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ABSTRACT The whiskbroom scanning imaging mode effectively expands the imaging field of the
space optical camera, and realizes high-resolution and wide-width spatial imaging. However, the dynamic
disturbance in the short-term and large-scale imaging process will cause uneven degradation of the image.
Therefore, a geometric model of the camera instantaneous imaging at a moment is constructed. Then,
the movement trend of the camera and the deflection of the light are deduced separately for establishing
the analysis model of the kinematic disturbance and the morphological disturbance. Finally, the dynamic
disturbance result of the imaging process is obtained by fusing both kinematic disturbance andmorphological
disturbance, and the simulated image of the dynamic disturbance is evaluated by combining the geometric
parameters and the image quality evaluation index. The results show that the dynamic disturbance of the
imaging will be enhanced with the increase of the whiskbroom angle and angular velocity, resulting in the
decrease of the peak signal-to-noise ratio and the structural similarity of the image.When the angular velocity
on the 500km orbit increases from 1◦/s to 10◦/s, the peak signal-to-noise ratio and structural similarity
of the simulated image, affected by the combining influence of kinematic disturbance and morphological
disturbance, decrease by 2.1454 dB and 0.1131 respectively at 0◦, but decrease by 1.5680 dB and 0.0405 at
45◦. The analysis results of this paper can provide an effective reference for further research on the
degradation process of whiskbroom ultra-wide image and improve the quality of the image.

INDEX TERMS Atmospheric optical properties, dynamic disturbance, image degradation, image simula-
tion, optical path calculation.

I. INTRODUCTION
Space optical remote sensing technology appears actively in
crucial fields such as information detection and situational
awareness, and gradually becomes an efficient and indis-
pensable means of obtaining information in modern soci-
ety. Because of the lack of imaging and control technology,
the static push-broommainly used in the early age usually led
to insufficient regional coverage and resolution capabilities
of cameras, which reduced the imaging efficiency and orbital
resource utilization [1]. The multi-camera image stitching
technology used to enrich the imaging coverage also further
reduces the image resolution, aggravating the image quality
degradation [2], [3]. For this reason, dynamic analysis is
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proposed to apply to the whiskbroom process, which can
effectively expand the imaging width and increase the area
coverage through the whiskbroom scanning movement [4].
At the same time, single-camera imaging can also avoid
the image degradation caused by the stitching process of
multiple cameras, and satisfy the high-resolution and large-
width imaging requirements of the optical remote sensing
technology.

However, the kinematic characteristics of the whiskbroom
scanning imaging process will introduce uneven dynamic
disturbances and extend the imaging object distance of the
camera, causing the optical path gradient of the imaging light
in the transmission process, which will lead to the changing
of resolution and the shifting of imaging area, and finally
reduce the imaging quality. In the research of kinematic
characteristics of whiskbroom scanning imaging, Xu [1] et al.
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proposed an inversion and recovery algorithm for whiskb-
room scanning images by building a whiskbroom scanning
model, and verified the rationality and feasibility of the
model from the perspective of image restoration, realizing the
geometric distortion correction of the whiskbroom imaging.
Song et al. designed a dynamic frame imaging mode, verified
the feasibility of the dynamic imagingmode can achieve large
and wide imaging in terms of imagingmechanism. Zhao et al.
proposed to analyze the velocity field in the dynamic process,
established the vector field model of the motion velocity in
the imaging process, and realized the imaging blur simulation
and prediction of the complex motion state. Aiming at the
degradation process of imaging light in the atmospheric envi-
ronment, based on the Kolmogorov atmospheric turbulence
model, Richard G. Lane [5], [6] respectively proposed two
Kolmogorov phase screen simulation methods, and deduced
the atmospheric degradation process from the spatial phase
perspective. Starting from the point spread function, Zhang
used the Huber norm regularization algorithm to estimate the
point spread function of single-layer and multi-layer atmo-
spheric turbulence, and established a new atmospheric turbu-
lence phase calculation model, which improved the reliability
of the phase calculation.Wu et al. invented a method that uses
high-precision ultrasonic anemometer real-time sampling
to obtain atmospheric temperature time series data, which
achieved long-term continuous acquisition of accurate optical
turbulence intensity. Dwivedi et al. studied the turbulence in
the surface boundary layer through empirical methods, and
verified the universality of theKolmogorovmodel in calculat-
ing boundary turbulence. Based on the atmospheric refraction
analysis model built by Noerdlinger [7] and others at the
end of the last century, Yan [8], Wang [9] and Gao [10] and
others combined line-of-sight vector tracing, rational polyno-
mial coefficients, LOWTRAN7’s ray tracing model, which
improves the atmospheric refraction model, then constructed
different layered atmospheric analysis models and calculated
the corresponding atmospheric refraction offset size, and
finally analyzed the geometric principle of atmospheric offset
from the geometric angle of ray tracing. However, due to
the quasi-stationary nature of the imaging model, without
considering the impact of the dynamic disturbance caused by
the movement of camera whiskbroom, the above-mentioned
scholars all used the static imaging model. In addition, there
is a lack of simulation and discussion of imaging results in
the correction research of geometric positioning.

Therefore, for obtaining the kinematic disturbances dur-
ing the whiskbroom scanning process, this paper firstly cal-
culates the disturbance distribution of image displacement
under the whiskbroom motion, according to the kinematic
model of the whiskbroom scanning imaging. Then, based
on the characteristics of the near-ground atmospheric envi-
ronment, a near-ground atmospheric environment model for
imaging light transmission is constructed to derive the mor-
phological disturbance of the gradual optical path gradient.
Finally, with calculating the quality evaluation parameters of
the whiskbroom images under different conditions obtained

FIGURE 1. Principle of light transmission in whiskbroom scan imaging:
(a) schematic diagram of whiskbroom scanning imaging process, (b) The
transmission process of imaging light at different whiskbroom angles.

by simulation, the image quality evaluation under different
dynamic disturbances can be obtained.

II. ANALYSIS OF THE WHISKBROOM IMAGING PROCESS
OF AEROSPACE OPTICAL CAMERA
A. THE INVERSION PROCESS OF WHISKBROOM IMAGING
Compared with the static push-broom imaging mode,
the whiskbroom scanning imaging with high dynamic char-
acteristics greatly improves the maneuverability of the space
optical camera and realizes the expansion of imaging cov-
erage in a short time. However, the rapidly changing of
objective distance also causes the change of the optical path
in the atmospheric space, which leads to the deviation of the
light and the degradation of the image quality.

Fig.1. (a) shows the whiskbroom scanning imaging process
of the aerospace optical camera. Under influence of the earth
curvature and the change of the imaging object distance,
the total coverage area ABCD of the actual imaging is a
pincushion area with wide ends and narrow center. When
the camera carries out area array imaging, the wider sides of
the imaging coverage area will produce compression in the
output image, resulting in image distortion and a decrease in
ground resolution. Fig.1. (b) shows the transmission process
of imaging light under atmospheric environment. When the
whiskbroom angle is ϕ and the field of view of single pixel is
γ , the light will gradually change fromM ′M ′′ to N ′N ′′ due to
the effect which combinedwith thewhiskbroom angle and the
refractive index, resulting in the ground resolution to change
from MN to M ′′N ′′.

Based on the characteristics of the whiskbroom scanning
imaging process, the existing dynamic disturbance is divided
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FIGURE 2. Inversion of degradation process in whiskbroom imaging.

into two parts: kinematic disturbance and morphological dis-
turbance. The analysis process is shown in Fig.2. In the
analysis of kinematic disturbance, the whiskbroom geometric
model and the migration simulation model is constructed
according to the image-shift in imaging area. In the mor-
phological disturbance analysis, the near-ground light trans-
mission model is constructed as well, according to the light
path gradient. Finally, the kinematic disturbance and the mor-
phological disturbance are combined to realize the dynamic
disturbance analysis of the whiskbroom scanning imaging.

B. ANALYSIS OF MOTION DISTURBANCE IN
WHISKBROOM IMAGING
1) CONSTRUCTION OF WHISKBROOM MODEL
In order to simplify the analysis of the whole whiskb-
room scanning process, consulting with calculus algorithm,
the whole imaging process can be described as the super-
imposition of the instantaneous imaging results. Select the
moment when the whiskbroom angle is ϕ in Fig.1. (a) to con-
struct the instantaneous model of imaging as shown in Fig.3,
where the area A′B′C ′D′ is the imaging region. During the
whiskbroom scanning process, the objective distance SO′ will
change with ϕ, which causes the change of the instanta-
neous imaging region A′B′C ′D′, and finally lead to the actual
imaging region ABCD showing in a pillow shaped. When
the variation range of whiskbroom angle is [−ϕ0, ϕ0], and
the variation range of the FOV corresponding to each pixel
along the orbit is [−β0, β0], SABCD and SA′B′C ′D′ respectively
represent the whole imaging region and the instantaneous
imaging region atϕ. According to the geometricmodel shown
in Fig.3, the following can be obtained:

SABCD =
∫ ϕ0

−ϕ0

SA′B′C ′D′ (ϕ) dϕ

=

∫ ϕ0

−ϕ0

∫ β0

−β0

H2 tanβ sin γ
cos3 ϕ

dβdϕ (1)

During the imaging process, the ground coordinate system
is constructed as follows: the sub-satellite point O is taken
as the origin of the coordinate system, the direction perpen-
dicular to orbit is x direction, and the direction along orbit
is y direction. According to the motion characteristics of the
camera, the ground trajectory of the imaging point I on the
ground, which is composed of pixel i with field angle β0, can
be written as:

y =
√
x2 + H2 · tanβ0 (2)

FIGURE 3. Instantaneous model study of whiskbroom scanning imaging.

Combined with (2) and the characteristics of whiskbroom
scanning process, with the constant change of ϕ, the instan-
taneous imaging region A′B′C ′D′ will also produce different
distortion processes in the vertical and along the orbit direc-
tions of the camera, resulting in a two-dimensional degrada-
tion process in the imaging region.

2) DISTORTION ANALYSIS OF IMAGING AREA
According to the characteristics of the imaging mode,
the strip width M ′N ′ in the direction of vertical orbit of
A′B′C ′D′ in the instantaneous imaging region, and the field
angle γ corresponding to the unit pixel in the whiskbroom
scanning process is defined as γ = a

/
f . As the instantaneous

model shown in Fig.3, when the whiskbroom angle is ϕ,
the position of the midpointM ′ in the camera’s instantaneous
imaging region A′B′C ′D′ in the ground coordinate system xϕ
is:

xϕ =
n=ϕ/γ∑
n=0

(
H ·

(
tan

(
nγ + γ

/
2
)
− tan

(
nγ − γ

/
2
)))

(3)

In this case,M ′N ′ corresponding to unit pixel is:

M ′N ′ = H ·
(
tan

(
ϕ + γ

/
2
)
− tan

(
ϕ − γ

/
2
))

(4)

For (3) and (4), the nonlinear growth feature of the tan-
gent function makes M ′N ′ have different calculation results
at different whiskbroom angles, and the size of M ′N ′ also
increases with the increase of whiskbroom angles. When the
whiskbroom angle is 0◦, the width of the strip MN in the
imaging region of the sub-satellite point is the resolution of
the aerospace optical camera:

M ′N ′ = H ·
(
tan

(
ϕ + γ

/
2
)
− tan

(
ϕ − γ

/
2
))

(5)

Although M ′N ′ is not the same at different whiskbroom
angles, in the actual imaging plane,M ′N ′ in all instantaneous
imaging regions is reflected in the same pixel size. As a result,
the coverage of both sides of the image in the vertical track
direction is increased, the ground resolution is reduced, and
image distortion is introduced.

It is same as the analysis of the vertical orbit direction,
the imaging width P′Q′ along the orbit direction of the instan-
taneous imaging region A′B′C ′D′ is selected as the analysis
object. a and f represent the pixel size and focal length of the
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camera respectively, and N represents the number of pixels
on the area array imaging plane. Then, the field of view angle
βi between pixel i with n pixels interval from the midpoint
S of the area array imaging plane and the optical axis of the
sub-satellite point can be written as βi = na

/
f . When the

whiskbroom angle is ϕ, the abscissa xϕ of P′ and Q′ in
the ground coordinate system of the instantaneous imaging
region A′B′C ′D′ can be calculated according to (2), and the
width P′Q′ of A′B′C ′D′ can be calculated as follows:

P′Q′ = 2yϕ = 2
n=N /2∑
n=0

√
x2ϕ + H2 · tan

(
na
f

)
(6)

Substituting the calculation formula of ground coordinate
system xϕ in (3) into (6), the final expression of P′Q′ can be
obtained as follows:

P′Q′ = 2
n=N /2∑
n=0√√√√n=ϕ/γ∑
n=0

(
H ·
(
tan
(
nγ+γ

/
2
)
−tan

(
nγ−γ

/
2
)))2
+H2

· tan
(
na
f

)
(7)

By analogy with the degradation analysis in the direction
of vertical rail, the instantaneous imaging region A′B′C ′D′

is reflected in n pixels in the actual imaging plane. With
the increase of the swing angle, the coverage width of the
imaging image along the orbit direction increases, which will
also lead to the distortion of the image, reduce the resolution
ability of the camera and cause image degradation.

(7) reflects the overall degradation relationship in the two-
dimensional direction of the ground in the actual imaging
process. Thus, degradation analysis and simulation model
construction of thewhole process can be completed by chang-
ing the whiskbroom angle ϕ and the number of pixels N of
the detector.

3) SIMULATION OF IMAGE SHIFT IN IMAGING AREA
During the imaging process, the actual recording on the image
surface of the camera is the sum of all images during the
exposure time, that is, the data recorded in each pixel unit is
the average gray level information during the exposure time.
According to this characteristic, the velocity vector distri-
bution of whiskbroom scanning process as shown in Fig. 4,
based on Fig. 3, can be constructed for simulating the kine-
matic disturbance existing in the imaging region.

When the exposure time is 1t , the total velocity of the
ground area corresponding to a pixel on the image plane is
V . According to the imaging model, when the earth radius is
R and the camera orbit height is H , then the offset C of the
ground area can be written as

C = V ·1t=(ve + vo + vt)

=

(
ωe · R · cosα+Vo ·

R
R+ H

+ωo ·
H

cosϕi · cosβi

)
·1t

(8)

FIGURE 4. Velocity vector sketch of whiskbroom imaging.

where ve is the ground velocity produced by the rotation of
the earth,ωe is the angular velocity of the earth’s rotation, α is
the latitude of the ground area;Vo is the orbital velocity of the
camera, vo is the projection velocity of the camera’s orbital
velocity on the ground; vt is the offset velocity generated by
the whiskbroom movement, and ωo is the angular velocity of
the whiskbroom angle.M represents the gray value recorded
on the pixel unit:

M =

n∑
i=1

di ·Mi

n∑
i=1

di

(9)

where, Mi and di represent the gray value of the ground area
passed by the offset path and its distance weight, respectively.
The distance weight of the ground area closer to the offset
path is heavier than other areas.

C. ANALYSIS OF DISTURBANCE IN THE ATMOSPHERIC
ENVIRONMENT
The main reason for the morphology disturbance of environ-
ment is the unevenly distributed refractive index in the atmo-
sphere near the earth. According to empirical formulas and
previous studies [7]–[10], the value of atmospheric refractive
index n is related to factors such as atmospheric pressure P,
atmospheric temperature T , and incident light wavelength
λ. Among them, atmospheric pressure P and atmospheric
temperature T are also functions of atmospheric altitude h,
as follows:

(n− 1)× 108

=

(
2371.34+

683939.7λ2

130λ2 − 1
+

4547.3λ2

38.9λ2 − 1

)
×D1 (P (h) ,T (h))

+

(
6487.31+

58.058
λ2

−
0.7115
λ4
+
0.08851
λ6

)
×D2 (P (h) ,T (h)) (10)

According to the calculation result of (10), the atmospheric
refractive index can be divided into three parts: When the
altitude near the ground is lower than 11km, the atmospheric
environment is in the troposphere, where the atmospheric
refractive index changes relatively sharply with altitude, and
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the refractive index decreases with the increase in altitude.
When the altitude is between 11km and 47.5km, the atmo-
spheric environment enters the stratosphere, and the decline
rate of the refractive index gradually tends to be gentle.
Until the altitude reaches 47.5km and above, the atmospheric
refractive index tends to be constant with a value of 1.
Therefore, based on the boundary between the troposphere
and the stratosphere at 11km, a two-layer atmospheric model
including all the troposphere and part of the stratosphere is
constructed to complete the analysis of atmospheric environ-
mental disturbances.

1) TRANSMISSION DEFLECTION OF IMAGING LIGHT
In order to improve the calculation accuracy of the optical
path of the imaging light, the existing double-layer atmo-
sphere model needs to be further refined. For achieving fur-
ther refinement of the atmosphere model, the upper and lower
layers of the double-layer atmosphere model are separated at
intervals of 500m and 100m respectively.

Similarly, the moment when the instantaneous whiskb-
room angle of the optical camera is ϕ, is selected to present
the theoretical model of the instantaneous transmission path
of the optical camera, as shown in Fig.5. (a). In the figure,
E is the center of the earth; S is the optical camera; Point P
is the incident point of imaging light outside the atmospheric
model; B and A represent the ground imaging points with or
without morphological disturbance; H and R represent the
orbital height and earth radius respectively. The transmission
process of imaging light in the i atmospheric sublayer is
shown in Fig.5. (b). The refractive index ni can be expressed
by the arithmetic mean of the refractive indexes of O(i−1)i
and Oi(i+1), which is ni = (nO(i−1)i + nOi(i+1) )

/
2. |Li| =

O(i−1)iOi(i+1) represents the transmission distance of imaging
light in the i layer, Ri−1 and Ri are the height of the upper and
lower boundary of the i layer from the ground respectively.
The θi = 6 O(i−1)iEOi(i+1) represents the angle of the center
of the earth of |Li|. According to the geometric principle,
we can get:

θi = ψ(i+1)i − ψit
R+ Ri−1
sinψ(i+1)i

=
R+ Ri
sinψit

=
|Li|
sin θi

(11)

According to Snell’s law, the total optical path PB of the
imaging light in the near-ground atmosphere model is:

PB

=

N∑
i=1

n2i (R+Ri)sin
(
arcsin

(
R+Ri−1
R+Ri

sinψii
)
−arcsin

(
ni−1sinψii

ni

))
ni−1 sinψii

(12)

Similarly, when the whiskbroom angle is ϕ, the offset |AB|
of the imaging light on the ground due to deflection is:

|AB| = R ·
((

arcsin
(
R+ H
R

sinϕ
)
− ϕ

)

FIGURE 5. (a) Geometrical principles of instantaneous transmission path.
(b) Transmission process of imaging light in layer i .

−

N∑
i=1

(
arcsin

(
ni−1 (R+ Ri−1) sinψii

ni (R+ Ri)

)
− arcsin

(
ni−1 sinψii

ni

)))
(13)

(13) reflects the instantaneous ground offset of the imaging
light when the whiskbroom angle is ϕ. Combining with (3),
the corrected coordinate x ′ϕ = xϕ − |AB| under the deflection
degradation of the near-ground atmospheric environment can
be obtained to simulate the process of ground excursions and
degradation of the imaging light.

2) FILTERING DEGRADATION OF OPTICAL PATH GRADIENT
When the optical path distribution of the imaging light is
determined, according to previous studies on atmospheric
filtering [11]–[12], the degraded MTF produced by the
near-ground atmospheric environment is:

MTF=exp

{
−57.53 (f ν)5/3 C2

nλ
1/3R

[
1−0.5

(
f νλ
D

)1/3
]}

∗ exp
[
−
3.912
Rm

exp
(
−

h
1200

)
R
]

(14)

where f is the focal length of the camera; ν is the spatial
frequency; λ is the wavelength of the imaging light; R is the
optical path size of the imaging light; D is the pupil diameter
of the optical system; Rm is the visibility of the atmosphere
near the ground; h is the altitude of the atmosphere; C2

n is the
atmospheric refractive index structure constant, referring to
the Kolmogorov atmospheric turbulence analysis model [13],

C2
n (h) = 5.94× 10−53 ·

(
v
/
27
)2 h10e−h/1000

+2.7× 10−16 · e−h/1500 + 1.7× 10−14 · e−h/100

(15)

where, v represents the instantaneous wind speed in the
atmospheric model when the altitude of the atmosphere is
h, and v = 21m/s is usually taken in the near-ground
space [14]–[15]. According to (12), when the light transmis-
sion path structure near the ground is determined, the result
of (12) is substituted into (14), which is:

MTFϕ

=

N∏
i=1

{
exp

{
−57.53 (f ν)5/3 C2

nλ
1/3Li

[
1−0.5

(
f νλ
D

)1/3
]}
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FIGURE 6. Comparison of imaging areas under different angles.

∗ exp
[
−
3.912
Rm

exp
(
−

h
1200

)
R
]}

(16)

According to (16), the morphological disturbances in dif-
ferent imaging environments can be calculated, and the corre-
sponding degradation analysis simulation of the transmission
environment can be realized.

III. SIMULATION AND RESULTS
In order to realize the dynamic disturbance analysis of the
aerospace optical camera’s whiskbroom scanning imaging,
it is first necessary to establish the source of simulated image.
Select [−45◦, 45◦] as the range of the whiskbroom angle,
the orbit height H is 500km, the earth radius R is 6400km,
the focal length of the camera f is 500mm, the entrance pupil
diameterD is 400mm, the pixel size a0 is 1µm, the number of
image pixels used in imaging is 1200×1200, and the imaging
light wavelength λ is 550nm. Taking the 3000 × 2000-pixel
image source as the standard ground imaging area, the image
disturbance results under different conditions are simulated,
according to the inversion process shown in Fig.2.

A. REFERENCE IMAGES UNDER DIFFERENT ANGLES
The center of the image source is set as the intersection of the
camera’s optical axis with the ground. Due to the symmetry of
the range of whiskbroom angle, only the undisturbed images
with the angle ranged of [0◦,45◦] are simulated, and the
comparison of the imaging coverage of the reference images
under different whiskbroom angles is shown in Fig. 6.

According to the imaging model shown in Fig.3, record
the imaging parameters of the imaging coverage at 0◦,
15◦, 30◦, and 45◦, where the imaging area changes sig-
nificantly in Fig.6. Taking the geometric mean GSD of
the ground resolution GSDx and GSDy in the vertical and
along the track directions to represent the ground resolution,
GSD =

√
GSD2

x + GSD2
y , the simulation results obtained are

recorded in Table 1.

B. DISTURBANCE SIMULATION OF WHISKBROOM
IMAGING
1) SIMULATION OF KINEMATIC DISTURBANCE
Taking the undisturbed images under different angles simu-
lated in Fig.6 as the original images, specifying the camera
exposure time as 1ms, the simulation results of the perturba-
tion at the angular velocity from 1◦/s to 10◦/s are performed,

TABLE 1. Related imaging parameters under different side swing angles.

FIGURE 7. Image simulation at 45◦.

TABLE 2. The peak signal-to-noise ratio of simulated images.

and Fig.7 shows the original image and the simulated image
of disturbance with angular velocity ωo of 1◦/s, 5◦/s, and
10◦/s at 45◦.

Peak signal-to-noise ratio (PSNR) and structural similarity
(SSIM) are commonly used to evaluate the imaging qual-
ity of remote sensing simulated images. PSNR represents
the distortion of the simulated image, and SSIM represents
the similarity between the simulated image and the original
image. The larger the PSNR value, the smaller the distortion
of the simulated image, and the higher the image quality. The
closer SSIM is to 1, the smaller the difference between the
simulated image and the original image is, and the smaller
the image degradation is. By evaluating the quality of the
simulated image, we can get PSNR and SSIM under kine-
matic disturbance respectively, and the results are shown
in Table 2 and Table 3.

2) SIMULATION OF MORPHOLOGICAL DISTURBANCE
Taking the undisturbed images at different angles simulated
in Fig.6 as the original image, according to the symmetry of
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TABLE 3. The structural similarity of simulated images.

FIGURE 8. Morphological disturbance simulation of whiskbroom imaging.

TABLE 4. Imaging parameters under different angles.

TABLE 5. PSNR of joint disturbance simulated images.

the whiskbroom range, it can be seen that the morphological
disturbances generated on both sides are the same. Similarly,
select the angles at 0◦, 15◦, 30◦, and 45◦ to simulate morpho-
logical disturbances. The results are shown in Fig.8 and the
relevant data are recorded in Table 4.

3) JOINT DISTURBANCE SIMULATION
Select the simulated image obtained in Fig. 6 as the initial
image, simulate the kinematic disturbance and morpholog-
ical disturbance that existing during the whiskbroom scan-
ning process, and finally record the PSNR and SSIM of
the final simulated image with angles at 0◦, 15◦, 30◦ and
45◦ in Table 5 and Table 6. Fig.9 shows the corresponding
simulated images when the whiskbroom angle is 0◦ and 45◦,
and the angular velocity is 1◦

/
s and 10◦

/
s.

C. SIMULATION RESULTS AND ANALYSIS
According to the representative simulated images shown
in Fig.6 to Fig.9, when imaging disturbances are not

TABLE 6. SSIM of joint disturbance simulated images.

FIGURE 9. Joint disturbance simulation of whiskbroom scanning imaging.

considered, the imaging coverage will increase significantly
with the increase of thewhiskbroom angle, causing a decrease
in imaging accuracy.

Different from kinematic disturbance, the morphological
disturbance of the imaging environment is greatly affected
by the change of the whiskbroom angle. The larger the
whiskbroom angle is, the greater the morphological distur-
bance becomes. When the whiskbroom angular velocity is
increased to 10◦

/
s and the angle is 0◦ and 45◦, the PSNR

under the influence of kinematic disturbance is 15.4559 dB
and 15.9524 dB, the SSIM is 0.2750 and 0.2607 respectively.
While the PSNR under the influence of joint disturbance is
15.1358 dB and 15.1927 dB, the SSIM is 0.2800 and 0.2721.

The simulation results show that the whiskbroom scanning
imaging mode of the aerospace optical camera effectively
increases the coverage area, but reduces the ground resolution
at the same time, resulting in a certain imaging distortion in
results and leading to a decrease in image quality. The kine-
matic disturbance and morphological disturbance of the cam-
era will also affect the image quality from different aspects.
According to the image evaluation index based on PSNR and
SSIM, it can be seen that the kinematic disturbance of the
camera is still the most important factor for the deterioration
of the image quality.

IV. CONCLUSION
Based on the whiskbroom scanning imaging theory of
aerospace optical cameras, this paper synthesized the near-
ground double-layer atmospheremodel, constructed an imag-
ing degradation analysis model under the influence of
camera motion disturbance and imaging environment dis-
turbance during whiskbroom scanning, and simulated the
degraded images under different disturbance conditions in the
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whiskbroom scanning imaging mode. At last, the evaluation
and analysis of the degraded images are completed. In the
imaging process, the kinematic disturbance generated by the
camera’s whiskbroom is themain reason for the image quality
degradation, and the imaging parameters of the aerospace
optical camera have obvious symmetrical distribution rela-
tively to the sub-satellite point trajectory. In addition, with
the increase of the whiskbroom angle, the coverage area
increases, the ground resolution ability decreases, and the
disturbance of the imaging environment increases. All of the
above will further reduce the imaging quality of the camera.
Therefore, it is necessary to prioritize restrictions on the
motion state of the whiskbroom motion under the premise of
satisfying the imaging width in order to obtain high-quality
imaging results.
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