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Abstract：Image misalignment during image stitching is a common issue for the mechanically stitched CCDs in the aerial cameras due 

to the relative image motion between CCDs. In this paper, we analyze the error in imaging stitching for the mechanically stitched CCDs 

and propose a compensation method based on position and orientation system (POS). Firstly, the imaging relationship of overlapping 

pixels in mechanical stitching is analyzed. The imaging model of adjacent CCD is constructed according to the collinear equation. The 

effects of stitching staggered distance, carrier attitude change and flight speed on the image mosaic of overlapping areas are given. 

Monte Carlo algorithm is used to analyze the statistical value of image mosaic error in overlapping area under typical working 

conditions. Then, a geometric correction method based on POS recording of external orientation elements of adjacent CCD imaging is 

proposed. The overlapping area stitching error is reduced from 14.9 pixels to 0.4 pixels which meets the engineering requirements. The 

mechanical stitching mathematical model, analysis and correction method established in this paper have strong engineering and 

application significance for mechanical stitching of aerial cameras. 

Keywords：mechanically stitched CCD; error analysis; aerial camera; POS-assisted geometric correction 

1. Introduction 

Aerial cameras have extremely important applications on military reconnaissance[1], resource exploration[2], 

surveying and mapping[3] etc. The large field of view (FOV) has always been an important development direction 

for aerial cameras and is a direct way to obtain ground information as efficiently as possible[4-6]. However, as the 

camera's FOV increases, the length of the detector required for imaging is also increasing, which is far beyond the 

length of a single CCD on the market[7-9]. Multiple CCD combinations are needed to increase the focal plane length, 

that is, the CCD stitching. 

Mechanical stitching is a common stitching method. It is a form of CCD stitching into a 2-line staggered parallel 

array on the focal plane of the camera. It has the advantages of compact structure, no additional chromatic 

aberration, simple focal plane, etc[10-11]. In order to avoid the occurrence of sag between different CCDs’ FOV due to 

factors such as aircraft attitude changes, a certain number of overlapping pixels are usually kept between adjacent 

CCDs. When the camera is operating, the overlapping pixels image the ground scene independently, and the images 

of the adjacent two CCDs can be stitched according to the image of the same scene in the overlapping area to form a 

larger image. High-resolution optical cameras in commercial satellites such as IKONOS, Quick Bird, EROS-B1 

OrbView-3, and CBERS-02B use the CCD stitching method[12-13]. 

For mechanical stitching, multiple CCDs are staggered in the focal plane. The overlapping pixels between adjacent 

CCDs image the ground scene at different times, resulting in different attitude angles for the adjacent CCDs. 

Problems such as overlapping of image points, misalignment, etc. occur and affect image interpretation[14]. The 
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general image stitching method is pixel stitching [15] by overlapping the same area in two images. Yu et al. [16] 

obtained the same scale image by using SIFT feature rough matching remote sensing image, and then extracted 

Harris corner points in the wavelet domain for fine matching. Bay et al. [17] proposed SURF feature detection 

operator, which is faster. The SURF operator is used by Li et al. [18] to perform coarse matching with the fast 

minimum truncated square sum estimation operator to achieve sub-pixel matching of the image. Pixel stitching is 

simple and the calculation is small, but it destroys the object image relationship. The stitched image loses the 

projection geometry and cannot produce the higher precision data products in the post processing. This paper 

analyzes the relationship between overlapping area of the mechanically stitched CCDs and ground scene imaging, 

constructs a mathematical model by using the collinear equation, analyzes the influence of aircraft attitude, CCD 

separation distance and other factors on image stitching, and proposes a POS assisted measurement method for 

image stitching, without destroying the object image relationship. It establishes coordinate transformation 

relationship between stitched image, object-side projection surface and original image, and establish strict 

coordinate mapping between stitched image and original image. High-precision image stitching is achieved by 

resampling the original image, and the stitched image can be directly used for the production of high-precision data 

products.  

2. Mechanical stitching imaging model 

Figure 1(a) is a schematic for two mechanically stitched CCDs. Figure 1(b) shows the projection on the ground of 

imaging area of both detectors. The ground scene in the overlapping area is then imaged separately in two adjacent 

detectors. 

 

Figure 1Mechanical stitching schematic (a) geometry arrangement of two mechanically stitched CCDs, (b) scenery imagery in 

overlapping areas.  

The image plane coordinate system xoy is established with the camera main point as the origin o, and the y axis is 

the long direction of the CCD, as shown in Fig. 1(a). The image point y coordinates of the adjacent two CCDs in the 

overlap region are the same, and the x coordinates are a1, a2 in Fig. 1, respectively. The difference between a1 and a2 

is the detector staggering distance d. In this paper, the pixel with the same y coordinate in the overlap region is 

called the same-named pixel. 
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Figure 2 Schematic of the imaging process of two mechanically stitched CCDs. 

The imaging process of two mechanically stitched CCDs is shown in Fig. 2. For the convenience of description, the 

image space coordinate system S-XYZ is established, in which the X and Y axes are parallel to the xy axes of image 

plane coordinate system and the directions are the same. The distance between the XY plane and the image xy plane 

coordinate system is the camera focal length f. The image space coordinate system and the image plane coordinate 

system move together with the aircraft. The world coordinate system Ow-XWYWZW is established as a fixed 

coordinate, and its axes are parallel and consistent with the image space coordinate system S1-X1Y1Z1 at time t1. The 

distance between the XWYW plane and the X1Y1 plane is the aircraft's altitude H. The mechanical stitching imaging 

process is as follows: at time=t1, the image point a1 in the overlap region images the ground point A (XA, YA, ZA) in 

the world coordinate system, and the aircraft flies forward, at time=t2, the image space coordinate system is S2-

X2Y2Z2, at this time, the image point a2 in the overlap region is imaged by A, and the coordinates of the S1-X1Y1Z1 

and S2-X2Y2Z2 coordinate system origins in Ow-XWYWZW are (0,0,H) and (Vt,0,H), respectively. V is the carrier track 

speed, and the coordinates of the same-named pixels a1, a2in the image plane coordinate system are (x1, y1), (x1-d, 

y1), respectively. 

According to the collinear equation[19-20], at time t1,  

                                 (1) 

In the same way, at time t2,  

                             (2) 

In equations (1) and (2), 1, 2 are the shooting scale coefficients, f is the camera focal length, and R1 and R2 are the 

rotation matrices of S1X1Y1Z1 and S2X2Y2Z2 with respect to the three attitude angles of the world 

coordinate system Ow-XWYWZW. Here, the attitude angles are rotated by the order of y-x-z. Since S1X1Y1Z1 is 

parallel to Ow-XWYWZW, the attitude angle at time t1 is ，R1 is the identity matrix，and the attitude 

angle at time t2 is  respectively.  

            

(3)  
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Figure 3 Schematic diagram of the stitching error of the same-named pixel caused by mechanical stitching 

As shown in Fig. 3, at time=t1, the image points a1 and b1 image the ground points A and B, and at time=t2, the same-

named pixel a2 images A, but due to the change of the flight attitude of the carrier, the same-named pixel b2 imaging 

point is B'. If the images of the two detectors are directly stitched according to the same-named pixel, point B will 

coincide with B', resulting in image misalignment. 

3. Monte Carlo algorithm analyzes the influence of stitching error of the same-named pixel 

According to the previous analysis, when the mechanical stitching is performed, the postures of the same-named 

pixel are different during exposure, resulting in problems such as misalignment, pull-over, and overlap in image 

stitching. In this section, the Monte Carlo algorithm is used to calculate the statistic of the stitching error of the 

same-named pixels by giving the error probability distribution model and working parameters of the relevant 

parameters[21]. 

According to the mathematical model established by equations (1)-(3), the three attitude angles affect the stitching 

error of the same-named pixel. According to the error distribution of the three attitude angles and the characteristic 

value, a random number sequence is generated. The three attitude angles are substituted into the error mathematical 

model to calculate the statistical value of the stitching error of the same-named pixel, as shown in Table 1. POS is 

not used in this condition. The angular stability error is 0.3°. 
Table 1 Mathematical model of the attitude angles 

No. Name Error distribution Unit 
Root mean square 

value 
Remark 

1 Angular stability error  Normal distribution deg 0.3 
Angle attitude stabilizing 

residual 

2 Angular stability error  Normal distribution deg 0.3 
Angle attitude stabilizing 

residual 

3 Angular stability error  Normal distribution deg 0.3 
Angle attitude stabilizing 

residual 

 

The camera operating parameters are as follows. 

a) aircraft's altitude H =2600 m; 

b) speed V = 234 km / h; 

c) focal length f=81 mm; 

d) ground resolution GSD=0.32 m; 

e) d=44 mm; 

f) 100 same-named pixels. 

Image points a1 and b1 eleven seed points are selected in the image plane, and numerical simulation is carried out 
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according to the initial conditions listed in Table 1 and the simulation algorithm flow established by equations (1)-

(3). The simulation is repeated 500 times. Figure 4 plots the coordinates of the ground points A, B and B'. The root 

mean square of the misalignment error of B and B' is 4.78 m, which are 14.9 pixels. According to the existing 

experience, post image stitching will be affected when the error is larger than 1/3 pixels. Figures 5 and 6 plot the 

histograms of error distribution in the X and Y directions. We can conclude that the stitching error of the same-

named pixels is mainly in the Y direction, which is vertical to the flight direction.  

 

Figure 4 The coordinates corresponding to the ground points A, B and B' 

 
Figure 5 Histogram of error distribution in the X direction 

 
Figure 6 Histogram of error distribution in the Y direction 
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4. POS assisted stitching correction 

At the end of the 20th century, POS combines differential GPS technology and inertial navigation (INS) technology 

to acquire six external orientation elements of aerial cameras during aerial photography. It can be directly applied to 

the correction of aerial photogrammetric image [22]. Here, POS AV610 is used to record the external orientation 

elements of adjacent CCD at the imaging time, and the attitude angles of the same-named pixel during imaging the 

ground scene. Substitute the parameters in equation (3), the rotation matrix R2 is obtained when the overlapping 

region t2 is imaged. The correction technique is applied to the image point and the position of the image point to 

where it is in the rotation matrix is R1 is corrected and images are stitched. The problem of stitching mismatch of the 

same-named pixel caused by the attitude change is eliminated. The eventual factor affecting the stitching error of the 

same-named pixel is the precision of POS AV610. 

When the aircraft's altitude is 2600 m, the accuracy of the three angles is measured

. The stitching error of the same-named pixels is shown in Fig.7. 

 

Figure 7 The stitching error of the same-named pixels with POS AV610 recording external orientation elements for correction stitching 

error 

 

Considering a ground resolution of 0.32 m, the misalignment error is 0.07 m, which is about 1/4 pixel, and has no 

significant effect on image stitching. 

5. Flight verification 

The flight image of a certain type of camera with mechanical stitching is processed by the method described 

previously. The camera parameters are focal length f=81 mm, the number of CCD overlapping pixels is 100, and the 

altitude is 2600 m. The camera mounted on the aircraft is shown in Fig.8. The flight image comparison analysis is 

shown in Fig. 9. Figures 9(a) and 9(b) are images from two CCDs, respectively. Figure 9(c) shows when direct 

stitching, the misalignment error of the same-named pixels is 17.3 pixels. There is a large misalignment in the 

overlap region. Figure 9(d) shows the stitching after geometric correction based on the external orientation elements 

acquired by POS. The correct image stitching is achieved. Fig. 10 plots the histogram of error distribution of 200 

same-named points in the overlapping area of stitched image. 
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POS

Camera

 
Figure 8 Camera mounted on the aircraft 

 

Figure 9 Flight image verification. (a)images from CCD1. (b) images from CCD2. (c) images of the two CCDs directly stitched according 

to the same-named pixel. (d) images of the two CCDs stitched after geometric correction based on the external orientation elements 

acquired by POS. 

 

Figure 10 Histogram of error distribution of same-named points 
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6. Conclusion  

The imaging model of adjacent mechanically stitched CCDs is constructed according to the collinear equation. 

Monte Carlo algorithm is used to analyze the image stitching error under typical conditions. A POS-assisted image 

error correction method is proposed. The numerical analysis shows that the stitching error of the overlap region is 

reduced from 14.9 pixels to 1/4 pixels. The actual flight image shows the stitching error is 17.3 pixels, which agrees 

with the numerical analysis method. The mechanical stitching mathematical model, analysis and correction method 

established in this paper have engineering and application significance for mechanical stitching of aerial cameras. 
The method is suitable not only for aerial camera, but also for remote sensing satellite. 
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