS CONCEPTS
• Computing methodologies; • Modeling and simulation; •
Model development and analysis; • Model verification and
validation;
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1 INTRODUCTION
In August 2019, the artificial intelligence program AlphaStar based
on deep reinforcement learning and developed by DeepMind made
a breakthrough in the real-time strategy game StarCraft 2, reaching
a master level in the use of three races in the game, surpassing
99.8% of the human players on the official website [1]. This fully
reflects the great potential of deep reinforcement learning to solve
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the problem of incomplete information game. In modern air com-
bat, pilots of both sides use infrared missiles and infrared decoys to
attack and defend in close combat, that is essentially an incomplete
information game problem. Therefore, deep reinforcement learning
technology is expected to enable UAVs to have air combat capabili-
ties, so that the UAV can obtain more and higher-level autonomous
control capabilities.

Training an agent based on deep reinforcement learning to con-
trol UAV for air combat requires a lot of training and testing, that
requires the establishment of a credible and realistic air combat
simulation system to save cost and time. This paper first analyzed
the general requirements for building an infrared air combat simu-
lation system for close combat, then gave the overall architecture of
the simulation system, then described the modeling of the subsys-
tems in the simulation system in detail, and finally elaborated the
specific implementation and simulation of the system instance. The
simulation system will provide a basic platform for the application
of deep reinforcement learning in the autonomous control of UAVs.

2 GENERAL REQUIREMENTS FOR
SIMULATION SYSTEM CONSTRUCTION

The fidelity of the simulation system affects the difficulty of the
migration of the agent based on deep reinforcement learning to the
real world. However, the more realistic the simulation model, the
greater the difficulty of construction and the lower the efficiency
of the simulation. Therefore, the construction of an infrared air
combat simulation system is not accomplished overnight. It requires
long-term efforts, some basic requirements should be met at the
beginning of the simulation system design, including:

(1) Adopt model-based design ideas and top-down design meth-
ods, follow the gradual refinement and step-by-step design
principles, build the architecture of the simulation system,
describe the structure and behavior of the simulation model,
and continuously improve the fidelity of the simulation
model .

(2) The structure and behavior of the simulation model, the
definition of the interface between the modules, and the re-
lationship of information transmission should be consistent
with the actual product, which will be convenient for under-
standing the design of the simulation model, replacing and
updating the sub-modules of the simulation model, and also
conducive to analyzing the fidelity of simulation model.

(3) The simulation model should be scalable, which can easily
increase or decrease the fidelity of the simulation model,
so as to compromise between model simulation efficiency
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Figure 1: The Overall Architecture of the Infrared Air Com-
bat Simulation System.

and fidelity, and at the same time examine the impact of
simulation model fidelity on the deep reinforcement learning
algorithm.

(4) The simulation system should be extensible, and different
simulation models can be easily added to expand the func-
tions of the simulation system and realize the air combat
simulation of different combat backgrounds in the complex
battlefield environment.

3 OVERALL ARCHITECTURE OF THE
SIMULATION SYSTEM

The infrared air combat simulation system is mainly composed of
jet fighter model, infrared air-to-air missile model, Infrared decoy
model and other models. According to the general requirements
of simulation system construction, Simulink technology is used
to design and realize the system. The overall architecture of the
infrared air combat simulation system is shown in Figure 1. It is
divided into three parts: the red control model, the blue target model
and the environment model. The specific structure is as follows:

(1) Control model. The red side control model is mainly com-
posed of the agent and the controlled object which contains
fighter, missile, and decoy. The agent will use the deep rein-
forcement learningmethod for training, receive observations
and reward feedback provided by the environment model,
and then operate the controlled object according to its own
policy. The controlled object outputs its state to the environ-
ment model.

(2) Environmental model. The environment model receives the
state input of the red and blue parties, and outputs the obser-
vation or reward feedback required by each. By extracting
the state originally calculated in the red or blue model (such
as the infrared radiation characteristics received by the air-
to-air missile) into the environment model, the coupling
between the red control model and the blue target model can
be released, which is beneficial to enhance the simulation
system scalability.

(3) Target model. The blue target model consists of an air-to-air
missile or a fighter model controlled by an agent. It is used to
train and verify the fighter maneuver strategy, missile attack
strategy and decoy jamming strategy of the red agent.

Figure 2: Overall Structure of Aircraft Simulation.

4 MODELING OF SIMULATION SYSTEM
According to the overall architecture of the simulation system,
the typical combat equipment used in current close air combat is
modeled, including jet fighters, pulse-modulated infrared air-to-
air missiles, and point-source infrared decoys. At the same time,
the target detection model and the real-time reward model for the
agent’s actions are established in the environment model.

4.1 Jet Fighter Modeling
The goal of jet fighter modeling is to establish a mathematical model
with elevator deflection angle, aileron deflection angle, rudder de-
flection angle and throttle opening as control inputs, and fighter
motion state as output. Considering the characteristics of close
air combat in short duration, small coverage of airspace, and little
influence of altitude on gravitational acceleration, the following
assumptions were made during the research process:

(1) Regard the aircraft as a rigid body, ignoring the elastic de-
formation of the structure and the shaking of fuel.

(2) Regard the earth as a flat ground that does not rotate, ignor-
ing the influence of the earth’s rotation and curvature.

(3) Regardless of the influence of fuel consumption on aircraft
weight, the aircraft weight during air combat is regarded as
a constant.

(4) The installation angle of the aircraft engine is 0 degree.
(5) The acceleration of gravity is regarded as a constant during

air combat, and the influence of altitude on the acceleration
of gravity is not considered.

(6) The aircraft flight control system is ideal.

The overall structure of the aircraft simulation is shown in Figure
2. The following mainly describes the aircraft motion equation
model, engine model and aerodynamic model.

4.1.1 Aircraft Motion Equation Model. According to Newton’s sec-
ond law, the dynamics and kinematics equations of the aircraft can
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Figure 3: The Relationship between Throttle Lever Stroke
and Engine State.

be obtained [2] as follows:
m dV

dt = P cosα cos β − X −mд sin θ
mV dθ

dt = P (sina cosγV + cosα sin β sinγV ) + Y cosγV − Z sinγV −mд cos θ
−mV cos θ dφV

dt = P (sina sinγV + cosα sin β cosγV ) + Y sinγV + Z cosγV
(1)

Jx
dωx
dt + (Jz − Jy )ωzωy = Mx

Jy
dωy
dt + (Jx − Jz )ωxωz = My

Jz
dωz
dt + (Jy − Jx )ωyωx = Mz

(2)


dx
dt = V cosθ cosφV
dy
dt = V sinθ
dz
dt = −V cosθ sinφV

(3)


dϑ
dt = ωy sinγ + ωz cosγ
dφ
dt =

1
cosϑ (ωy cosγ − ωz sinγ )

dγ
dt = ωx − tanϑ (ωy cosγ − ωz sinγ )

(4)


sin β = cos θ [cosγ sin(φ − φV ) + sinϑ sinγ cos(φ − φV )] − sin θ cosϑ sinγ
sinα = cosθ [sinϑ cosγ cos(φ−φV )−sinγ sin(φ−φV )]−sinθ cosϑ cosγ

cos β

sinφV =
cosα sin β sinϑ−sinα sin β cosγ cosϑ−cos β sinγ cosϑ

cosθ
(5)

Among them,m is the aircraft mass, P is the engine thrust, X ,Y ,Z
are respectively the aerodynamic drag, lift, and side force, д is the
acceleration of gravity, V is the aircraft speed, α , β are respectively
the angle of attack and sideslip, η is the pitch angle, φ is the yaw
angle, γ is the roll angle, θ is the track inclination angle, φV is the
track yaw angle, γV is the velocity inclination angle, Jx , Jy , Jz is the
moment of inertia in the airframe coordinate system, ωx ,ωy ,ωz
are the angular velocities in the airframe coordinate system, and
Mx ,My ,Mz is the moment in the airframe coordinate system.

In order to solve the above-mentioned aircraft motion state equa-
tion, it is also necessary to analyze the forces and moments received
by the aircraft.

4.1.2 Engine Model. Take the typical turbofan engine used in the
third-generation fighter as an example to establish the engine thrust
model. The engine thrust characteristics are mainly affected by
height, speed and high-pressure rotor speed [3], The model is as
follows:

P = fp (H ,Ma,nH) (6)
Among them,H is the altitude,Ma is theMach number of the carrier,
and nH is the high-pressure rotor speed. The engine has a variety
of states, such as stopping, idle, maximum, afterburning, etc. There
are different steady-state rotor speeds under different conditions.
The throttle lever stroke controls the engine rotor speed. After
normalizing the throttle lever stroke, the simple corresponding
relationship between it and the state of the engine is shown in
Figure 3.

In the process of measuring and determining the thrust of the
engine, the thrust at different heights and Mach numbers in the idle,
maximum and afterburning states is usually measured to form a
thrust characteristic look-up table. Assuming that the engine speed
can reach the target speed immediately with the change of the
throttle lever stroke, and the engine thrust is proportional to the
speed, the engine thrust model is as follows:

P =


0, 0 ≤ δt < 1/4

Pidle (H, Ma) + 4
(
δt − 1/4

)
∗
[
Pmil (H, Ma) − Pidle (H, Ma)

]
, 1/4 ≤ δt ≤ 3/4

Pmil (H, Ma) + 4
(
δt − 3/4

)
∗
[
Pmax(H, Ma) − Pmil (H, Ma)

]
, 3/4 < δt ≤ 1

(7)

Among them Pidle ,Pmil ,Pmax are respectively the thrust interpo-
lation functions of the engine in idle, maximum and afterburning
states, and δt is the normalized throttle lever stroke.

4.1.3 Aerodynamic Model. When an airplane moves in the air, the
aerodynamic force acting on the airplane is distributed along the
body. The distribution and size of aerodynamic forces are usually
related to the speed, air density, attitude and shape of the aircraft.
In order to simplify the research on aerodynamic force, the aero-
dynamic force acting on the aircraft can be equivalent to the force
and moment on a certain point on the aircraft. Generally, aerody-
namic force can be decomposed into lift, drag and side force under
the wind axis system, as well as the roll moment, pitch moment
and yaw moment under the airframe coordinate system [4]. Both
aerodynamic force and moment can be expressed as the product of
force and force coefficient, expressed by the following formula:

Y = 1
2ρVaS[CL0 +CLα α +CLq

c
2Va ωz +CLδe δe ]

X = 1
2ρVaS[CD0 +CDα α +CDq

c
2Va ωz +CDδe

δe ]

Mz =
1
2ρVaSc[Cm0 +Cmα α +Cmq

c
2Va ωz +Cmδe

δe ]

(8)


Z = 1

2 ρVaS [CY0 +CYβ β +CYp
b

2Va ωy +CYr
b

2Va ωx +CYδa δa +CYδr δr ]
Mx =

1
2 ρVaSb[Cl0 +Clβ β +Clp

b
2Va ωy +Clr

b
2Va ωx +Clδa δa +Clδr δr ]

My =
1
2 ρVaSb[Cn0 +Cnβ β +Cnp

b
2Va ωy +Cnr

b
2Va ωx +Cnδa δa +Cnδr δr ]

(9)
Among them CL ,CD ,Cm,CY,Cl,Cn are the aerodynamic coef-
ficients, α , β are respectively the angle of attack and sideslip,
ωx ,ωy ,ωz are the angular velocities around the x, y, z axis of the
airframe coordinate system, δe,δa ,δr are respectively the deflection
angles of the elevator, aileron, and rudder, X ,Y ,Zare respectively
the aerodynamic drag, lift, and side force, andMx ,My ,Mz are re-
spectively the roll moment, yawmoment, and pitch moment, b, care
respectively wingspan and average aerodynamic chord length, ρ is
air density, Va is sound speed, and S is windward area of the wing.

4.2 Modeling of Pulse Modulation Infrared
Air-to-Air Missile

Infrared air-to-air missile is an automated weapon that takes the
infrared radiation characteristics of the target as input and uses
guidance and control law to attack the target. In order to establish
the mathematical model of infrared air-to-air missile, the following
assumptions are made in the research process [5]:

(1) Adopt the principle of solidification: that is, the flight speed,
flight height, engine thrust, missile mass, and moment of in-
ertia of the missile at a certain time on the ballistic trajectory
are unchanged;
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Figure 4: The Overall Structure of the Infrared Air-to-Air
Missile Simulation.

(2) The missile adopts an axisymmetric layout design;
(3) When the missile is under control or interference, the pa-

rameters of the missile do not change much, and the angle
of attack of the missile is small;

(4) The control system ensures the stability of the roll angle,
and replies at sufficient speed.

After adopting the above assumptions, the longitudinal distur-
bance movement and the lateral disturbance movement of the mis-
sile can be studied separately. On this basis, the overall structure of
the infrared air-to-air missile simulation is established as shown in
Figure 4. The infrared air-to-air missile model is mainly composed
of the seeker model, the guidance system model, and the missile
airframe model. The missile airframe model is composed of the
missile motion equation model and the autopilot. Since the missile
motion equation model is similar to the aircraft motion equation
model, it is no more details here.

4.2.1 SeekerModel. At present, the pulsemodulatedmulti-element
detectors widely used in the third generation of infrared air-to-air
missiles have the advantages of accurate target detection, no blind
spots and strong anti-interference ability [6]. Multi-element detec-
tors are typically binary and quaternary, and their basic principles
are the same. Taking the four-element detector as an example to
establish an infrared seeker model, its input is the off-axis angle
required in the search mode of the seeker, the movement state of
the missile and the detected target, and its output is the seeker’s
new working mode, missile speed, the distance between the mis-
sile and the target, the rotational angular velocity of the line of
sight, and the off-axis angle. The seeker model is mainly composed
of anti-jamming recognition algorithm and target stable tracking
model.

The flow of the anti-jamming recognition algorithm is shown in
Figure 5. Its main goal is to identify the real target in the seeker’s
field of view, calculate the angle of view between the real target
and the missile longitudinal axis, and record the radiation charac-
teristics of the real target in the missile tracking mode according
to the state of the missile and the seeker itself. The anti-jamming
recognition algorithm will identify real target from multiple radia-
tion sources through anti-jamming technologies such as position
memory, amplitude memory, and field of view contraction [7].

The target stable tracking model is used to isolate the jitter of
the seeker’s optical axis in the inertial space caused by the attitude

Figure 5: Seeker Anti-Jamming Recognition Algorithm.

Figure 6: Seeker Target Stable Tracking Control Block Dia-
gram.

movement of the missile body and other interference moments, and
at the same time enable the seeker’s optical axis to accurately track
the target position command. Its typical control block diagram is
shown as in Figure 6. In the missile tracking mode, the estimated
line-of-sight rate will be the sum of the target tracking offset angular
velocity and the inertial angular velocitymeasured by the gyroscope
sensor.

4.2.2 Guidance System Model. According to the target informa-
tion obtained by the seeker, the guidance system model generates
a normal overload command according to a specific guidance law,
so as to control the missile to approach and finally destroy the
target. The commonly used guidance methods mainly include track-
ing method, parallel approach method and proportional guidance
method. Because the proportional guidance method is simple in
form, technically easy to implement, and does not require much
information, it is often applied to the third generation of infrared
air-to-air missiles. According to the proportional guidance method,
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Figure 7: Guidance System Model Based on Finite State Ma-
chine.

the rotational angular velocity of the missile velocity is propor-
tional to the rotational angular velocity of the line of sight [8], that
is,

ÛσM = K Ûq (10)

In the formula, ÛσM is the rotational angular velocity of the missile
velocity, Ûq is the rotational angular velocity of the line of sight, K
is the proportional coefficient, usually 2∼6.

Infrared air-to-air missiles have multiple working modes and
have different behaviors in different workingmodes. For example, in
the tracking mode, the missile will approach the target according to
the proportional guidance method; In the search mode, the seeker
will be driven to search for the target in the specified direction
according to the preset search strategy; In the final attack stage, the
seeker will stop working and the missile will detonate the warhead
according to the state of the proximity fuze to attack the target.
According to these characteristics, the finite state machine theory
is used to establish the guidance system model, as shown in Figure
7. The guidance system model consists of two parallel states of
guidance and fuze. According to the working mode of the seeker,
the guidance state is divided into multiple states. The same is true
for the fuze state. According to the state of the guidance system
model, the seeker and fuze will be driven to realize the output of
guidance commands or detonate the warhead.

4.2.3 Autopilot Model. The missile autopilot controls the steer-
ing gear to deflect the rudder surface according to the guidance
instructions output by the guidance system to make the missile fly
to the target accurately, and finally destroy the target through the
warhead. Usually the missile autopilot adopts a three-loop design
[9], and its structural block diagram is shown in Figure 8.

It can be seen from Figure 8 that the three loops are the damping
loop, the stability augment loop, and the overload loop from the
inside to the outside. Among them KDC is the missile autopilot
closed-loop gain adjustment coefficient,Ka is the overload loop gain

Figure 8: Three-Loop Autopilot Pitch Channel Structure Di-
agram.

adjustment coefficient, Kθ is the stabilization loop gain adjustment
coefficient, and Kω is the damping loop gain adjustment coefficient.
By adjusting these four parameters, the three-loop autopilot can
reach the design goal.

4.3 Point Source Infrared Decoy Modelling
Point source infrared decoy is a weapon against non-imaging in-
frared air-to-air missiles. It generates a large amount of heat in
a short period of time to simulate the radiation of the engine’s
tail nozzle, thereby disturbing the infrared seeker. After the point
source infrared decoy is ejected from the fighter, it is only affected
by gravity and resistance [10], and ignites within 0.5 seconds af-
ter contacting with air. After ignition, the radiation intensity rises
sharply, and then remains stable. The entire combustion process is 4
∼6 seconds. Assuming that the decoy burns uniformly, the dynamic
model of the point source infrared decoy is as follows:

m dV
dt =mд sinϕ − 1

2Cx ρV
2S

mV
dϕ
dt =mд cosϕ

mt =m0 − Kt

(11)

Whereϕ is the angle between the speed direction and the horizontal
plane (downwards is positive),Cx is the drag coefficient of the decoy,
ρ is the air density,mt is the mass of the decoy at time t,m0 is the
initial mass of the decoy, and K is the burning rate.

The infrared radiation characteristics of point source infrared
decoy are isotropic. At different heights and speeds, the law of the
radiation intensity changing with time can be measured experimen-
tally and made into an interpolation table for use.

4.4 Environment Modeling
The environment model takes the states of fighters, missiles and
decoys in the simulation system as input, and then gives corre-
sponding observation output according to the characteristics of
fighter and missile sensors. For fighter, the environment model will
output the battlefield situation that the fighter can detect. For in-
frared air-to-air missiles, the environment model will output target
information within the detection range of its seeker. In addition,
in the training phase of applying the deep reinforcement learning
algorithm, the environment model also needs to give instant reward
to the action of the agent. Therefore, the environment model is
mainly composed of a detection model and a reward model.
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4.4.1 Probe Model. The radar detection system and missile ap-
proach warning system equipped with fighter have different de-
tection distances, detection ranges, and perception information.
Usually airborne radar can obtain the target’s distance, azimuth
and speed information, and the missile approach warning system in-
forms the pilot of the missile attack. And the non-imaging infrared
air-to-air missile seeker obtains the position and radiation value of
the target in its field of view. The targets that can be detected by
different types of detectors can be represented by sets:

T = {x ∈ T |p(x)} (12)

Among them, T represents the target set, the element x in the set
T should meet the condition p(x), that is, the target x should be
within the detection distance and range of the detector.

The infrared radiation of fighter is mainly composed of skin
radiation, exhaust flame radiation and tail nozzle radiation, and
is different in different directions, so it is necessary to establish
an interpolation table of infrared radiation intensity with different
azimuth angles for the fighter, which used in the infrared seeker
detection model.

4.4.2 Instant Reward Model. The design of the instant reward
model is one of the keys to the success of deep reinforcement
learning algorithms [11]. In the training phase, the instant reward
model provides real-time rewards and punishments for the action
of the agent to improve the efficiency of the agent’s policy search
and ensure the convergence and stability of the policy search. The
essence of the instant reward model is the visualization of prior
knowledge. There are different instant reward model designs cor-
responding to different specific problems, so this paper will not
discuss it here.

5 SYSTEM IMPLEMENTATION AND
EXAMPLE VERIFICATION

Take a jet fighter and its near-infrared air-to-air missiles and point
source decoys as examples for simulation. Through attack and de-
fense simulation examples, test whether the fighter, missile, and
decoy models conform to the design, and verify the credibility of
the simulation results of the infrared air combat system through sta-
tistics and analysis of the anti-jamming probability of the simulated
missile with or without interference.

5.1 System Implementation
Simulink is used to realize the infrared air combat simulation system.
Simulink is a visual simulation tool based on model design, which
can quickly transform the overall architecture of the simulation sys-
tem and the design of its sub-models into specific implementations.
The implementation process will not be described in detail here,
only the method of obtaining the key parameters of each model is
given.

(1) Acquisition of aerodynamic parameters. The aerodynamic
force and moment coefficients of fighter and missile are
calculated by DATCOM and Missile DATCOM software re-
spectively.

(2) Acquisition of engine thrust parameters. It is mainly obtained
from the open source flight dynamics model JSBSim.

Figure 9: The Target Fighter Does Not Release the Bait.

Figure 10: The Target Fighter Releases Two Decoys.

(3) Acquisition of infrared radiation intensity parameters. It is
calculated and obtained by commercial CFD software ANSYS
Fluent 16.0 [12].

5.2 Attack Simulation
Attack simulation verifies the missile’s ability to attack the target
fighter. The initial conditions of the simulation are: both the target
fighter and the missile are on a horizontal plane with a height
of 6000 meters, the initial Mach number of the target fighter and
the missile are both 0.6, and the missile launch position is 3000
meters away from the target fighter, and an angle of 40 degrees
with the flying direction of the target fighter. When attacking,
the off-axis angle of the missile is 10 degrees horizontally and 0
degrees vertically. The simulation result is shown in Figure 9. The
simulation results show that the fighter and missile models are
working properly.

5.3 Defense Simulation
The defense simulation verifies the defense capability of the target
fighter against incoming missiles when the decoys are launched.
The initial conditions of the simulation are the same as the attack
simulation, except that the target fighter launches two decoys dur-
ing the missile attack. The simulation result is shown in the figure
10. The simulation results show that the missile and decoy models
work normally.
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Table 1: Initial Conditions for the Height of 6000 M, the Speed of 0.6 Ma

With no decoy interference With decoy interference

Specified anti-interference probability in product
specification

90% Average ≥70%

Simulation result 96% 79%
Simulation error 6.7% 12.9%

5.4 Comparison of Anti-Interference
Probability

Compare the anti-jamming probability of the missile when the
target fighter launches the decoy or does not launch the decoy
respectively. Both the target fighter and the missile are in the hor-
izontal plane at a height of 6000 meters, and the target fighter is
within the missile attack zone. The initial speed of both is 0.6 Mach,
and the target fighter makes evasive missile maneuvers. Simulate
1000 times each for the target fighter launches decoys or does not
launch decoys, count the number of missile hits, and calculate the
missile’s anti-jamming probability. The results are shown in Table
1. It can be seen from the table that the error between the simulated
missile anti-jamming probability and the real probability is within
15%, and the simulation results are true and credible.

6 CONCLUSIONS
The article discussed the general requirements of simulation system
construction, designed the overall architecture of the infrared air
combat simulation system, established jet fighter, infrared air-to-air
missile, point source decoy and environment model, and finally
implemented the simulation system based on Simulink. Through
the attack and defense simulation examples and error analysis of
missile anti-jamming probability, it was verified that each model
in the infrared air combat simulation system worked normally
and credibly, and the simulation system could effectively simulate
various infrared air combat scenarios.

The establishment of the simulation system provides a founda-
tion for the application of deep reinforcement learning algorithms
in infrared air combat. However, it should be noted that there is
a certain difference between the infrared air combat simulation
system and the reality. The effect of this difference on the behavior

of the agent based on deep reinforcement learning in the real world
needs further research.
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