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Fig. 1 Deployment type of spherical target. (a) Three-dimensional fan-shape deployment; (b) three-dimensional grid deployment;

(c) three-dimensional fan-shape and grid mixture deployment

1812001-2



&5 43 % % 18 H1/2023 £ 9 A /%2R

B e Sy 0, KR 0 RN« Ff xR T EAT R 43, T8 B Bk T HE
P, S5 0 SRR T AR 2 BB AR AR BN 3R 1 R

75 BRTA AR BT A v, T RUAR I 2 B R AR I OMTE
PR RSORS I  2E, HEAT AR AR T o

1 BRIHAR S BB SRR R

Table 1 Parameter value and features of spherical target equal dividing mode
Equal dividing mode Vertical arc X axis Z axis
Variation parameter 0, t Positive half of X axis, ¢ Positive half of Z axis,

Value range 0 f<r,0<<r<2n
Grid arc length is equal in the
Feature . . .

vertical direction

Projection length of grid arc to

O<X<r,0<<t<2n r<Z<r,0<r<2m
Projection length of grid arc to ZOX

XOY plane is equal or ZOY plane is equal
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Table 2 Deployment parameters and resolution detection range of spherical target (target radius ¥=3.26 m)

Spherical target Horizontal arc division

Value range of

Value range of R, /m Value range of R, /m

deployment mode [ number/angle /()] 6/()

Target 1,Fig. 2(a) 20/18 [0, 90] (0, 1.0242) —
Target 2,Fig. 2(b) 20/18 [0, 65] (0, 0.9282) (0, 1.0242)
Target 3,Fig. 2(c) 20/18 [0, 6] (0, 0.1071) (0, 1.0242)
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Fig. 2

Spatial resolution detection range of spherical target. (a) Three-dimensional fan-shaped target resolution detection; (b) three-

dimensional fan-grid-shaped target resolution detection; (c) three-dimensional grid-shaped target resolution detection
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Fig. 3 Schematic diagram of spherical target center projection. (a) 3D target center projection; (b) center projection of target Z axis; (c)
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Table 3 Eccentricity of circular ellipse of spherical fan-shaped target strip (spherical target radius ¥=3.26 m)

Ellipse eccentricity e

0 angle of spherical target Mode 1

Mode 2 Mode 3 Mode 4

(r=3.26m) X,=200m ¢=15" X, =400 m ¢=25" X, =600 m ¢=35"  X,=10 km ¢=35"
(f=0.004 m) Y, =100 m =20  Y,=300m w=25" Y,=500m 0=30"  Y,=5km =30
Zy=300 m k=10° Z,=400 m xk=20° Z,=500 m k=30"  Z,=400 km x=10°

45° 0.7961 0.9943 0.9206 0.8572

40° 0.7963 0.9943 0. 9205 0. 8575

30° 0.7965 0.9944 0.9202 0.8578

20° 0.7967 0.9944 0.9199 0. 8581

10° 0.7968 0.9944 0.9198 0. 8581

5° 0.7969 0.9944 0.9198 0. 8581

2° 0.7969 0.9945 0.9198 0. 8581

Max eccentricity error 0. 0008 0. 0002 0.0008 0. 0009

Max resolution detection error /m 0. 0024 0.0043 0. 0043 0.0035
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Fig. 4 Spherical target image of China (Songshan) satellite remote sensing calibration field
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Fig. 5 TImaging and fitting of central circle ellipse of spherical fan-shaped target strip. (a)—(d) Simulation imaging of target circle from

mode 1 to mode 4; (e)-(h) ellipse fitting of the outmost target imaging circle from mode 1 to mode 4; (i)=(1) ellipse center line

fitting of target imaging circle
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Table 4 Imaging ellipse distance ratio of spherical fan-shaped target strip
Maximum
deviation / %
Parameter 0=45" 0=40" 0=30° 0=20" 0=10° 0=5 0=2° Semi-
. Center
ma]?r distance
axis
Actual space distance ratio 1 0.9090 0.7071  0.4837  0.2456  0.1233  0.0494 — —
Mode 1 Semi-major axis ratio 1 0.9099 0.7089  0.4855  0.2467  0.1238  0.0496 018 97 93
ellipse Center distance ratio 1 0.7986  0.4567  0.2045  0.0500  0.0110 —
Mode 2 Semi-major axis ratio 1 0.9123  0.7141  0.4907  0.2498  0.1255  0.0503 0.70 S
ellipse Center distance ratio 1 0.7993 0.4576  0.2051  0.0501  0.0110 —
Mode 3 Semi-major axis ratio 1 0.9084 0.7058  0.4823  0.2448  0.1228  0.0492 013 97 97
ellipse Center distance ratio 1 0.7981  0.4559  0.2040  0.0498  0.0109 —
Mode 4 Semi-major axis ratio 1 0.9089  0.7069  0.4835  0.2455  0.1232  0.0493 0,02 29 95
ellipse Center distance ratio 1 0.7924  0.4434  0.1912  0.0430  0.0090 —
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Fig. 6 Target oblique photographic image and its edge extraction results. (a) Oblique photographic image; (b) local image;(c) edge

extraction results
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Fig. 7 Ellipse fitting result of imaging target. (a) Axis fitting of ellipse; (b) direction line of target center; (c) positional relationship

between ellipse axis and target center direction line

w5 OB LGS
Table 5 Fitting parameters of imaging target

Eccentricity error

Imaging target Eccentricity Long half axis /pixel ~ Center coordinates /pixel
(percentage /%)
Ellipse of fan-shaped target strip 0.4438 24.8099 (43.0941, 27.2098) 0.0148 (3. 33)
Ellipse of square-shaped edge target 0.4586 33.1413 (42.8845, 31.2837) ' o
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Table 6 Reference parameters for imaging target resolution detection

Spherical target Reference eccentricity

Reference direction line

Reference long half axis size of

maximum resolution /pixel

Imaging target 0.4512

y=—4.6849x+306. 8001

24.8099
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Fig. 8 Multi-scale ellipse construction and sampling point acquisition. (a) Sampling interval is 5% (b) sampling interval is 10%

(c) sampling interval is 30°
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Fig. 9 Spatial resolution detection at the centroid of fan-shaped target strip. (a) Multi-scale ellipse construction; (b) partial enlarged

view of multi-scale ellipse; (c) local maximum points and connecting lines of elliptical gray value; (d) gray curve of target strip

image intercepted by multi-scale ellipse
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Table 7 Number of detected white fan-shaped target strip

Intercept ellipse scale Scale 1

Scale 2 Scale 3

Scale 4 Scale 5 Scale 6 Scale 7 Scale 8

Number of detected white target strips 0 0

2 5 8 9 9 9
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Table 8 Moving ellipse fitting on fixed direction and spatial resolution detection

Intercept ellipse of imaging target

Size of long half axis /pixel
2.4 3.2 4.0 4.8 5.6

Number of detected white target strips

Sampling ellipse 0. 5 pixel movement 0 2 4 7 -
Sampling ellipse 1. 0 pixel movement — 2 4 7 9
Sampling ellipse 1. 5 pixel movement — 2 4 6 9

2 3 6 7

Sampling ellipse 2. 5 pixel movement —
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Abstract

Objective In the context of intelligent surveying and mapping, the quality of remote sensing imagery directly determines
the intelligent interpretation level, the accuracy of image products, and ability of application services. Before processing
and application, effective evaluation of remote sensing imagery or payload is required. Spatial resolution is an important
index to measure the imaging performance of optical remote sensing payload, which is usually detected by three-bar targets
or fan-shaped targets deployed in the remote sensing calibration. The three-bar detection method features simplicity and
directness. However, due to discrete deployment, the detection results are easily affected by the phase difference factor,
with low accuracy of the method. Fan-shaped targets are usually deployed on a two-dimensional plane. Due to the
influence of perspective imaging and geometric distortion, the spatial resolution detection method should be carried out
under the condition of vertical photography or geometric correction. Thus, during imaging at a large angle, the method
cannot be directly employed for resolution detection due to large geometric deformation. Even under the condition of
geometric correction, the resolution detection accuracy will be greatly reduced due to edge reduction or pixel mixing effect.
Therefore, according to the isotropic characteristics of the three-dimensional spherical surface, this paper proposes to
construct a fan-shaped resolution detection target on a spherical surface, which is called a spherical target. It also hopes
that the spherical target can be helpful in solving the problems brought by three-bar or fan-shaped radial targets, and can be
directly adopted for spatial resolution detection of high-resolution optical imaging loads under non-vertical imaging and non-

geometric correction conditions.

Methods Firstly, this paper builds a mathematical model of the spherical target and analyzes the design modes of the
spherical target under equal and unequal conditions, with deployment strategies of spherical targets being given. Secondly,
based on the traditional two-dimensional target image resolution determination method, an ideal spherical target image
resolution determination method is given, and the resolution detecting range is analyzed for different types of spherical
targets. Thirdly, the imaging characteristics of spherical targets are analyzed. Additionally, based on the building of the
strict imaging model, the central projection deformation rule of the spherical target is studied by parameter simulation. The
conclusions are obtained as follows. For multiple concentric circles with the center of the fan-shaped target strip as the
origin, imaging ellipses on the two-dimensional images have the same eccentricity. The centers of the imaging ellipses are

on the same straight line, while the proportional relationship between the long half axes of the ellipses is approximately
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equal to that of the image resolution. Finally, an image resolution determination method based on directional moving

ellipse fitting is innovatively proposed for the spherical targets, and technical steps of the method are given.

Results and Discussions Under the condition of central projection, images are simulated for the concentric circle of the
spherical target (Fig. 5). Both the imaging characteristics and ellipse fitting characteristics are analyzed through the
simulated data. Simulation results show that the distance ratio error of the long half-axis of the spherical target imaging
ellipse is low, and the maximum deviation of the simulated data is not more than 1% (Table 4), which is suitable for spatial
resolution detection. By employing the actual spherical target fixed in the China (Songshan) satellite remote sensing
calibration field, the edge extraction (Fig. 6) and ellipse fitting (Fig. 7) process on a unmanned aerial vehicle (UAV) sensor
target image is conducted, and then the ellipse eccentricity (Table 5) is calculated. Based on multi-scale ellipse
construction and sampling point acquisition (Fig. 8), the gray curve of the target strip image obtained by the fixed center
ellipse fitting method (Fig. 9) is intercepted and drawn and is compared with the intercepted and drawn results obtained by
the proposed method (Fig. 10). Then, the optimal long half axis size of UAV image target ellipse is analyzed (Table 8),
and the spatial resolution of UAV imaging load is calculated and evaluated to verify the validity and accuracy of the

proposed method.

Conclusions This paper aims at improving the imaging performance evaluation effectiveness of aerospace remote sensing
payloads. Based on analyzing the advantages and disadvantages of the two-dimensional fan-shaped target in the remote
sensing calibration field, it proposed a method for determining the spatial resolution of optical imaging payload directly on
the spherical target image. Then, it also conducts experiments on both simulated data and actual UAV spherical target
images and verifies the feasibility and correctness of the proposed method for remote sensing payload under tilt imaging
conditions. Compared with the traditional two-dimensional fan-shaped target, the proposed method avoids the image
correction processing based on ground control points or digital elevation model data and does not need the image geometric
positioning model to be involved in the correction solution. In addition, the spherical target image can be directly employed
to determine the load imaging performance, with a more accurate spatial resolution determination effect. The methods and
experimental results in this paper can provide technical support for the construction of the spherical target in the remote

sensing calibration field and the spatial resolution determination of high-resolution optical remote sensing payload.

Key words fan-shaped target; spherical target; optical imaging load; spatial resolution
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