
IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022 6069

A Compact Mid-Wave Infrared Imager System With
Real-Time Target Detection and Tracking

Xuan Deng , Yueming Wang , Daogang He, Guicheng Han, Tianru Xue , Yifan Hao, Xiaoqiong Zhuang,
Jun Liu, Changxing Zhang, and Shengwei Wang

Abstract—The mid-wave infrared imager has stronger trans-
mission ability than the visible near-infrared imager, which can
effectively overcome the limitation of the low-visibility climate on
the image acquisition timeliness. Moreover, it is more conducive to
the detection of long-distance small target. However, few infrared
imager systems track the long-distance aerial target while detecting
it in real-time. Meanwhile, conventional optical structures for long-
distance imaging are cumbersome and bulky. Thus, the significant
challenge to solve this problem is how to design a lightweight
infrared imaging system for the detection of long-distance infrared
small targets over complex scenes. In this article, the basic principle
and design features of a compact mid-wave infrared imager system
are detailed. The optical system has an ingenious design, compact
structure, low power consumption, lightweight, and low installation
cost. Simultaneously, an improved features from the accelerated
segment test (IFAST) target detection algorithm is proposed, which
is verified by comparative experiment, showing good robustness,
and stability for infrared small target detection. Combining IFAST
with two-dimensional turntable can realize the requirement of
real-time object tracking and two filed imaging experiments were
carried out. The results demonstrate the robustness and stability of
the imager system in detecting and tracking infrared small targets,
which can provide a reference for the design of compact mid-wave
infrared instruments for similar applications.

Index Terms—Compact optical design, mid-wave infrared
imager system, real-time tracking, small target detection.

I. INTRODUCTION

I T IS well known that target detection and tracking have a
wide range of applications in such areas as remote sensing,

surveillance, early warning, aerospace, alert search, data classifi-
cation, and so on [1]–[5]. Any object with a temperature greater
than absolute zero Kelvin emits radiation with a wavelength
distribution. The radiative energy depends on the temperature
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of the object and its wavelength distribution by Planck radiation
law [6]. Real objects are rarely blackbodies in practice. The
amount of energy radiated by an object largely depends on the
material properties of the surface [7]. Depending on the object
material, thickness, and the radiation wavelength, part of the
radiation may pass through the object or be transmitted. The
transmission coefficient can vary between 0 and 1, while the
emissivity of radiators in nature is less than 1. The object absorbs
the remaining energy and its temperature is increased, making
infrared imaging technology one of the most important detection
methods for target detection and tracking. The “atmospheric
window” includes the mid-wave infrared band with a wavelength
of 3–5 μm [8]. In this band, the atmosphere can transmit many
components of infrared radiation, so it is often adopted as the
main window for infrared thermal imaging. Compared with
the visible near-infrared, the mid-wave infrared has a longer
wavelength and has a stronger ability to penetrate fog, rain,
snow, and smoke. It is not easily affected by haze scattering
and can overcome the limitation of low-visibility climate on
the timeliness of remote sensing image acquisition. In addition,
mid-wave infrared has a longer range in the field of aerial
target detection, which is more conducive to the detection of
long-distance small target. Different temperature targets have
higher thermal contrast in the mid-wave infrared band, mak-
ing it easier to distinguish between them. The corresponding
wavelength of the 600–1000 Kelvin object radiation power
peak is the mid-wave, which makes the mid-wave infrared have
superior thermal infrared high-temperature object monitoring
ability [9].

Infrared imaging systems operate in the infrared band with
passive noncontact and are not limited by day and night. The
infrared imaging system is sensitive to the thermal radiation
of the target, has strong resistance to electronic interference,
and has good concealment. It can recognize camouflage in the
presence of strong electronic interference. The infrared imaging
system has strong detection and recognition ability for stealth
aircraft, drones, and other hidden target or target under strong
light interference, which is more suitable for high-precision
observation than radar [10]. Meanwhile, the infrared imaging
system can collaborate with radar and radio to fill the blind
spot of radar [11], [12]. Therefore, with the outstanding ad-
vantages of good imaging quality, high detection accuracy,
strong anti-interference ability, and all-day work, the infrared
imaging system has become one of the core equipment for
target acquisition and tracking in the photoelectric tracking and
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aiming system. Its performance will directly affect the capture
capability and tracking accuracy of the tracking and aiming
system.

With the advancement of detector level and infrared imaging
technology, achieving a large field of view, high resolution, com-
pactness, and lightweight has gradually become the mainstream
direction for infrared camera development. Beach [13] designed
an optical system working in the mid-wave infrared band using
the multiple refraction and reflection approach to improve its
compactness for optomechanical efficiency. Hong et al. [14]
used a scanning oscillating mirror to design a zoom infrared
optical system operating in the mid-wave and long-wave range.
Sanson and Cornell [15] fabricated a mid-wave infrared thermal
imaging system with a large zoom system to increase the field
of view. The DMC modular digital aerial camera launched by
Z/I Imaging was composed of multiple small cameras to obtain
a wide field of view data [16]. High-resolution images were
finally obtained after data fusion and registration processing.
The A3 digital camera from Israel employs a large area array
sweep in exchange for a large field of view imaging [17]. He and
Zhao [18] developed an integrated mid-wave infrared optical
system with an axis-zoom of four fields of view. However,
the wide-field imager system produced by splicing multiple
cameras has many devices and complicated operations. Most
of the infrared imager systems for acquiring multiview data
images by sweeping a wide range are bulky and heavy. Multiview
image data is difficult to achieve with an imaging system that
utilizes multiple zoom ratios to obtain a wide field of view. As
a result, the development direction for the new generation of
infrared photoelectric equipment is to realize the lightweight of
the system and have the application requirements of long focal
length and multiple fields of view.

Tracking after detection is a common target acquisition strat-
egy [19]. At present, most of the real-time target tracking is to
track the moving target in the captured dataset or video in a
fixed background, with only a few instances of tracking while
detecting. When the movement trajectory of the captured target
does not traverse the entire field of view, the movement time of
the target in the field of view and the captured target information
will be greatly reduced. During the movement of the target, once
it leaves the limited field of view of the imaging system, it will
be impossible to track the target, and the target capture will
be lost. Thus, how to increase the dwell time of the target in
the imaging field of view is one of the major challenges in target
tracking. Most of the real-time target tracking stays in the dataset
simulation, and there are relatively few practical applications
for real-time tracking while collecting in the field test. Never-
theless, in practical applications, ensuring the real-time perfor-
mance of target tracking has urgent application requirements
and important practical value. Simultaneously, target detection
accuracy and stability play a decisive role in the execution and
decision-making of the target tracking [20], [21]. Small infrared
targets are detected using the infrared radiation properties that
can locate target in complex environment, such as aircraft in
clouds, aircraft in complex terrain, and so on [22]–[24]. The
background of the target occupies most of the image due to the
influence of long-distance imaging, resulting in many infrared

targets with a small scale and low signal-to-noise ratio [25].
The lack of target shape and texture information also makes
target detection difficult [26], [27]. Although many detection
algorithms for these problems have been presented in related
works, there are still some difficulties in the detection of infrared
small targets in complex environments.

Traditional spatial domain-based algorithms rely on the es-
timation of background information, including the Robinson–
Guard filter based on pixel aggregation degree estimation (ERG)
[28], two-dimensional (2-D) minimum mean square [29], the
nonlinear filter based on background estimation [30], the Top-
Hat filter [31], Max-mean/Max-median filter [32], and Bilateral
filter [33]. However, due to the lack of noise suppression ability,
they are vulnerable to the influence of background and noise
in complex environments, and the performance reliability is
unstable.

Furthermore, numerous transform domain-based methods
were proposed. The image is transformed from the spatial
domain to the corresponding domain by a specific transfor-
mation. The classical frequency domain filter combines the
frequency domain characteristics of the image to suppress the
background, including the ideal high-pass filter [34], Butter-
worth high-pass filter [35], and so on. The image background
has a lower radiation intensity than the target, and the gray value
of the target and its surrounding is not continuous. Accord-
ingly, Boccignone et al. [36] introduced wavelet transform to
infrared small-target detection. It is suggested to use the wavelet
transform to separate the image background (low-frequency
component) and target (high-frequency component) to improve
the detection effect. Luo and Wu [37] created a wavelet de-
composition model based on directional dispersion. Wang and
Tang [38] combined wavelet packet with higher-order statistics
(WPT-HOS). In contrast to the spatial domain-based algorithms,
the transform domain-based algorithms have high computational
complexity, and it is easy to mistake the isolated noise as the
target.

In infrared small target detection, there is an obvious gray
difference between a small target and its background neighbor-
hood. Hence, some theoretical mechanisms in the human visual
system (HVS) are also applied to infrared small target detection.
In 2014, Chen et al. [39] first proposed the local contrast method
(LCM). Whereas, the LCM algorithm has the problems of block
effect and centroid localization error in the target saliency map.
Han et al. [40] developed an enhanced detection method for
local contrast measurement, which introduced the problem of
smoothing small targets. Chen and Xin [41] designed a local
saliency map (LSM) for local self-similar computation utilizing
the weighted uniform properties of surrounding regions. To
solve the defect of the block effect of the LCM algorithm,
a multiscale patch-based contrast measure (MPCM) appeared
[42]. Qin and Li [43] presented a novel local contrast measure
method to suppress the complex background in infrared images.
Han et al. [44] developed a relative local contrast measure
(RLCM) for various scales. Liu et al. [45] proposed a novel
IR small target detection method utilizing halo structure prior
(HSP) based LCM (HSPLCM). In addition, some algorithms
also used the weighted technique to increase the algorithm



DENG et al.: COMPACT MID-WAVE INFRARED IMAGER SYSTEM WITH REAL-TIME TARGET DETECTION AND TRACKING 6071

performance, like weighted local contrast measure (WLCM)
[46], weighted strengthened local contrast measure [47],
weighted local difference measure [48], and homogeneity-
WLCM [49]. Target detection algorithms based on HVS are
essentially suitable for scenes with higher target intensity and ob-
vious gray differences with the surrounding background neigh-
borhood.

The reconstruction algorithm of the low-rank sparse matrix
uses the difference between the target noise and the background
to recover it. In the infrared image, the target has sparse features
while the background has low-rank characteristics [50]. The
infrared patch-image model (IPI) is a representative of these
methods [51]. Conversely, IPI does not consider the infrared
image background as a more complex heterogeneous back-
ground. Dai et al. [52] adopted the partial sum of singular
values to constrain the low-rank background patch-image and
designed a non-negative infrared patch-image model to replace
the fixed weighting parameters (NIPPS). Yang et al. [53] pre-
sented an integrated target saliency measure based on local
and nonlocal spatial information. Dai and Wu [54] employed a
reweighted infrared patch-tensor model with both nonlocal and
local priors for single-frame small target detection (RIPT). The
reconstruction algorithm has many applications and good recog-
nition effects, while it has high complexity and poor real-time
performance [55].

In response to the aforementioned needs and challenges raise,
this article proposes a comprehensive set of mid-wave infrared
imaging systems. The real-time tracking function of the target
is realized through the strategy of combining the improved fea-
tures from the accelerated segment test (IFAST) target detection
algorithm with the 2-D turntable, which is based on a compact
structure and lightweight.

The contributions of this article can be summarized as follows.
1) A catadioptric optical design scheme employing a tele-

photo lens to realize a compact mid-wave infrared imager
system is proposed. The combination of a small aperture
camera and a 2-D turntable is selected to achieve a wide
range of rotation to increase the total field of view for
gaze imaging. Meanwhile, the shell adopts 3-D printing
technology to significantly reduce the weight of the cam-
era. This not only meets the needs of long-distance and
large-scale imaging but also of a compact and lightweight
system.

2) We proposed an IFAST target detection algorithm and
combined it with 2-D turntable to realize target tracking.
According to the properties of infrared small targets and
noise, the algorithm eliminates as much noise and complex
environmental background information as possible. The
reliable target pixels are attained through an adaptive
threshold to realize the detection of infrared small target.
Concurrently, the pitch and yaw directions of the imager
system are adjusted according to the output result of the
target detection algorithm to maintain real-time tracking
of the detected target.

3) The mid-wave infrared imaging system is tested in
the real field test after the whole machine is installed
and adjusted. Experiments for real-time observation and

TABLE I
MAIN PERFORMANCE PARAMETERS OF THE INSTRUMENT

tracking of long-distance flying target are carried out.
Through these experiments, the performance and function
of the instrument are verified, which provides a reference
for further applications in the future.

The rest of this article is organized as follows. In Section II,
the general design of the compact and lightweight mid-wave
infrared imager system is described in detail. Section III in-
troduces small target detection approach and real-time target
tracking strategy. Section IV gives comparison results of IFAST
with other algorithms in infrared small target detection, as well
as the experimental findings of the imager system in outfield
tests. Finally, Section V concludes this article.

II. GENERAL DESIGN

In this article, the basic principles and design features of a
compact mid-wave infrared imager system are detailed, mainly
used to observe long-distance flying target in the air. The mid-
wave infrared imager system can obtain infrared images and
ensure continuous work across the day and night. At the same
time, it can realize staring imaging or scanning imaging of a
designated area in the air. The main performance parameters
of the instrument are shown in Table I. The mid-wave infrared
imager system operates in the wavelength range of 3.7–4.8 μm.

A. System Composition

The mid-wave infrared imager system consists of two parts:
an infrared photoelectric system and an electric control box.
Its appearance drawing is displayed in Fig. 1. A layer of high
emissivity aluminum film is attached to the outer surface of
the photoelectric system to minimize the influence of the tem-
perature increase on the photoelectric system caused by the
long-term sunlight exposure. The total weight is 7.2 kg, with
the photoelectric system weighing 5.5 kg and the control box
weighing 1.7 kg.

The infrared photoelectric system includes an infrared cam-
era, a 2-D sweeping mechanism, a focusing mechanism, and
other components. The infrared camera includes an optical
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Fig. 1. Appearance drawing of mid-wave infrared imager system. The left
side is the original design drawing, and the right side is the physical drawing
after installation. (a) Appearance drawing of the infrared photoelectric system.
(b) Appearance drawing of the control box.

Fig. 2. Internal structure diagram.

system, an integrated detector Dewar cooler assembly, and an
imaging electronics module. A compact structure is designed
to strictly limit the size and weight of the internal structural
components and the optical path is folded by a reflector so
that the entire optomechanical component can be covered by
a circle. The center of rotation of the optical assembly is fixed
at the geometric center. A focusing mechanism is added inside
the optical assembly for imaging at different temperatures. The
structure of the internal components is presented in Fig. 2. A
small stepping motor is installed on the focusing bracket and
screwed to the slider. On the upper part of the slider, an optical
lens seat is installed and two parallel linear bearings are installed
on both sides of the motor. The other side is equipped with
a resistive encoder as the position feedback of the kinematic
mechanism.

The interior of the electric control box comprises various
functional modules such as a power supply, thermal control,
monitoring, and recorder. Vibration-sensitive devices are struc-
turally and electronically reinforced. The infrared photoelectric
system and the control box are connected by cables. In general,
the signal line and its return line in the cable using twisted pairs
and shielding, and correspond one-to-one with the connector
contacts. The cable joints are reinforced, and the corresponding
cables are bound and fixed.

B. Optical Design

Typical structures of optical systems include reflective sys-
tems, transmissive (refractive) systems, and catadioptric sys-
tems.

Reflective systems are best suited for applications with high
F numbers and small fields of view. Such systems can efficiently
compress the optical path length, making the system size much
smaller than the system focal length. Typical reflective systems
include Newton’s system [56], Cesarian system [57], and Gre-
gorian system [58].

The transmissive system can achieve a large field of view,
which is appropriate for the application requirements of low F
number and large field of view [59]. The transmission telephoto
system mostly employs a telephoto objective lens to shorten
the length of the optical system, i.e., the length of the lens
barrel [60]. The ratio of the length of the optical system to the
focal length is called the telephoto ratio, which is an important
indicator of the telephoto objective. The telephoto ratio of the
transmission system is restricted by the angle of view and the
relative aperture. When the imaging system adopts an aspherical
mirror for primary refraction, the limit of the telephoto ratio
is about 0.8 [61]. To reduce the telephoto ratio, more aspheric
mirrors or glasses with special relative partial dispersion must
be added. This not only increases the cost but also increases the
difficulty of installation. The telephoto ratio will be hard to re-
duce if secondary refraction imaging is applied. Therefore, using
refraction imaging systems to meet the application requirements
of searching and tracking infrared optical systems is difficult.

The catadioptric system is typically composed of a reflec-
tive objective lens and a transmissive correction lens group.
It combines the advantages of the reflective system with the
large aperture, compressed optical path, and strong correction
capability of the transmissive system [62]. By positioning a cor-
rection lens in front or rear of the reflection system, the aberration
correction capability, and the field of view can be enlarged [63].
Classic catadioptric structures include the Schmidt system, the
Makesutov system, and the Mangkin refractor. Among them, the
Makesutov system and Mangkin refractor use spherical surfaces,
which can greatly simplify the processing.

According to the abovementioned analysis, the optical path
structure can be of the transmission type because the optical
aperture of the mid-wave infrared imager system is small and
the spectral bandwidth of the system is not too wide. Since
the working spectrum of the system is 3.7–4.8 μm in the
infrared band, silicon and germanium can be selected as the
material of the lens group. The pupil adjustment and aberration
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Fig. 3. Ray trace of the mid-wave infrared optical system.

correction are performed by optimizing the surface shape and
mirror spacing to achieve a good match with the detector cold
screen. Fig. 3 displays the ray trace of the mid-wave infrared
optical system. The optical path of the system is composed of
seven silicon/germanium lenses. Except for lens 2 and lens 5,
which are aspherical, the rest of the lenses are spherical. Between
lenses 4 and 5, and between lenses 5 and 6, plane mirrors are
placed, respectively, for optical path folding. The exit pupil of
the optical system is located 19.8 mm in front of the image,
which satisfies the exact match with the detector’s cold shield
and achieves a 100% cold shield effect.

In the process of optical system imaging, there will be phase
differences. After passing through the optical system, the light
emitted by the object is no longer concentrated at a point on
the image plane. It forms an irregular-shaped dispersion spot
called a spot diagram. After the point light source passes through
the optical system, diffraction images are formed on different
sections of the image plane. The distribution of points in the
plot can be approximately equivalent to the energy distribution
of the spot. The distribution of speckle energy can reflect optical
aberrations and defects very sensitively. The density of points
in the spot diagram can be used to measure the imaging quality
of the optical system. The shape of the spot diagram is used
to roughly judge the aberrations in the system. Because of the
convenient calculation and intuitive graphic image of the spot
diagram, the spot diagram is commonly utilized to evaluate the
image quality of the optical system. Fig. 4 depicts the spot
diagrams of the mid-wave infrared optical system for multiple
fields. The grid on the aperture surface is used to determine
the intersection point of the uniform light passing through the
optical system. The rms radius of the diffused spot in the full
field of view of the optical system design is within 3.6μm, which
is close to the diffraction limit. Thus, the optical system of the
mid-wave infrared imager system can ensure the sharpness of
the imaging quality.

The modulation degree is defined as the contrast ratio of the
sinusoidal grating fringes. The ratio of the modulation degree
of a fringe image to the actual optical system fringe image is
the modulation transfer function (MTF), which represents the
frequency response of the optical system to the amplitude of the
sinusoidal grating fringe. When a lens achieves the output of the
lens being the input of the lens, it is said to be a perfect lens.

Fig. 4. Spot diagrams of the telescope for multiple fields of three wavelengths
of 3.7, 4, and 4.8 µm. Central FOV is considered as 0 FOV. The left view is
positive and the right is negative.

However, because there are many factors in the design of a lens,
the ideal lens is impossible. These factors are not only related
to the image difference between the optical systems but also the
diffraction effects of the optical system. Each component within
an optical system has an associated MTF that contributes to the
overall MTF of the system, including imaging lenses, camera
sensors, and so on. Therefore, the final MTF of an optical system
is the product of all the MTF curves of its components. The
modulation degree of the image will only decrease, not increase,
and the MTF of any spatial frequency is less than or equal to one.
This technique of measuring the optical frequency is how many
lines can be presented in the range of one millimeter. Its units
are represented by line/mm. MTF was generated by ZEMAX
software.

The MTF measurement experiment was carried out at a stan-
dard atmospheric pressure and a laboratory ambient temperature
of 295 K. Fig. 5 demonstrates the MTF of a mid-wave infrared
imager system for different FOVs at normal temperature and
pressure. An MTF of 0.6 for the optical system is sufficient
for imaging requirements. The MTF of the optical system in
the mid-wave infrared imager system is better than 0.6@33.33
line/mm under different FOVs. It is proven that the optical
system of the mid-wave infrared imager system has an excellent
optimized design.

C. Imaging Electronics Design

Imaging electronics mainly provides the bias voltage and
timing required for the detector to work. At the same time,
the video signal output by the detector is collected. After the
analog-to-digital conversion of a video signal, the image data is
output through the data transmission interface. Fig. 6 shows a
functional block diagram of imaging electronics. The functions
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Fig. 5. MTF of mid-wave infrared imager system for different FOVs.

Fig. 6. Imaging Electronics Functional Block Diagram.

of imaging electronics are mainly integrated on two printed
circuit boards (PCB). PCB 1 is a control board for controlling
data. PCB 2 is the detector interface board to ensure the normal
operation of the detector.

The control board integrates many circuit modules, including
a communication interface circuit, trigger pulse circuit, high-
speed image data transmission circuit, analog to digital (AD)
conversion circuit, signal conditioning circuit. These circuits are
linked by a large number of I/O pins in a field programmable
gate array (FPGA). A logic gate unit is used to realize the
digital logic function of each pin level. A crystal oscillator
provides basic clock signals for the FPGA. The communication
interface circuit is responsible for supporting the communication
interface in transmitting the control signal. RS-422 is one of the
serial data communication interface standards. Due to the sup-
port of point-to-multi bidirectional communication, it has been

selected as the communication interface standard. A trigger
pulse circuit is specially used to generate control pulses that
switch the circuit. It can not only produce electrical pulses but
also amplify, transform, and shape electrical pulses. The high-
speed image sends high-speed image data outward through the
data transmission interface. The data transmission rate is approx-
imately 6 Mbps. Serialize/Deserialize is a serial communication
technology with time division multiplexing and point-to-point
(P2P). It can convert multiple low-speed parallel signals into
high-speed serial signals at the transmitter. Then, the high-speed
serial signal is converted to a low-speed parallel signal at the
receiver. This P2P serial communication technology makes full
use of channel capacity to improve signal transmission speed.
The AD conversion circuit realizes the digitization of the analog
signal obtained. The signal conditioning circuit is the active
filtering and amplitude adjustment of the video signal output
by the detector to meet the input dynamic range requirements of
the AD converter.

A detector working voltage circuit and a detector bias supply
circuit are the main components of the detector interface board.
The detector bias supply circuit is responsible for supplying
high-quality bias for the detector to ensure that it is in the best
working state. The detector’s working voltage circuit provides
the normal working timing of the detector. This part of the timing
will be flexibly adjusted according to the imaging parameters
provided by the control signal, like integral time, frame fre-
quency, and readout band.

D. Structural Design

The structure design is an important part of the general design
and one of the keys to ensuring the imaging quality of the
mid-wave infrared imager. The optical system, the focal plane
component form, and the structural interface play a role in its
structure. The photoelectric load structural design provides a



DENG et al.: COMPACT MID-WAVE INFRARED IMAGER SYSTEM WITH REAL-TIME TARGET DETECTION AND TRACKING 6075

Fig. 7. Sectional view of the infrared optoelectronic system.

strong guarantee for the accuracy and precision of each imaging
optical element of the camera during the life period from the
assembly and inspection to use. In summary, the basic require-
ments for structural design are as follows.

1) Excellent structural stiffness and strength. It is ensured
that the camera structure can adapt to the harsh mechanical
environment, and its components do not produce trace
amounts. It is necessary to ensure that the deformation of
the camera structure does not cause the surface accuracy
of the optical element, and the relative position change
between the elements under the mechanical environment
transformation does not exceed the allowable value of the
optical design.

2) High thermal stability. Under the condition of large space
temperature variation, the thermal distortion of the camera
mirror and the supporting structure meets the tolerance
requirements, particularly the matching of the linear ex-
pansion coefficient between the mirror and the supporting
structure materials.

3) Easy to assemble and test. It can reduce the human and
material resources needed during the assembly process as
well as the complexity of subsequent adjustment.

The sectional view of the infrared optoelectronic system is
shown in Fig. 7. The 2-D turntable support assembly is the main
support structure of the whole infrared photoelectric system to
realize the pitch and yaw movement of the system. An internal
support frame is installed inside the turntable, on which all
optical cameras are mounted. The internal optical component
includes receiving lenses, mirrors, a mid-wave infrared detector,
and its circuity. The support base is connected to the platform
body, which plays the role of cushioning and shock absorption.

The uncertainties of the stable platform include the static and
dynamic uncertainties of the system. The air drive chain of the
driving mechanism can cause static uncertainty in the system.
The system’s dynamic uncertainty is caused by the insufficient
stiffness of the transmission chain, such as the elastic defor-
mation of the transmission shaft and transmission components.
The azimuth and yaw frame axes of the two-axis two-frame
system are the platform’s stable axes, which must achieve high
stability and accuracy. For this reason, the intermediate links

Fig. 8. Schematic diagram of the data flow in target tracking.

of the transmission chain should be simplified as much as
possible to minimize the uncertainty caused by the transmission.
Common gear and screw drives, including harmonic gear drives
with the highest transmission accuracy, inevitably introduce
uncertainty, resulting in a decrease in stability accuracy. To
reduce the abovementioned uncertainty, the drive mechanism
of the two-axis two-frame system needs to use a locked-rotor
stepping motor with superior control performance and high
output torque to achieve excellent mechanical characteristics
of the drive mechanism.

The shell is made of 3D-printed plastic to reduce the weight
of the machine. The internal ring rib ensures adequate rigidity
and strength. The support ring frame is designed inside the
infrared photoelectric system, and the material is light glass
fiber reinforced plastic. The overall structure is compact and
has a certain resistance to deformation.

III. REAL-TIME TARGET DETECTION AND TRACKING

A. Target Tracking Method Combined With Hardware

The software system of the MWIR imager system is em-
bedded in a single-board computer. National Instruments (NI)
released the NI-9651 single-board computer. The NI-9651 is
the latest technology in their line of single-board reconfigurable
input/output (sbRIO) products. The NI-9651 takes the Xilinx
Zynq-7020 System on Chip and pairs it with 512 MB of memory
and 1 GB of nonvolatile flash. In addition, the NI-9651 runs the
Linux kernel. The program development environment running
on the NI-9651 is Laboratory Virtual Instrument Engineering
Workbench (LABVIEW) established by NI. As a general pro-
gramming system, LABVIEW has a large function library that
can realize various programming tasks. To achieve real-time
data processing, the algorithm must be encapsulated in library
functions that can be called by LABVIEW. First, algorithm
programs are compiled under the MATLAB R2015b (Win32)
platform. The application compiler function in the MATLAB
system has a generic COM component (GCC). The GCC can
build the library compiler project and package all the script
files in the project. Finally, a packaged project is generated as a
dynamic link library for the PC side of LABVIEW to invoke.

Fig. 8 displays the data flow during the execution of the target
tracking function. After the optical system receives the radiation
signal, the data acquisition will transmit the acquired infrared
image data to the software system through the three-way PCIE
interface. The roll and pitch information data read from the
encoder of the turntable mechanism is transmitted through the
serial port to the software system to obtain the pitch and roll
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Fig. 9. Moving process of the camera field of view.

position information of the current camera imaging. When the
algorithm detects a flying target with a tracking value in the
infrared image data, the horizontal and vertical pixel difference
between the current position of the target and the center point
of the image is output. Combined with the position information
during imaging, a control command is sent to the motor driver of
the turntable mechanism through the serial port. The camera’s
field of view rotates to the centroid position of the detection
target, ensuring that the target is always flying in the field of view.
The continuous real-time tracking of the target can be realized.
The moving process of the camera field of view is exhibited in
Fig. 9.

The software systems inside the mid-wave infrared imager
system run on a single-board computer. A single-board computer
has limited computing resources and computing space. At the
same time, the imager system has high timeliness and accuracy
requirements for the output of target detection results. Therefore,
the target detection algorithm must have the features of simple
algorithm complexity, fast running speed, and low false alarm
rate to meet the application requirements of real-time tracking.

B. Target Detection Algorithm

The schematic diagram of traditional FAST corner detection
is shown in Fig. 10 [64]. Point P is the center pixel. To determine
whether point P is a corner point, it is necessary to check whether
there are n consecutive pixel points in the 16 pixels on the ring
around point P, whose values are all greater than or less than
the value of the center pixel point P. If it exists, the center point
such as point P is called a bright corner point or a dark corner
point. The specific discriminant is

Sx∈Ω =

⎧⎪⎨
⎪⎩

d, Ix∈Ω ≤ Ip − t

s, Ip − t ≤ Ix∈Ω ≤ Ip + t

b, Ix∈Ω ≥ Ip + t

⎫⎪⎬
⎪⎭ (1)

where Ω denotes an annular area with a radius of 3 around the
center point P, x symbolizes a pixel in Ω, S denotes the feature
value of the pixel in Ω, I denotes the value of the pixel in Ω,
Ip denotes the value of the center point P, t denotes threshold,
d represents a point darker than the center point P, s denotes a

Fig. 10. Schematic diagram of traditional FAST corner detection algorithm.

point similar to the center point P, and b denotes a point brighter
than the center point P. Then, based on the category of S, it is
determined whether P is a corner point and the category of the
corner point.

The traditional FAST method cannot be applied directly to
detect small infrared target for the following reasons.

1) Small infrared target is easily affected by noise, and in-
frared image noise is unavoidable.

2) If there has a complex background in the infrared image,
it is easy to affect FAST corner detection.

3) Infrared small targets approximate Gaussian spots, and
there are no sharp corners for detection.

As a result, FAST was rarely used in the detection of small
infrared targets. Based on the abovementioned three points
and the characteristics of scatter noise and Gaussian-like small
infrared targets, an IFAST target detection algorithm for small
infrared targets is proposed, as illustrated in Fig. 11.

Point P is the center pixel. The dark circle around the center
pixel P is the area Ω2 (including 8 pixels), and the light circle
with a radius of 3 in area Ω1 (including 16 pixels). The criterion
for judging is shown in

Idp =

{
Ip − I9Ω1, Ip − I9Ω1 ≥ t1 &

∣∣Ip − I8Ω2

∣∣ ≤ t2

0, else

}
(2)

where & denotes a logical relationship AND, t1 = c1 ×M ,
t2 = c2 ×M , t1 and t2 denote the threshold. M represents the
maximum value of the range of values in the image pixels, c1 is
the experience value, generally 0.1, c2 is the experience value,
generally 0.05, Idp denotes the feature value of the point P, Ip
signifies the value of the point P, I9Ω1 denotes the value of the
ninth pixel Ω1 sorted from small to large, and I8Ω2 denotes the
largest value of the pixel in Ω2. The larger the value of Idp , the
greater the possibility of point P being the target point.

Then, by comparing the normalized infrared image Idp with
the normalized original infrared image I , the target reliable point
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Fig. 11. Schematic diagram of infrared small target detection.

is obtained after removing possible scattering noise

Ire =

{
1, Idp/I

d
pmax ≥ I/Imax

0, Idpmax < I/Imax

}
(3)

where Ire denote the target reliable point, Idpmax denotes the
maximum pixel value in Idp , and Imax denotes the maximum
pixel value in I .

IV. EXPERIMENT

A. Measurement Metrics and Comparison Methods

In this article, three performance evaluation metrics, signal to
clutter ratio gain (SCRG), background suppression factor (BSF),
and receiver operating characteristic (ROC) curve, are selected
to quantitatively evaluate the performance of small-target detec-
tion methods [65], [66].

SCRG [65] is employed to analyze the target enhancement
performance of the method. The higher the SNRG, the better the
enhancement effect of the target. The definitions are described
as

SCRG =
SCRout

SCRin
(4)

SCR =
|μt − μb|

σb
(5)

whereμt symbolizes the mean value of the target,μb denotes the
mean value of the background, σb represents the standard devi-
ation of background, SCRout denotes the SCR of the processed
image, and SCRin denotes the SCR of the original image.

BSF [66] is used to assess the background suppression per-
formance of the method. The higher the BSF, the better the
suppression performance of the method for image background
clutter. It is defined as

BSF =
σin

σout
(6)

where σin denotes the standard deviation of the background clut-
ter in the original infrared image and σout denotes the standard
deviation of the background clutter in the processed image.

True positive rate (TPR) is the probability of true detection.
False positive rate (FPR) is the probability of false detection.
ROC curve [65] is drawn with the FPR as abscissa and the TPR as
ordinate. ROC curve is a widely utilized metric to quantitatively
depict the dynamic relationship between FPR and TPR. The
corresponding method is better if the ROC curve is closer to the
top-left corner. They are formulated as

TPR =
#true pixels detected
#total true pixels

(7)

FPR =
#false pixels detected
#total image pixels

. (8)

B. Comparison Experiment

Considering the diversity of targets and complexity of the
background, six infrared datasets [67] with different background
complexities and varying target pixel sizes are utilized to test
the performance. The detailed information is listed in Table II.
The targets have different types, spatial sizes, less texture, and
detailed information. Furthermore, the background is usually
complex and has serious noise/clutter. The images have low
SNR values, and the contrast between targets and background
is not significant. All of these factors make the targets easily
submerged in the background, making small-target detection
difficult.

This article compares nine infrared target detection methods;
three spatial domain-based methods (ERG [28], Top-Hat [31],
and Max-Mean [32]), one frequency domain-based method
(WPT-HOS [38]), three contrast-based methods (LCM [39],
MPCM [42], and RLCM [44]), and two low-rank matrix-based
methods (NIPPS [52] and RIPT [54]). Fig. 12 displays the
target images processed by the nine detection algorithms and the
IFAST method proposed in this article. At the same time, 3-D
stereograms of the processed images are drawn to demonstrate
the processing findings more intuitively. Fig. 12 selects one
representative frame from six infrared image datasets. Fig. 12(a)
is the original images of datasets and the corresponding 3-D
stereograms. Fig. 12(b)–(k) is the detection results of different
algorithms and the corresponding 3-D stereograms.

By comparing the detection results in Fig. 12, almost every
algorithm in dataset 1 can identify a single target under a simple
sky background. NIPPS and MPCM only detect a part of the
target, and there is a large omission. Although ERG detects the
target completely, there is also an obvious the false detection.
LCM also targets the false detection of isolated noise points.
Max-Mean failed to achieve a clear segmentation of the target
edge. Top-Hat, Max-Mean, NIPPS, and RIPT cannot suppress
background clutter effectively, and there is a lot of noise in
the background. WPT-HOS and IFAST have more accurate and
clearer detection. In dataset 2, there is interference from the
complex ground background. Since the inhomogeneity intro-
duced by the optical system is not effectively compensated, a
noise superimposition like the shape of a pot lid appears in the
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TABLE II
DETAILS OF THE TEST INFRARED DATASET

image. From Fig. 12, except for ERG, MPCM, and IFAST, many
methods suffer from the complex background of the ground.
Whereas MPCM misses most of the target and ERG still has
obvious false detection. The clouds in the sky background
of dataset 3 are thick and cluttered. The detection results of
Top-Hat, Max-Mean, and WPT-HOS are greatly affected by the
clouds. In LCM, MPCM, and RLCM, the centroid position of the
target was found while suppressing the background noise, but
in doing so, these methods lost some of the target information.
ERG can accurately identify all target pixels and achieve good
background clutter suppression. However, ERG’s extremely
high accuracy comes at the expense of adding falsely detected
pixels. Only IFAST eliminates the interference of cloud clutter
and accurately identifies the target, while the detection results
of the other techniques exist in false alarms caused by a lot of
sky background.

Dataset 4 comprises 18 infrared targets. The detection results
of each algorithm are compared. The ERG detects eight tar-
gets, Top-Hat detects 17 targets, Max-Mean detects 13 targets,
WPT-HOS detects 0 targets, LCM detects 13 targets, MPCM
detects 16 targets, RLCM only detects one target, and the NIPPS
detects 19 targets, including many false alarms. Both RIPT and
IFAST correctly detect all 18 targets. For a low SCR infrared
target in dataset 5, WPT-HOS and LCM can no longer recognize
the target, and regard the data in the image as the background.
MPCM, RLCM, and RIPT have the phenomenon of misidenti-
fying large clouds as targets. NIPPS and IFAST successfully
separated of complex background and low SCR targets. In
dataset 6, a small-sized target in a complex ground background
greatly increases the difficulty of target detection. The target
detection results for dataset 6 indicate that only IFAST has
obtained significant detection results for single target detection
under complex ground background. The other approaches are
affected by the ground background and are incapable of detect-
ing targets. In general, the IFAST has higher accuracy for single
or multiple target detection, better stability, and robustness in

complex environments when compared to other methods. IFAST
can effectively suppress the impact of the ground background on
infrared target detection. It improves the feasibility of detection
results and facilitates subsequent tracking and identification.
From the detection results, IFAST has a stable detection effect
on infrared small target images ranging from several pixels to
dozens of pixels.

SCRG, BSF, and running time are the performance metrics
of various algorithms. The test results of various algorithms are
listed in Tables III–V. SCRG represents the target enhancement
ability of the algorithm. BSF represents the background sup-
pression ability of the algorithm. Running time represents the
time it takes for the algorithm to detect a single frame of an
image. In terms of the operation time, IFAST is slightly slower
than Top-Hat and WPT-HOS. On the other hand, by combining
SCRG and BSF, IFAST can not only suppress the influence of
background clutter but also enhance the target and highlight the
target position. NIPPS and RIPT are effective in suppressing
background, but the computation time of NIPPS and RIPT
for each frame is too long to meet the real-time requirements.
Excluding the lack of advantages of MPCM in smoothing the
background, MPCM still has some advantages in enhancing the
contrast of the target and shortening the operation time.

Table VI lists TPR obtained through various methods of
datasets. TPR represents the accuracy of the method to de-
tect the target. Table VII lists FPR obtained through different
strategies of datasets. FPR stands for the probability that the
method incorrectly detects the target. According to TPR and
FPR, the ROC curves of datasets are drawn and displayed in
Fig. 13. The ROC curve closer to the upper left corner cor-
responds to the better comprehensive detection performance
of the method. For the ROC curves of different datasets in
Fig. 13, the ROC curve of the IFAST is more concentrated in
the upper left corner than the ROC curve of other algorithms.
Therefore, IFAST is considered to have the best comprehensive
performance.
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Fig. 12. Detection results of different algorithms and the corresponding 3-D stereograms. (a) Original datasets. (b) ERG. (c) Top-Hat. (d) Max-Mean.
(e) WPT-HOS. (f) LCM. (g) MPCM. (h) RLCM. (i) NIPPS. (j) RIPT. (k) IFAST.

C. Outfield Experiment

Two filed imaging experiments were carried out to validate the
performance of the mid-wave infrared imager system in terms
of real-time target tracking. The results are reported herein.

The first field test was conduct to confirm the integrity of
the compact mid-wave infrared imager system’s various per-

formance and functions. The observation site was the rooftop
on the eighth floor of Building One, the Shanghai Institute of
Technical Physics, the Chinese Academy of Sciences, Shanghai,
China (121°29’30.14E, 31°17’8.98N) on June 5, 2021. The
weather was sunny and breezy during the experiment, and the
temperature was approximately 27 °C. The general direction of
the initial alignment of the mid-wave infrared imaging system
was Shanghai Hongqiao Airport, which was about 21 km away.
The area over the airport where the aircraft’s departure route

may pass was used as the range for the infrared imaging system
to scan and image. The acquired infrared image was subjected
to target detection to determine whether an aircraft target was
captured during the search process. Once the aircraft target
was detected, the center of the field of view of the infrared
imaging system was immediately adjusted to align with the
target position to ensure subsequent tracking of the target. The
images captured during target detection and tracking are shown
in Fig. 14. The image in Fig. 14(a) is the presence of an aircraft
target detected within the imaging field of view. The Images in
Fig. 14(b)–(d) were captured by the infrared imaging system
while adjusting the position and tracking the target according
to the target detection result of the previous frame. When the
target is detected in Fig. 14(a), the center position of the target is
output to the infrared imaging system controller. The controller
quickly adjusts the center of the field of view to the center
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Fig. 13. ROC curves of different algorithms for different datasets. (a) Dataset 1. (b) Dataset 2. (c) Dataset 3. (d) Dataset 4. (e) Dataset 5. (f) Dataset 6.

Fig. 14. Infrared target images with an approximate distance of 21 km acquired by a compact mid-wave infrared imager system during the tracking process.

Fig. 15. Infrared target images with an approximate distance of 60 km acquired by a compact mid-wave infrared imager system during the tracking process.
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TABLE III
SCRG OBTAINED THROUGH DIFFERENT METHODS OF DATASETS

‘\’ denotes no target detected or no data.

TABLE IV
BSF OBTAINED THROUGH DIFFERENT METHODS OF DATASETS

TABLE V
RUNNING TIME OF EACH DETECTION METHOD OF DATASETS

TABLE VI
TPR OBTAINED THROUGH DIFFERENT METHOD OF DATASETS

of the target mass from Fig. 14(a), and continues to image to
obtain Fig. 14(b). Then, according to the target center position
output in Fig. 14(b), adjust the imaging center field of view of
the controller, followed by imaging to obtain Fig. 14(c). Based
on the adjusted camera field of view in Fig. 14(c), Fig. 14(d)
is captured. From Fig. 14(b)–(d), the deviation of the target
from the center of the field of view is small after adjusting the
field of view of the infrared imaging system. It is verified that
the target detection algorithm and the target tracking hardware
implementation have excellent real-time performance and can
meet the needs of real-time target tracking.

A remote-sensing experiment was carried out on Oct 25, 2021,
to verify the ability of a compact mid-wave infrared imager
system to obtain infrared data and track the infrared target at

a further distance. The observation site was at the top of Mount
Tai, Taian City, Shandong Province, China (117° 06′13.96E, 36°
15′24.59′′N). The Beijing–Guangzhou route has always been the
busiest in China, with numerous daily flights frequenting be-
tween Guangzhou Baiyun Airport and Beijing Capital Airport.
The altitude of the test site was about 1500 m, and the shortest
straight-line distance from Mount Tai to this route was about
60 km. Therefore, the Beijing–Guangzhou route was selected
as the area for long-distance observation experiments due to
its abundant aerial target samples. The images acquired by the
mid-wave infrared imager system during the detecting tracking
process are shown in Fig. 15. Imaging at long distances reduces
the size of the target significantly. In the face of cluttered and
scattered cloud backgrounds, IFAST can still maintain high
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TABLE VII
FPR OBTAINED THROUGH DIFFERENT METHOD OF DATASETS

‘\’ denotes no target detected or no data.

accuracy and stability. In Fig. 15(a), IFAST detected the infrared
target and immediately output the target center position to the
infrared imager system controller. After adjusting the center field
of view of the infrared imager system to overlap with the center
position of the target in Fig. 15(a), Fig. 15(b) is obtained by
imaging. Subsequently, the infrared imager system sequentially
acquired images of Fig. 15(c) and (d).

Both field tests can achieve clear imaging of long-distance
small target, confirming the accuracy of the target detection
algorithm for small target detection and the stability of real-time
target tracking.

V. CONCLUSION

Considering the development trend of compact and
lightweight infrared photoelectric systems, a compact mid-wave
infrared imaging system is developed in this article. The choice
of telephoto lens and catadioptric optical design improves the
compactness of the structure and enables long-distance imag-
ing. The small imaging field of view brought about by the
small optical aperture is compensated for by the large-scale
rotation of the 2-D console in the yaw and pitch directions.
In addition, inspired by the FAST corner detection algorithm,
combined with the characteristics of small infrared targets and
the characteristics of noise, an IFAST method for edge detection
of small infrared target is proposed. The high real-time perfor-
mance of the target detection algorithm and the advantages of
the 2-D turntable provide a new strategy for real-time target
tracking. After the test of the public dataset, it is proven that
IFAST has a strong anti-interference ability against the complex
sky and ground background in the infrared image. IFAST has
good detection performance for small targets ranging from a
few pixels to dozens of pixels, and has obvious advantages in
reducing the false alarm rate. Both outfield tests can effectively
achieve clear imaging of small targets at distances of 20 km
and 60 km, and subsequent stable target tracking. The accu-
racy of the target detection algorithm for small target detection
and the stability of real-time target tracking are thoroughly
verified.

In addition, despite the accuracy of the IFAST algorithm is
high, the strategy for tracking after single-frame detection lacks
compensation measures for false alarm targets. In the future,
we will generalize the proposed IFAST algorithm from single-
frame detection to multiframe detection and consider parallel
processing to improve efficiency, so as to ensure the real-time
performance of subsequent target tracking.
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