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ABSTRACT: 

 

Mapping from optical satellite images without ground control is one of the goals of photogrammetry. Using 8802 

three linear array stereo images (a total of 26406 images) of ZY3 over China, we propose a large-scale and 

non-control block adjustment method of optical satellite images based on the RPC model, in which a single image 

is regarded as an adjustment unit to be organized. To overcome the block distortion caused by unstable adjustment 

without ground control and the excessive accumulation of errors, we use virtual control points created by the initial 

RPC model of the images as the weighted observations and add them into the adjustment model to refine the 

adjustment. We use 8000 uniformly distributed high precision check points to evaluate the geometric accuracy of 

the DOM (Digital Ortho Model) and DSM (Digital Surface Model) production, for which the standard deviations 

of plane and elevation are 3.6m and 4.2m respectively. The geometric accuracy is consistent across the whole 

block and the mosaic accuracy of neighboring DOM is within a pixel, thus, the seamless mosaic could take place. 

This method achieves the goal of an accuracy of mapping without ground control better than 5m for the whole 

China from ZY3 satellite images. 
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1. INTRODUCTION 

Mapping from optical satellite images without ground 

control is one of the goals of photogrammetry. 

Currently, with the development of attitude and orbit 

determination and calibration technology, positioning 

accuracy from optical satellite images without ground 

control has reached a higher level of accuracy, which 

provides a favorable data source for mapping without 

ground control. Block adjustment utilizes the 

geometric constraint relationship between 

homologous image points on adjacent images, thus 

not only greatly reducing the requirements for ground 

control points, but also ensuring that all the image 

products have a consistent geometric accuracy and 

meet the demand of seamless mosaic of neighboring 

images, which is a key requirement for large-scale 

mapping. 

 

In recent years, researchers have carried out a number 

of block adjustments of optical satellite images based 

on the development of two adjustment approaches 

using a single image RPC model (Grodecki and Dial, 

2004) or a long strip rigorous model (Rottensteiner et 

al., 2009; Teo et al., 2010) . The former takes a single 

image as the adjustment unit, compensating for the 

geometric errors in the image by adding an 

appropriate mathematical model in the image space 

RPC model, such as an affine transform (Zhang et al., 

2009). The latter is based on the fact that geometric 

errors in a long image strip are related to the image 

acquisition time (Zhang et al., 2015; Zhang et al., 

2014; Cheng et al., 2010; Srivastava et al., 2008), 

leading to a corresponding rigorous error 

compensation polynomial model for attitudes and 

positions (Poli, 2002; Rottensteiner et al., 2009; Wang, 

2001), to compensate for geometric errors in the 

whole image strip. According to the results of this 

research, the two methods can achieve almost equal 

geometric accuracy for data under the same conditions 

(Tao et al., 2001). Comparing the methods, an 

adjustment model based on single image RPC has 

some advantages: the data is more easily organized 

and since the model is relatively simple, it is more 

widely used for practical applications. As well, there 

are advantages of single image RPC model when the 

scale of block is large.  

 

Tests on data from several popular optical satellites, 

with sparse ground control points, utilizing the 

aforementioned two methods and assuming the 

unknown parameters to be free unknowns in the 

adjustment, have achieved good results. For instance, 

SPOT5 (Bouillon et al., 2006) has achieved a 

positioning accuracy better than 8m in plane, 

IKONOS (Grodecki and Dial, 2003) has reached a 
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positioning accuracy better than 1.5m, and ZY3 

(Wang et al., 2014) has achieved a position accuracy 

of 3.2m and 1.8m respectively in plane and elevation 

with a few control points. Besides， the tests on 

QuickBird (Passini et al., 2005) and ALOS (Poli, 2002) 

also have good results. However, when there are no 

control points, because of the lack of constraints on 

the unknown parameters, the adjustment model tends 

to be unstable leading to an ill-conditioned normal 

equation matrix. This will cause the adjustment to be 

unstable with an excessive accumulation of errors and 

distortions in the block (Li, 1982). To solve this 

problem, the traditional method improves the state of 

adjustment model by regarding the unknown 

parameters as weighted measurements according to 

prior information. However, this method needs to 

construct error equations and weight for various 

parameters which contain different physical meanings 

and are related to each other, so it suffers some 

limitations in practical applications. In this paper, we 

propose a large-scale block adjustment method of 

optical satellite images without ground control based 

on the RPC model, in which a single image is 

regarded as an adjustment unit to be organized. This 

method generates virtual control points using the 

initial RPC model of each image, and introduce these 

virtual control points as weighted measurements into 

adjustment model to improve its stability. Compared 

with traditional methods, our method uses virtual 

control points in place of unknown parameters as 

additional observations, thus avoiding constructing 

complex adjustment model for unknown parameters 

and determining their weights. Our method has many 

advantages: the model is simple and the weights are 

easy to be determined, so it is effective in practice. 

 

The ZY3 satellite is China’s first civilian stereo 

mapping satellite, equipped with a three linear array 

panchromatic CCD camera viewing forward, nadir 

and backward, at an included angle of 22 degrees. 

Three linear array stereo images are acquired with a 

swath width larger than 50km, a nadir resolution of 

2.1 m, and forward and backward resolutions of 3.5 m. 

The base-height ratio for the forward and backward 

cameras is 0.89 (Li, 2012; Zhang et al., 2015). After 

ground geometric calibration and sensor correction, 

the positioning accuracy of a single image without 

control is better than 15 m ( 1 ), and the inner 

geometric accuracy is better than 1 pixel (Tang et al., 

2012), which is equivalent to the quality of leading 

international satellites and provides a favorable data 

source for high precision mapping. By constructing a 

block of 8802 three linear array stereo images (or a 

total of 26406 images), covering the whole China 

which were acquired by the ZY3 satellite from 

January, 2012 , we have conducted an large-scale and 

non-control block adjustment test. The results 

demonstrate the correctness and appropriateness of 

our method.  

 

2. METHOD 

2.1 Block Adjustment Model 

This paper uses the RPC model for the investigation 

of the ZY-3 satellite data. We represent the RPC 

model in Eq.(1) as follows.  
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Where s and l are the image pixel coordinates. 

It is necessary to select a suitable mathematical model 

to describe the distortion of image and attach it into 

the image space of RPC for the block adjustment, as 

in the Eq.(2).Geometric distortions can be 

compensated in each image by additional parameters. 

Taking ZY3 satellite for example, through the on-orbit 

geometric calibration and the sensor correction, the 

remaining geometric distortions in a single image are 

mainly linear (Wang, 2014; Zhang, 2014; Cao, 2015). 

Therefore, the image space additional mathematical 

model chosen is an affine transformation as shown in 

Eq.(3). 
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When establishing the block adjustment model, the 

original image observations are derived for tie points 

obtained by automatic matching and the control points 

obtained by manual semi-automatic measurement. 

The object space coordinates of the control points are 

accurately known. Therefore, the undetermined 

parameters in the error equation include only the 

image space additional parameters of the RPC model. 

Obviously, the error equation does not require 

linearization, and can be rewritten as in Eq. (4): 
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For the tie points, the undetermined parameters 

include not only the image space additional 

parameters of the RPC model, but also the object 

space coordinates , ,( )Lat Lon Height , the error 

equation established for the tie points is nonlinear, and 

must be linearized assuming appropriate initial values 
0

, ,( )Lat Lon Height  as in Eq.(5). The initial tie point 

coordinates can be obtained by intersection using the 

initial RPC of the corresponding image.
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2.2 Virtual Control Points 

The adjustment parameters can be taken as 

unconstrained for an adjustment model described 

above with control. However, when no control exists, 

the lack of constraints on the control points, will mean 

that the adjustment model will be relatively 

uncontrolled, causing an ill-conditioned normal 

equation matrix. This will lead to instability in the 

adjustment and excessive accumulation of errors 

causing distortions in the block. To address this 

problem, this paper uses the initial RPC model of each 

image pending adjustment to generate virtual control 

points. In the following, the method of generation of 

the virtual control points and construction of 

observation equations and weights will be described 

briefly. 

 

Each image to be adjusted is divided into a regular 

grid. At the center of each grid defined by p

( , )smp line , using the initial RPC model of the 

image, on an appropriate elevation datum (for which 

this paper uses the height offset of initial RPC model), 

the corresponding object space point P is determined 

by intersection, In this case, the image point p and 

the object space point P constitute a set of virtual 

control points, as shown.in the Fig. 1. 
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Fig. 1 Generation of virtual control points 

 

Considering the virtual control point as a real control 

point of a certain accuracy, the error equations can be 

established directly by Eq.(6) . The observation 

equations established for all tie points and virtual 

control points are respectively written in matrix form 

and shown as Eq.(7) . 

 

vc vc vcV A x L     vcP         (6)      

tp tp tp tpV A x B t L    tpP        
(7) 

 

Let vc and tp represent the virtual control points and 

tie points; x and t are the adjustment parameters to be 

solved, which respectively represent the image space 

parameter vector of the RPC model to be adjusted and 

object space coordinates correction vector of the tie 

points. A and B are the partial derivative coefficient 

matrices in terms of the corresponding unknowns, L  

and P  are the corresponding constant vector and 

weight coefficient matrix as shown in the Eq.(8). The 

combined error equation matrices are shown below. 
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In the adjustment model, the observations include 

only two classes: the image points of virtual control 

points and the image points of tie points. They are 

independent of each other and can be weighted 

according to their respective observation accuracy 

without considering correlations between them. The 

weights of the image coordinates of the tie point can 

be set according to the matching accuracy based on 

SIFT or other high precision matching operators 

which are usually at sub-pixel level. For the image 

point observations of the virtual control points, 

weights can be determined according to the priori 

information of geometric positioning accuracy of the 

image without control. Taking the nadir image of the 

ZY3 satellite for example, long-term on-orbit tests 

show that the geometric positioning accuracy without 

control is about 15m (RMSE), which amounts in 

image space according to the geometric resolution, to 

about 7.5 pixels and thus the weight of the image 

point observation of the virtual control point is 

therefore set as  
2

1/ 7.5 . 

 
It is worth noting that tie points prove to be "weak" 

while control points are "strong" in the partial 

adjustment model, which is caused by the imbalance 

in the proportions of virtual control points and tie 

points on the image. This adversely affects the relative 

geometric accuracy of two adjacent images after 

adjustment. To avoid this, in this paper we use a scale 

factor according to the numbers of the two kinds of 
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points for each image, i.e., /tp vcN N  , where 

tpN and vcN represent the number of tie points and 

virtual control points on the image, and the weights

vcp of virtual control points in this image are all 

multiplied by this scale factor. 

 

As can be seen from the above, compared with 

traditional methods, the proposed method introduces 

the virtual control points instead of additional 

observations of the adjustment parameters, which not 

only improves the rigor of adjustment model, but 

avoids all kinds of complex adjustment models 

constructed for unknown adjustment parameters and 

setting their weights. Our method is simple, easy to 

set weights with better practicability. 

 

2.3 Solution of Adjustment  

According to the principle of least squares adjustment, 

the normal equation is shown as the Eq.(9). 

 

T T T
tp tp tp

TT T
tp tp tptp tp tp tp tp tp

A PA A P B A PLx

t B P LB P A B P B

    
    

       

(9) 

 

For a large-scale survey area, the number of the tie 

points acquired through automatic matching are of the 

order of tens of thousands in normal circumstances, 

and the required memory and time is unacceptable if 

the two unknowns x and t are solved simultaneously. 

Taking into account that the number of tie points will 

generally be much larger than the number of images, 

and more importantly since T

tp tp tpB P B is a block 

diagonal matrix in the normal equation which has 

excellent properties for matrix storage, computing and 

other aspects. Accordingly the method commonly 

used in photogrammetry is to eliminate the object 

space coordinates of the tie points, and to determine 

equations for the solution of parameters x. On solving 

x, as in Eq.(10) , using the initial RPC model 

parameters of each image and the solved additional 

model parameters, the object space coordinates of 

each tie point can be computed by space intersection. 

 

( ) ( )T T T T T T T T

tp tp tp tp tp tp tp tp tp tp tp tp tp tp tp tp tp tpA PA A P B B P B B P A x A PL A P B B P B B P L     
  (10) 

 
2.4 Accuracy Evaluation 

It is necessary to evaluate the geometric accuracy of 

adjustment results. On the one hand, it can be used to 

indicate whether to increase the control points or tie 

points in the area with poor accuracy. On the other 

hand, it can be used to check the quality of the block 

adjustment, and to find the problems that may exist. 
The geometric accuracy evaluation of the block 

adjustment mainly includes two aspects: relative and 

absolute geometric accuracies. The relative geometric 

accuracy reflects the consistency of geometry between 

adjacent images within the block after adjustment, and 

can be evaluated by making statistics on the mosaic 

accuracy of adjacent DOMs (Digital Ortho Models). 

However, a certain number of high-precision check 

points distributed evenly in the block is needed for the 

evaluation of the absolute geometric accuracy, which 

plays an important role in the analysis of error 

propagation and accumulation, geometric distortion 

within the block. 

 

3. EXPERIMENT  

3.1 Experimental Data 

Based on this method, the paper uses 8802 three linear 

array stereo images (a total of 26406 images) of ZY3 

comprising about 20TB to carry out the block 

adjustment tests without control. To each image is 

attached a RPC parameter file. Each image overlaps to 

a certain degree with adjacent images. The survey area 

covers about 9 million km2, about 93% of China's 

land area except some local areas, such as Guangxi 

and Guizhou, where valid image data lacks because of 

unfavorable weather conditions. The covering area 

contains the plateau, mountains, hills, plains, and 

desert terrain, the elevation differences are above 

8,000 meters. In order to analyze and verify the 

geometric accuracy of the results of the adjustment, 

approximately 8,000 high-precision check points 

(with plan and elevation accuracy higher than 0.1 m) 

were measured by the GPS over the whole country. 

Fig. 2 (a) and (b) show the spatial distribution of the 

satellite images and check points. 

 

(a) The coverage of Images 

 

(b) The distribution of ground check points 

Fig. 2 The distribution of Experiment data 

 

3.2 Results and Accuracy Analysis 

We use a cluster computing environment composed of 
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100 high performance computing nodes (provided by 

China Centre for resources satellite data and 

application, each node has 6-core Xeon-L7455 CPU 

and 128G internal memory) for about 2 hours to 

automatically match the about 3 million uniformly 

distributed and highly reliable tie points across the 

whole test area. Each image is divided into 3*3 grids, 

and virtual control points is generated at the center of 

each grid based on the method above. Each image has 

9 virtual control points, and there is totally 237654 

virtual control points in the whole test area. We 

conducted the block adjustment using the virtual 

control points and the tie points in a personal 

computer (Dual-core Intel-i5, 8G internal storage) and 

only two iterations are needed to accomplish the 

calculation in 15 minutes. The experiment indicates 

that the adjustment model is refined by introducing 

the virtual control points, so as to obtain good 

convergence. 

 

After the adjustment, we use the 8802 three linear 

array stereo images to create a DSM of 5m resolution 

and DOM of 2m resolution. The production data of 

DOM and DSM is about 20TB. Fig. 3 shows the DSM 

of the whole test area. Fig. 4 shows the local of DSM 

of a city and mountains

 

Fig. 3 Nationwide DSM of China 

 

(a) city                           (b) mountain 

Fig. 4 DSM of local area 

 

In mapping, the mosaic accuracy between adjacent 

DOM demonstrates is a key index. 80 pairs of 

adjacent DOM products are randomly selected for 

evaluation. We can visually judge the geometric 

mosaic accuracy of each pair of adjacent DOM of an 

urban and mountains area from Fig. 5 (a) and (b) 

respectively which are magnified by 2 times. 

Moreover, some evenly distributed conjugate points 

derived by our image matching within the overlapping 

area of each pair of adjacent DOM. The RMSE of 

coordinate discrepancy of the conjugate points 

between two adjacent DOMs are interpreted as the 

accuracy of geometric mosaic.  As shown in Fig. 6, 

the Y-axis shows the RMSE of geometric coordinate 

discrepancy of the conjugate points between each pair 

of DOMs, and X-axis shows the number of pairs of 

adjacent DOM.  
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(a) city 

 
(b) mountain 

Fig. 5 Mosaic accuracy between adjacent DOMs 

 

Fig. 6 RMSE of mosaic between adjacent DOMs 

 

From the Fig. 6 and Table 1 we can see that the 

geometric accuracy of mosaic of adjacent DOM is 

within 1 pixel, no matter whether it is by visual or 

quantitative evaluation, so to the accuracy meets the 

requirements of seamless mosaic. 

 

Apart from the evaluation of the relative geometric 

accuracy, the above check points can be used to 

evaluate the plane and elevation geometric accuracy. 

In order to analyze the geometric accuracy of the 

block more scientifically, especially the uniformity of 

the geometric accuracy, the geometric accuracy of all 

check points are evaluated. As well, according to the 

distribution of the checkpoints, the whole area is 

divided into 5 sub-areas, and the geometric errors of 

the check points for each sub area is respectively 

calculated. 

 

Area 
Maximum residual(m) RMSE(m) Mean(m) 

X Y XY Z X Y XY Z X Y Z 

Global 7.21 5.56 9.10 9.64 2.44 2.68 3.62 4.21 0.49 -0.33 0.57 

West 4.84 5.17 7.08 7.67 2.76 3.12 4.16 4.41 0.62 0.71 0.23 

North 6.12 5.86 8.47 9.03 3.08 3.12 4.38 4.67 -0.64 -0.57 -0.87 

Middle 5.65 4.98 7.53 6.86 2.03 1.98 2.83 2.45 0.12 0.43 0.56 
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Northeast 7.21 5.56 9.10 9.64 3.13 2.07 3.75 3.95 -0.87 -0.03 0.08 

East 4.21 3.79 5.66 6.75 2.16 2.23 3.10 3.73 0.13 0.26 -0.17 

Table 1. Accuracy of geometric error(X: East; Y: North; XY: plane; Z: elevation) 

The following conclusions can be drawn： 

(1) There are no obvious differences of the mean and 

RMSE of the residuals in plane and elevation of check 

points among the five sub-areas. 

(2) The mean of the residuals in plane and elevation of 

check points in each sub-area closes to 0. There are no 

obvious systematic offset errors in the block 

(3) The plan and elevation maximum errors of each 

sub-area are less than three times of RMSE 

 

The results show that: 

(1) The virtual control points can introduce favorable 

constraints on the internal error accumulation, which 

avoids distortion in the block. The accuracy of the 

center and edges area of block are uniform thus 

ensuring uniformity of the geometric accuracy within 

the whole. 

(2) Each virtual control point is equivalent to a control 

point with a certain accuracy. According to adjustment 

theory, a large number of virtual control points can 

significantly improve the estimation accuracy of the 

parameters to achieve an unbiased estimate and 

provide a simple and practical method for achieving 

high-level accuracy under the condition where no real 

control points are used. 

(3) The introduction of virtual control points can 

effectively improve the state of the adjustment model, 

and avoid problems of unstable and abnormal 

geometric accuracy of the results, and ensure the 

adjustment results with high reliability without real 

control points. 

 

4. CONCLUSION 

This paper proposes a large-scale and non-control 

block adjustment method of optical satellite images 

based on the RPC model, in which a single image is 

regarded as an adjustment unit to be organized. This 

method generates virtual control points using the 

initial RPC model of each image, and introduces these 

virtual control points as weighted measurements into 

the adjustment model to realize stable estimation of 

unknown parameters. Compared with traditional 

methods, our method introduces virtual control points 

in place of unknown parameters as attached 

measurements, so it avoid constructing adjustment 

model for complex unknown parameters and 

determining their weights. Our method has many 

advantages: the model is simple and the weights are 

easily determined, so it is effective in practice. Based 

on our method, using 8802 three linear array stereo 

images (a total of 26406 images), which are obtained 

by ZY3 satellite and almost covers the whole China, 

we conduct a block adjustment without ground control 

and use 8000 evenly distributed high precision check 

points to evaluate the geometric accuracy of the DOM 

and DSM production, resulting in a standard deviation 

of 3.6m and 4.2m in plane and elevation respectively. 

The geometric accuracy is even over the whole block 

and the mosaic accuracy of neighboring DOM is 

within a pixel.  The accuracy thus meets the demand 

for seamless mosaic. This method achieves the goal 

that the accuracy of mapping from ZY3 satellite 

images without ground control is better than 5m for 

the whole China. At present, this method has been 

successfully used in the commercial satellite image 

block adjustment software. 
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