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Research on motion target
detection based on infrared
biomimetic compound eye camera

Linhan Li%2, Xiaoyu Wang'?, Teng Lei%2, Juan Yue?, Sili Gao'™’, Yang Yu'" & Haifeng Su3"*

The cooled mid-wave infrared biomimetic compound eye camera has wide range of applications, such
as industrial inspection, military project, and security. Due to the low resolution of individual eyes

and the large field view of the imaging system, existing motion target enhancement and detection
algorithms cannot effectively detect all potential targets. To address this issue, we propose an
improved elementary motion detector model that combines a double-layer ON_OFF channel and a
cross-type computational architecture, which is able to suppress a stationary background and enhance
moving targets. In order to further reduce the missed detection, we designed the spatial and temporal
consistency detection methods of the compound eye structure, which further improved the accuracy
and stability of the detection results. The experimental results show that our method can fully utilize
the features of the image and can be applied to the enhancement and detection of moving objects in
complex scenes, and the detection efficiency is significantly improved.

Motion detection is a crucial aspect of the biological visual system as it enables organisms to perceive and
interpret the world by detecting motion in their surrounding environment. This ability is present in many
organisms, including humans and various animals. Organisms receive light signals through photoreceptor cells,
convert them into nerve signals, transmit them to the brain for processing, and exhibit sensitivity to different
motion signals through the arrangement of different neurons. In nature, many insects or crustaceans perceive
an enlarged field of view through the structure of compound eyes. Thousands of closely spaced small-eyes can
provide local responses at different positions on the retina, which can be used to calculate the orientation and
distance of the organism itself with other objects in the environment, and to perceive the shape and relative size
of the target. Multiple photosensitive cells working synchronously can process multiple local information in
parallel, which is more favorable for compound-eyed insects in making faster judgments and responses. Due
to the use of parallel processing of information and the flicker effect!=}, compound eye organisms possess a
sensitivity to moving objects. The characteristics of the compound eye visual system of these organisms have also
inspired many researchers. For many years, numerous scholars have been engaged in studying bionic compound
eye imaging systems and motion detection methods based on biological visual mechanisms.

German biologist Reichardt conducted theoretical analysis on the relative motion neural computation of
beetles by analyzing their visual behavior and proposed Elementary motion detector (EMD)*. The EMD model
relies on the information of different locations in the visual scene for temporal difference analysis, that is, the
signal difference generated by the time delay is used to obtain motion information. This model demonstrates
sensitivity to the speed and direction of moving objects, exhibiting relative stability even in low-light conditions.
Santen proved that the model proposed by Reichardt is also applicable to the visual system of mammals. In
the following decades, many scholars have successively proposed several variant models of EMD. Pallus et al.
introduced a novel architecture for the EMD model, known as the correlation-based EMD model®. Researchers
have also proposed a dual-channel EMD model®, which processes the input signal through separate channels
based on changes in brightness. Considering the estimation of motion direction and velocity, Wang et al.
proposed a lateral inhibition model based on the EMD theory to improve the performance of small target
detection in surveillance cameras’. On this basis, they further improved the model for detecting dynamic small
targets, including setting up feedback and integrating multi-field of view visual features®®. Wang and his team
developed a motion detector based on the theory of EMD, which uses the shallow visual neural pathway of fruit
flies for three-dimensional object detection!®. Many scholars have been studying the visual neurophysiological
model of compound eyes in order to apply it to motion detection in complex backgrounds, and they have made
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good progress'1~1°. This provides a biological basis for finely elucidating the visual neural computation process
of target motion perception.

Meanwhile, many scientists study the structure of compound eyes based on the visual characteristics
of compound eye organisms. In contrast to the single-eye structure, compound eyes are composed of many
independent imaging units called ommatidia. These ommatidia are arranged on a curved surface to collect light
information from various directions in the scene. This means gaining a broader perspective and more accurate
visual information. In 1891, Exner proposed the theory of overlapping visual fields in compound eyes, while
the research findings of scientists such as H.B. Barlow, M.F. Land, G.A. Horridge have provided insights for
the development of new optical sensors and image processing technologies. Over the years, various artificial
compound eye structures have been developed, including planar compound eyes, curved compound eyes,
camera array compound eyes, and others!'®.

The algorithm in our work relies on a self-developed cooled mid-wave infrared biomimetic compound eye
camera!”!8, By simulating the physiological structure of overlapping compound eyes, a fixed structure multi-
lens array is used to map to a single sensor for imaging. The imaging performance and image characteristics will
be detailed in the subsequent chapters. Compared to a multi-sensor structure, its advantages include a more
convenient calibration process and smaller imaging errors. Our infrared biomimetic compound eye camera has
advantages, such as a large field of view, small size, and high sensitivity similar to a compound eye camera. It also
has the advantages of cooled medium wave infrared photoelectric equipment, such as working all day, having
better performance through fog and dust, better environmental adaptability and low altitude detection ability,
can fully sense the surrounding environment and capture potential targets. It can be used in various fields such
as industrial inspection, military, and security.

In this work, we combine the image characteristics of infrared biomimetic compound eye imaging system and
the sensitivity of fruit fly vision to fast-moving objects. First, we conduct a simulation analysis of the Elementary
Motion Detector model to verify its effectiveness in infrared biomimetic compound eye image sequences. Then,
we make improvements based on the image features. Finally, we test the algorithm using common evaluation
metrics on real image sequences captured by the infrared biomimetic compound eye camera and simulated data
obtained through the mechanical structure and imaging characteristics.

Methods

In 1961, Reichardt constructed the famous Elementary Motion Detector model (EMD)'. In 1987, Reichardt
and Egelhaaf conducted a comprehensive theoretical analysis of a one-dimensional first-order approximation
of fly motion detection model?. The simplified model of 1D EMD is shown in Fig. 1(A). Set the spatial distance
between two adjacent photo sensors as A & . The inputs are the signals received by A and B. The two input
signals are respectively multiplied by the time delay unit 7 and then subtracted from the other input signal to
obtain the output signal out of EMD.

We can use a sine grating as a graphical input to simulate one-dimensional EMD. Let the coordinates of
the two light sensors AB be z1, x9, with a spatial distance of A @ . The input graph moves at a continuous
velocity (ds(t)) /dt, where s(t) represents the displacement of the temporal domain graph, that is,
(ds(t)) /dt = C represents the instantaneous velocity of the image. The input mode can be represented as:

F(x,t) =1+ Alsin (?(z-&-s(t))) (1)
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Fig. 1. EMD simulation. (A): primary motion detection EMD model. (B): input signal. (C): output of the
EMD detector. (a), (b), (c), and (d) represent the response results of integrated outputs from 1, 13, 30, and 40
motion detectors respectively.
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A represents the spatial wavelength of the grating, I represents the average light intensity, and A I represents
the modulation of light intensity. The output can be represented as the graphic input moving from left to right at
a speed of —V/, with a time delay of 7 :

Rz, t)=Flz+st)]|«Fla+AD +st—7)|—Flz+A2 +s@)|*«Flz+s(t—1) (2)
R(z,t)=T1 *V*(ZTW) *A[*|:AI+I*81H(ZT7T(1‘—VTE)):| (3)

We set up a group of input signals: A = 3, [ = 2, AT = 1. The signal initially moves uniformly with a
velocity of V' = 4. At ¢ = 5, it then reverses its motion. The graph of this input signal is shown in Fig. 1(B).
The simulation output of EMD is shown in Fig. 1 (C), covering 40 motion detectors within a spatial period. Each
detector is separated by 1/40 of a spatial wavelength. It can be seen that the EMD output signal can indeed detect
local motion, and the direction of the input signal’s motion is represented by the sign of the output signal, while
its magnitude is also proportional to the speed of the motion. Furthermore, it can be observed from (d) that by
integrating 40 detectors, the influence of time modulation can be eliminated.

Based on the above theoretical results, the EMD can be extended to two-dimensional image motion detection,
improving the output response through two-dimensional spatial integration. The simplified model is shown in
Fig. 2(A). We also simulated the two-dimensional movement of the targets in space: in Fig. 2(B), We simulated
two different sizes of moving and static targets. Within a single image, the circular region is the imaging of a
single small-eye. Among them, S1, S2 and S3 are three small-eyes, S1 and S2 are arranged horizontally, S1 and S3
are arranged vertically. The three kinds of targets were small square, small cross and large cross. In the time range
from TO to T1, the small square remained stationary, and the two kinds of cross moved from the upper right to
the lower left in the field of view of the three small-eyes.

Based on the above simulation results, it can be seen that two-dimensional EMD can suppress stationary
targets and enhance moving targets. With simple binarization processing, motion target detection can be
achieved. However, considering the practical application, if we calculate using the closest small-eyes and shorten
the distance between the photoreceptors, it may not fully enhance all target pixels for larger moving targets. In
the application of biomimetic compound eye camera, due to the lower number of pixels in individual small-eyes,
many of the target in the entire compound eye image belong to the category of small targets. We can improve the
2D EMD based on the camera structure and image features.

Infrared biomimetic compound eye imaging system

Our work relies on the innovative equipment of a cooled mid-wave infrared biomimetic compound eye camera.
Based on the physiological structure of overlapping compound eyes, small lenses are arranged in a circular shape
on a spherical structure, and imaging is achieved on a single plane detector through a relay optical structure.

(B)

Fig. 2. EMD simulation results of the motion target. (A): two-dimensional EMD diagram. (B): EMD
simulation results, including the moving target and stationary target.
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In our camera, the optical axis of the small lens is perpendicular to the installation structure’s spherical surface.
The primary optical axis of the compound eye is the optical axis of the central small lens. 4 circles of small
lenses are extended outward at intervals of 10 degrees. The small lenses on each circle are evenly distributed,
with quantities of 6, 12, 18, and 24, respectively. Including the central small lens, there are a total of 61 small
lens mounting holes, forming a field of view of 108° x 108°. The distortion at the edge of the small lens is
approximately 4-5%, achieving large field of view imaging with minimal distortion at the edge. The schematic
diagram of its imaging effect is shown in Fig. 3. Considering the actual imaging effect and the data collected in
the laboratory, this work mainly considers the data collected by the central three annuli of smaller eyes to study
the moving target enhancement. Figure 3(C) shows the imaging result of the central three annuli of smaller eyes
on the character A target at a distance of 1 m'”!%.

Taking into account the actual situation, the data obtained from the prototype is mostly laboratory data.
When considering the effectiveness of validating algorithms, it is necessary to test various scenario images.
Based on the distribution of small-eyes’ positions, the radius, and the coordinates of the center small-eye, we can
simulate an infrared biomimetic compound eye image sequence by statistically analyzing the imaging results
of distant target. Simulated data has the following characteristics: (1) Compared to fast-moving targets, the
background tends to be more static or have slower movements. Therefore, image sequences of small targets with
different motion speeds are generated in dynamic backgrounds or intricate backgrounds. (2) Image sequences
of targets with different contrast levels compared to the background’s grayscale distribution. In this paper, the
introduction of simulated data will be discussed in the result section.

Motion target enhancement algorithm based on two-dimensional EMD

The overall algorithm is shown in Fig. 4(A), we obtain the corresponding numbered small-eye images from the
whole image. In fly visual cells, ON-type input signals result in an increase in the voltage difference between cells,

Ommatidium lens Relay optical system

¥ v
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©

Fig. 3. Tllustration of the image formation of a refrigeration type mid-wave infrared biomimetic compound
eye. (A): simplified optical diagram, including a lens array and a relay optical system. (B): schematic diagram
of the lens array shell structure. (C): schematic diagram of the actual imaging effect.
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Fig. 4. Algorithm flow diagram. (A): Simple flow diagram of the algorithm. (B): channel separation process
(CH-SE). (C): X-shaped structure EMD(XEMD). (D): double channel EMD(DCHEMD).

while OFF-type signals result in a decrease in the voltage difference between cells®. The input signal is divided into
two channels based on changes in brightness. When the light intensity increases, it is considered as ON channel
signal, and when the light intensity decreases, it is considered as OFF channel signal. Therefore, dividing the
input signal into two channels can obtain a more accurate motion region. This article uses half-wave rectification
to calculate the first stage ON_OFF channel. Firstly, we perform segmentation on the entire compound eye
sequence image. Assuming the input signals of all adjacent segmented small-eyes are I}, I5, ... , I,,, the channel
separation calculation is performed for all small-eyes, here, I is taken as an example, the segmentation of the
ON and OFF channels of the I; small-eye can be expressed using the following mathematical model:

Cion = |difffe7’]1|2+ dif f fern w
Cl()FF: |difff€7'[1|;difffer11 (5)

dif f fery, refers to all motion information obtained by comparing the sequence delays. In the study, it was
found that regardless of whether the background is still or moving, as long as there is a brightness difference,
it will have a negative impact on the enhancement of motion results, resulting in some still backgrounds being
mistakenly identified as moving targets. Therefore, in order to avoid the influence of errors caused by dynamic
changes in high brightness backgrounds on the final detection results, a butterfly filter is introduced to suppress
these high bright backgrounds. Butterfly-shaped high-pass filter(BF-HP) can better preserve the detailed
features of the target, while enhancing small targets and suppressing smooth backgrounds. The butterfly filter is:

-15 —05 —15
p=1| -05 8 —05
~15 —05 —15

(6)

Similarly, the secondary ON_OFF channel of eye I; can be represented by the following mathematical model:

(sgn (1) +1)

5 (7)

Cyon =11 *
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Coorr = 11 * (1= sgn(h)) 'sgn/ (h) ®)
The channel separation process (CH-SE) is shown in Fig. 4(B). Equations (5) and (6) for channel segmentation
of a sequence of images of a single small-eye, differ refers to all the motion information obtained by comparing
the sequence time delays. The results of the first ON-OFF channel are obtained by the computation of (5) and (6).
Equations (8) and (9) are the results of the second ON-OFF channel computed using the sign function for the
channel segmentation of the filtered result of a single single-frame small-eye image after (7). Among them, the
result of the first level ON_OFF channel contains more motion information, including the motion information
of the target and the slow changing information of the brighter background. The result of the second level
ON_OFF channel contains more information about small targets in the current frame image. When associating
the two-level ON_OFF calculations, a method of mutual filtering is used to obtain more accurate results. The
specific process can be simplified as follows: the pixels with the same or similar normalized values obtained from
the calculations in both ON channels are preserved more, while the larger values with significant differences
are considered as error points introduced by the calculation. After obtaining the two-level ON_OFF result for
a single small-eye, we use this result with the two-level ON_OFF result for the neighboring small-eye for EMD
calculation, as shown in the Fig. 4.

In the previous section of the one-dimensional EMD mathematical analysis and simulation results, it can be
concluded that spatial integration can eliminate the effect of time modulation and improve the output response.
Meanwhile, the simulation results of the two-dimensional EMD indicate that the response is affected by the
motion of the target in different small-eye’s image. Combining the small-eye geometric structure of the device
in this article with the imaging overlap rate between the small-eyes, we improved the 2D EMD structure to
an X-shaped structure EMD(XEMD). As shown in Fig. 4(C), it consists of two symmetrical two-dimensional
EMD structures, which correspond to the hexagonal ring structure expanding from the inside to the outside of
the device lens. In this structure, the central small-eye’s image of the X-shaped structure are connected to the
double-channel output results of the neighboring small-eye’s image and input into the double-channel EMD
calculation model (DCHEMD), as shown in Fig. 4(D). Ultimately, a motion enhancement matrix is obtained,
where pixels in the motion region are assigned higher weights, while pixels in the static or slowly changing
background region have minimal weights.

We use an adaptive threshold to segment objects. In this letter, the adaptive threshold Th is denoted by

Th=p +X %4

where ;1 and § are the mean value and the standard deviation of the result, respectively. A is an adjustable
parameter, which ranges from 0 to 30.

Consistency detection of target position based on system architecture

For the global motion weights obtained from the above process, we will further conduct spatiotemporal
consistency inspection to ensure higher credibility. The consistency here refers to the characteristic that different
adjacent small-eye in the infrared biomimetic compound eye imaging system have the same or similar motion
information. We can perform consistency detection from both the temporal and spatial perspectives.

According to the overlap of the field of view, there is structural consistency in the imaging of a single small
eye on the target scene. As shown in Fig. 3(C), the whole image contains images of 19 small-eye’s image, in the
geometric structure of the small-eye’s image, the 1st, 2nd, 5th, 8th, and 14th small-eye’s image are uniformly
distributed along the horizontal line of the sphere’s shell structure. The 2nd and 5th small-eye images are
symmetrical in structure, as are the 8th and 14th small-eye images. The 1st, 11th, and 17th small-eye images
are uniformly distributed along the vertical line of the sphere’s shell structure, while the rest of the small-eyes
are uniformly distributed on the sphere’s shell. Therefore, in an ideal situation, we can obtain the same scene
image at the given position of different small eyes with adjacent structures. As shown in Fig. 5(A), the imaging
situation of the “A” character in front of the camera is as follows: all 19 small lenses in three circles can capture
the image of the entire or parts of the “A” character. Among them, the imaging consistency of the 1st small lens
can be calculated by the surrounding 6 small lenses, and they can also verify each other. We mainly improve the
detection effect by comparing the target pixel coordinates in the adjacent ommatidium images.

According to the results from DCHXEMD, the global motion weight can be calculated, and it can also
represent the motion direction of the moving target. In Fig. 5(B), assuming a simple point target moves a certain
distance in the up-left direction within a time interval A ¢ in the first small-eye image, the DCHXEMD results
can be computed for this set of input sources to represent the motion direction.

€)

(u,v)represents calculations in the pixel coordinate system, (up,vp)=maz {DCHXEMD}
, (ug, vg) = min {DCHXEMD}. E and S are used only for mathematical calculation identification in order to
distinguish calculation results. Assuming that at time ¢ and ¢ + A ¢, the target appears in all small-eye’s images,
the direction calculation for all targets in small-eye’s images should yield consistent results. In all the small eyes
that capture the moving target, the coordinates of the target can be obtained. Due to the field of view overlap
between adjacent small eye clusters of the device, the same target will appear in multiple small eye clusters, so
the pixel coordinates of the target in these small eye clusters are correlated, and the difference of coordinates
obtained by different small eye is fixed. The error detection results are filtered by comparing all coordinate
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Fig. 5. The schematic diagram of small-eye consistency detection. (A): spatial detection based on small-eye
geometric structure consistency detection. (B): temporal detection based on motion direction calculation
consistency detection.
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Fig. 6. Partial experimental data. (A) 1st eye for some simulated data with different scene background. (B) st
eye for laboratory real-shot images with different target contrasts.

information. Also because of the overlapping field of view, the adjacent small eyes also have the same Angle of
target motion. The false detection results are further filtered out by comparing the motion angles of all potential
targets.

Results
Based on the self-developed infrared bionic compound eye camera, at this stage, we mainly obtain the data in
the laboratory and some outdoor static scene data sets. In order to analyze the performance of the algorithm and
validate its effectiveness, we use both real data and simulated data for analysis. Various motion target data from
different scenarios are selected, as well as data with different types of interference.

Figure 6(A) shows the Ist eye for some simulated data. The scene includes different backgrounds such as
trees, grass, mountains, buildings, and roads. Additionally, due to the original data being captured on a mobile
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platform, the scene includes dynamic backgrounds. Figure 6(B) shows the 1st eye for laboratory real-shot images
with different target contrasts.

From an objective quantitative evaluation perspective, we consider background suppression factors, signal-to-
noise ratio, signal-to-noise ratio gain, and contrast gain as evaluation indicators for algorithm performance?"?2.

Global Background Suppression Factor (BSF). By conducting statistical analysis on the entire image, it
measures the difference between the target and the background, calculates the prominence of the target and
the ability to suppress the background. BSF is defined as BSF = § ;,/0 out. where 6 ;, and 0, respectively
represent the standard deviations of the entire background region in the input image and the processed image.

The Signal-to-Clutter Ratio Gain (SCRG) is a metric used to evaluate the performance of image processing
algorithms by comparing the signal to noise and distortion ratio before and after processing. It is related to
the Signal-to-Clutter Ratio (SCR), which is defined as SCR = |u, — p1,| /o »» Where p ,and u jrespectively
represent the average pixel values of the target area and the surrounding background area. where o
represents the variance of the pixel values in the background region surrounding the target. SCRG is defined
as SCRG = SCR,,/SCR;,,. Among them, the SCR;, represents the SCR of the input image, and SCR,:
represents the SCR of the processed image.

Contrast gain CG is an indicator used to evaluate the grayscale contrast enhancement ability of image
processing algorithms in target and background, and can be defined as CG = CON,,;/CON ;. Where CON
is defined as CON = |p, — 1 ]. The larger SCRG, BSF and CG, the better the performance of the algorithm.

The detection probability and false alarm rate are used to measure the performance of an algorithm in target
detection tasks. The detection probability refers to the probability of the algorithm correctly detecting a target. It
can be represented by the ratio of the number of times the target is correctly identified as a target to the number of
times the target actually exists. It can be defined as P; = DT /AT. DT represents the number of detected target,
AT represents the number of targets present in the image sequence. In addition, the false alarm rate describes
the probability of the algorithm incorrectly reporting non-target samples as targets. The image size of our single
small-eye is 75*75. In each of the small-eye’s imaging area, each pixel has two possible classifications, target
pixel region and background pixel region. Outside the imaging area of each small-eye, all pixels do not contain
imaging information. In this paper, considering the low resolution of the image, the number of pixels is used to
calculate the false alarm rate, so the calculation index of paper is referred to?2. False alarm rate can be defined as
F, = FP/N P.1n this case, FP represents the number of pixels in the false alarm region, NP represents the total
number of pixels in the image sequence. The ROC curve is plotted with the detection probability as the y-axis
and the false alarm rate as the x-axis. By calculating the area between the curve and the coordinate axes, we
obtain the AUC. A higher AUC value indicates that the algorithm has better discrimination, allowing for better
distinction and classification between the target and background.

As shown in Fig. 7 (A), for the enhanced results on the motion objectives, we calculated the correlation
indexes for a total of 1000 frames of real captured image sequence datasets with 10 different target contrasts
and simulated image datasets with 10 different scenes. In order to test the effectiveness of our improvement,
we calculated the index of object enhancement and compared the results of only performing 2D image EMD
calculation. The effectiveness of our added channel separation process (CH-SE) step and X-shaped structure
EMD(XEMD) model is demonstrated. Meanwhile, we validate the effectiveness of the proposed algorithm
for small target detection in infrared biomimetic compound eye imaging systems and compares it with other
small target detection algorithms in Fig. 7 (B)(a-b), including double-layer local contrast measure (DLCM)%,
multiscale patch-based contrast measure (MPCM)?, the AADCDD which using absolute average difference
weighted by cumulative directional derivatives?, the directional approach is used to develop a novel algorithm
called ADMD?, Robinson-Guard filter and pixel convergence(ERG)?’, local mutation weighted information
entropy(LMWIE)?, Local Component Uncertainty Measure With Consistency Assessment(ELUM)%,
anisotropy filter bank and modified with a point spread function(AFB-PSF)*’, By analyzing the ROC and AUC,
it was found that when applying other detection methods to the detection of individual small-eyes, classical
methods with fewer calculations can achieve better detection results due to the fewer pixels in a single small-eye.
We also compare several infrared moving small target detection algorithms: the novel spatial-temporal local
difference measure (STLDM) algorithm to detect a moving IR small target®!, the anisotropic spatial-temporal
fourth-order diffusion filter (ASTFDF)*, the low-rank and sparse spatial-temporal tensor representation
learning model based on local binary contrast measure (STRL-LBCM)?3, a simple but powerful spatial-temporal
local contrast filter (STLCF)*. The result shown in Fig. 7 (B)(c-d).

Therefore, we compared the results of several infrared small target detection methods that also have good
effects after spatial consistency detection and direction consistency detection, and calculated the detection
results in real shooting datasets with different target and background brightness.

Discussion

Through analysis, we can conclude that the existing methods cannot adapt well to infrared biomimetic compound
eye images, but our method has good detection performance. It is attributed to the use of a two-dimensional
primary motion detection improved model and spatiotemporal consistency detection based on the curved
compound eye camera structure, which ensures that our algorithm does not miss any targets. Our method also
verifies the sensitivity of the compound eye structure to the moving target. Combined with the advantages of the
cooled mid-wave infrared detector, our algorithm will have a broad application scene. Our method is applied to
the moving target detection task of the medium-wave cooled infrared biomimetic compound eye system, and
it can complete the output of all the hidden targets with small-eyes. At the same time, according to the number
of small-eye of the target, we can roughly estimate the bearing, distance and movement direction of the target,
so our camera and method can be applied in military detection or fully automatic security tasks. If further
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Fig. 7. Ours algorithm performance evaluation results. (A): the enhanced index for motion targets, (a-c) is
the result of laboratory real-shot images, (d-f) is the result of simulated data. (B): the ROC curve of target
detection results for different algorithms, (a)(c) is the result of simulated data, (b)(d) is the result of laboratory

real-shot image.

combined with insect neural structures and information processing processes or more advanced multi-view

image processing techniques>*

Data availability

, our camera will have a wider range of uses.

The datasets generated during and/or analysed during the current study are available from the corresponding

author on reasonable request.
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