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ABSTRACT Georeferencing satellite imagery is the basis for mapping and other subsequent processing

in photogrammetry and remote sensing. Traditional georeferencing methods, which require adequate and

well-distributed ground control points (GCPs), are time-consuming, costly, constantly cumbersome and

inefficient. This study proposes a method of adaptive re-weighted block adjustment without GCPs for

satellite stereo images. Furthermore, an approach of using multi-coverage images to improve the direct geo-

referencing accuracy is also investigated. The bias-compensated rational function model with affine trans-

formation parameters is used as the adjustment mathematical model. The ‘‘weighted virtual control points’’

are introduced as constraints in the adjustment. Space intersection and resection are executed iteratively to

solve the accurate affine transformation parameters. A total of 722 three-line array stereo scenes of Chinese

Mapping Satellite-1 images captured from December 2010 to March 2016, which cover the entire Shandong

Province of China (about 158,000 km2) nearly 10 times in space, are used as experimental data to evaluate

the performance of the proposed method. Experiment results demonstrate that the proposed method can

effectively eliminate the systematic errors of images. Moreover, the additional comparison with experiments

of three groups of mono-coverage images indicates that the redundant observations from multi-coverage

images can significantly improve the direct georeferencing accuracy, more specifically, from 13.69-16.02 m

to 11.09 m in the horizontal direction, and from 16.39-29.27 m to 8.47 m in the vertical direction.

INDEX TERMS Georeferencing satellite imagery, block adjustment, without ground control points (GCPs),

multi-coverage satellite images, weighted virtual control points.

I. INTRODUCTION

Satellites have the advantages of large scanning range, strong

continuity, short revisit period, and stable orbital parame-

ters, over other remote sensing platforms, such as aerial

aircraft, unmanned aircraft, and vehicle cameras. Thus, satel-

lites have attracted extensive attention in many large-scale

photogrammetry applications. However, the initial orienta-

tion parameters of satellite images contain errors rising from

the on-orbit calibration error of the satellite imaging sen-

sor, the measurement errors of the positioning and attitude

sensors, and the errors caused by the time asynchronous

The associate editor coordinating the review of this article and approving
it for publication was Bora Onat.

of different subsystems when acquiring data. Consequently,

block adjustment is necessary to reduce or even eliminate the

errors before subsequent processings.

The conventional methods use ground control points

(GCPs) [1]–[3] or ground control lines (GCLs) [4]–[5] to

perform block adjustment, thereby achieving the goal of

eliminating the errors of the sensor model and data. These

methods can achieve high geopositional accuracy, but the

amount of required GCPs depends on the terrain complexity

and directly influences the geopositional accuracy [6], [7].

A large coverage area or a complex terrain often requires

numerous GCPs. However, GCP field measurement work

is time-consuming, costly, and cannot be performed well in

some extreme areas, such as deserts. Moreover, measuring
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the observations of GCPs in multi-view images is con-

stantly cumbersome and inefficient. These factorsmake block

adjustment methods based on GCPs hard to perform in large-

scale mapping works. Fortunately, with the development of

satellite hardware, the accuracies of global positioning sys-

tem (GPS) and attitude control sensors for measuring satellite

orbit and attitude have been improved. These improvements

provide high-precision exterior orientation elements for satel-

lite images, thus reduces the errors in images. Currently, some

satellites with high-precision orbit and attitude parameters

achieve high direct geopositional accuracies using only space

intersection [8] with stereo scenes. For example, the direct

geopositional accuracy of WorldView-1 stereo images with-

out GCPs is within 2 m in root mean square error (RMSE),

and from which digital elevation model (DEM) with vertical

error smaller than 5 m can be obtained [9]–[10]. Obviously,

it is an inevitable trend to study geometric correction methods

without GCPs, which can also achieve high geopositional

accuracy.

An effective geometric correction technique without GCPs

frequently makes a good use of existing geo-referenced

data [11] as constraints in block adjustment, including

oriented images with precise interior and exterior ori-

entation parameters [12], [13], shuttle radar topography

mission (SRTM) derived DEM [14]–[16], and geocoded

images [17], [18]. However, the accuracies of these meth-

ods heavily rely on the reference data. In other words,

these methods may be infeasible when the accuracy of the

reference data is low or high-precision reference data is

unavailable. Therefore, methods that only require initial high-

precision external orientation parameters (EOPs) and other

metadata are investigated. Reference [19] uses a hybridmodel

based on 3D deterministic Toutin’s model, which exploits

the image’s metadata, to geometrically process WorldView-

1 and WorldView-2 stereo images without GCPs; this model

has achieved a vertical accuracy of 2.5 m over bare sur-

faces. A combined block adjustment approach [20] is pro-

posed to integrate multi-source and multi-resolution satellite

images for improving geopositional accuracy without GCPs;

experiments demonstrated that this method can effectively

improve the geopositional accuracies of satellite images using

ZiYuan-3, SPOT-7, and Pleiades-1 images in Hong Kong

and Cartosat-1 and WorldView-1 images in Catalonia, Spain.

A new physical inverse model based on a double-iterative

method, considering velocity aberration, optical path delay,

and atmospheric refraction, is introduced in [21]. It achieves a

horizontal accuracy of 3.8 m of WorldView-2 images, which

is higher than the original geopositional accuracy using the

original rational polynomial coefficients (RPCs) under the

condition without any control data. In addition, many other

studies on geometric correction technique without GCPs,

such as direct georeferencing approach [22], and multi-trip

bundle block adjustment method [23], have been conducted.

However, these methods list all the observations together

in the error equations and perform the bundle (block) adjust-

ment to solve the unknowns, thereby requiring considerable

computational memory. Therefore, they are limited by the

number and overlap of images and not conducive to paral-

lel computing. Moreover, these methods treat all the image

pairs as equal weight observations, which is not the case in

actual production (the errors of the image pairs usually vary

significantly) and thus possibly affects the accuracy of block

adjustment. Therefore, in this paper, we propose an adaptive

re-weighted block adjustment method without GCPs, which

uses ‘‘weighted virtual control points’’ [24] as constraints

instead of GCPs.

A short revisit period of satellites denotes that the same

area of the earth can be observed repeatedly every fewmonths

or even few days. However, these multi-temporal data are

generally used for database updates and change detection, but

rarely be mentioned in the geometric correction of satellite

imagery. Considering that the repeated observations of the

same regions increase multi-baseline images from different

views, the multi-temporal data are potential for obtaining

more accurate object coordinate. Through experiment of the

rational function model (RFM) based block adjustment of 12

multi-temporal ZiYuan-3 images without GCPs, Cao [25]

demonstrated that with the increment of redundant obser-

vations of ground points, the block adjustment accuracy of

multi-temporal images is better than that of mono-temporal

images. Thus, we furtherly explore the positive effect of

multi-coverage on the accuracy of the geometric correc-

tion, and an adaptive re-weighted block adjustment method

for multi-coverage satellite stereo images is then proposed.

Experiments contain a total of 722 three-line array stereo

scenes of Chinese Mapping Satellite-1 images captured from

December 2010 to March 2016, which cover the entire Shan-

dong Province of China (about 158,000 km2) nearly 10 times

in space, are conducted to evaluate the adjustment accuracy

of the proposed method.

II. METHOD

A. MATHEMATICAL MODEL

There are two extensively used satellite sensor models: the

rigorous physical model (RPM) and the RFM. The RPM

uses the collinearity equations, wherein the sensor projec-

tion center, object point, and image point are located on the

same line at the instant of photography, to establish imaging

geometry. Theoretically, the RPM-based block adjustment

method has the highest accuracy because it represents the

strict spatial relationship between image coordinates and the

corresponding ground space coordinates. However, scanning

lines of push-broom satellite image generally have different

EOPs, leading the RPM-based geometric correction process

to be complicated and time-consuming [26].

The RFM is an approximate mathematical model, whose

parameters, i.e., RPC, are computed from the RPM using

an object virtual grid [27]. These parameters are indepen-

dent of the sensor platform and are applicable to all satellite

sensors [28]. Generally, commercial satellite image providers

are more willing to use RFM, such as IKONOS of Spacing

imaging, QuickBird andWorldView-1/2 of DigitalGlobe, and
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GeoEye-1 of GeoEye. Researchers have conducted many

comparative experiments investigating the performance of

RFM and RPM, and found that the RFM has higher process-

ing efficiency, while has comparable geopositional accuracy

with RPM [28]–[30].

In this study, we use the RFM with RPC, whose general

expression is Equation (1), as the satellite sensor model.


















rn =
NumL (Pn,Ln,Hn)

DenL (Pn,Ln,Hn)

cn =
NumS (Pn,Ln,Hn)

DenS (Pn,Ln,Hn)
,

(1a)

rn =
r − ro

rs
, cn =

c− co

cs

Pn = =
P− Po

Ps
, Ln =

L − Lo

Ls
, Hn =

H − Ho

Hs
(1b)

where (r, c) and (P,L,H) are image pixel coordinates

and space coordinates, respectively. NumL (Pn,Ln,Hn),

DenL (Pn,Ln,Hn),NumS (Pn,Ln,Hn), andDenS (Pn,Ln,Hn)

are polynomial functions that contain 20 coefficients [27].

(rn, cn) and (Pn,Ln,Hn) correspond to the normalized image

and object coordinates using the normalization parameters

of RPC, i.e., ro, co, Po, Lo, Ho, rs, cs, Ps, Ls, Hs. They

are generally regularized between −1 and 1 to improve the

solution stability of block adjustment [28].

Due to the influence of microgravity state, environment,

and temperature, the sensor placement parameters calibrated

in laboratories using by RPM will change over time, thereby

ultimately affecting the geopositional accuracy of stereo

scenes. Many studies have demonstrated that the regenerated

RFMwith affine transformation can eliminate errors of stereo

scenes [31]–[32],














rn + e0 + e1rn + e2cn =
NumL (Pn,Ln,Hn)

DenL (Pn,Ln,Hn)

cn + f0 + f1rn + f2cn =
NumS (Pn,Ln,Hn)

DenS (Pn,Ln,Hn)
,

(2)

where (e0, e1, e2, f0, f1, f2) are the affine transformation

parameters, in which (e0, f0) are the offset parameters that

absorb most systematic errors of the RPC, and (e1, e2, f1, f2)

are the drift parameters that describe the errors caused by a

gyroscope drift over time [28].

B. ADAPTIVE RE-WEIGHTED BLOCK ADJUSTMENT

In the existing geometric correction methods of satellite

imagery without GCPs, Equation (2) is used to establish the

spatial relationship between the image and the space coordi-

nates. The reference data such as oriented images [12], [13],

DEM [14]–[16] are used as constraints, and error equations

are computed through the least squares method to solve the

affine transformation parameters of images. The space coor-

dinates of the corresponding image points are forced to be

consistent, and the errors in the sensor model are eliminated.

The bundle adjustment, which is adopted to solve all the

unknowns with a huge matrix simultaneously, requires huge

memory and is not convenient for parallel processing. There-

fore, it remains a challenging task for geometric correction of

large-area satellite stereo scenes. Moreover, when the initial

accuracies of images are uneven, such as from meters to

tens of meters or even hundreds of meters, the images with

poor accuracies will reduce the adjustment accuracy. In this

study, we propose an adaptive re-weighted block adjustment

method without GCPs based on the ‘‘weighted virtual control

points’’, to overcome the above problems.

The satellite stereo scene is treated as the unit of calcula-

tion. Firstly, the space coordinates of tie points in all stereo

scenes are calculated through space intersection within each

stereo model. The weighted average of these space coordi-

nates is then taken as a ‘‘virtual control point’’. Secondly,

the affine transformation parameters of images are calcu-

lated separately through space resection [8] by using Equa-

tion (2). The above processes are iteratively carried out until

the change of RMSE of image observations is less than the

predefined threshold. The flowchart of the proposed method,

which can be divided into five steps, is drawn in Fig. 1.

FIGURE 1. Flowchart of the proposed method.

1) SPACE INTERSECTION WITHIN EACH STEREO SCENE

The original RPC with the affine transformation parameters,

whose initial values are set to zero, is used to calculate the

space coordinates of the corresponding image points within

each stereo scene. This calculation is conducted through

space intersection based on Equation (2).

In this step, (e0, e1, e2, f0, f1, f2) are treated as known

parameters. The space coordinates (P,L,H) of the corre-

sponding image points are unknown parameters to be solved,

and the image observations (r, c) are regarded as equal

weight observations. Given Equation (2) is nonlinear, it must

be linearized through the Taylor formula to establish the error

equation, as shown in Equation (3).

V = AX − L, (3)
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where V is the vector of corrections to the image observa-

tions (r, c). X is the vector of the unknown space coordinates

(P,L,H). L is the constant vector, and A is the coefficient

matrix. The space coordinates are then solved through the

least squares method.

2) CALCULATION OF ‘‘WEIGHTED

VIRTUAL CONTROL POINTS’’

Considering the randomness of the geopositional errors of

different stereo scenes, we introduce the ‘‘virtual control

point’’ into block adjustment instead of GCPs, which is

calculated by Equation (4),

X̃ =

∑N
j=1 pjX j

∑N
j=1 pj

, pj > 0, (4)

where X̃ denotes the space coordinate of the ‘‘virtual control

point’’, Xj represents the space coordinate of a tie point in

stereo scene j, calculated in Step 1). N is the number of stereo

scenes containing that tie point. pj represents the weight of

stereo scene j. The initial values of weights of all stereo scenes

are set to 1.0.

Given that the geopositional errors of different stereo

scenes are different in magnitude and direction, the space

coordinates of the corresponding image points calculated

in different stereo scenes are inconsistent or even contrary.

To reduce the inconsistent of the space coordinates, which

will cause a large error on ‘‘virtual control points’’, the adap-

tive weighting strategy is used to assign weights to the space

coordinates in different stereo scenes. Detailed information

will be given in step 4).

3) SPACE RESECTION FOR EACH IMAGE

Space resection for each image is then performed to solve

the affine transformation parameters, namely, the unknowns

(e0, e1, e2, f0, f1, f2). All the observations (r, c) and the corre-

sponding ‘‘virtual control points’’ X̃ are used to construct lin-

ear equations using Equations (2). The affine transformation

parameters of satellite images are solved and updated through

the least squares method. The corrected value 1 of each

observation and RMSE σ are then calculated. To eliminate

the error caused by mismatching of tie points, an observation

whose 1 > 3σ is considered as an outlier and furtherly

deleted.

The RMSE of all observations is calculated as,

RMSE =

√

√

√

√

∑no
k=1

[

(

rk − r
′

k

)2
+

(

ck − c
′

k

)2
]

no − 1
(5)

where (r, c) represents the image observation coordinates of

tie points,
(

r
′
, c

′
)

represents the projection coordinates by

back projection from the ‘‘weighted virtual control points’’

with the affine transformation parameters, no is the number

of all observations, and k is the index number of observation.

4) REDEFINE WEIGHTS OF STEREO SCENES

In each stereo scene, the updated affine transformation

parameters calculated in Step 3) are used for space intersec-

tion to compute the new space coordinates. The residual vec-

tor 1X i of the space coordinate are calculated by subtracting

the space coordinate in each iteration. We use the reciprocal

of the 1Xmodel as the weight pj of stereo scenes j in the next

iteration, see Equation (6).



















































pj =
1

|1Xmodel |
=

(

1

|1Pmodel |
,

1

|1Lmodel |
,

1

|1Hmodel |

)

1Xmodel= (1Pmodel, 1Lmodel, 1Hmodel)

=

√

∑m

i=1
(1Xi ∗ 1Xi)

m− 1

1Xi = X
new
i −X

old
i = (1Pi, 1Li, 1Hi)

(6)

where X
new
i represents the new space coordinates of tie

point i.Xold
i denotes the space coordinates in the last iteration.

m represents the number of the space coordinates in stereo

scenes j. (1Pi, 1Li, 1Hi), (1Pmodel, 1Lmodel, 1Hmodel),

and
(

1
|1Pmodel |

, 1
|1Lmodel |

, 1
|1Hmodel |

)

are the three components

in three directions of the residual vector, RMSE, and

weight.

The error magnitudes are different in three directions, and

the differences may be in the order of magnitude, which may

affect the accuracy of the result. Therefore, three weights are

adaptively redefined for three directions of each stereo scene

through Equation (6).

5) ITERATION

Step 2)–4) are iteratively conducted until the change of the

RMSE (see Equation [5]) of all observations is less than a pre-

defined threshold, which is set to 10e−2 in our experiments.

C. BLOCK ADJUSTMENT OF MULTI-COVERAGE SATELLITE

STEREO IMAGES WITHOUT GCPS

Generally, satellite images cover the same ground region from

multiple sources, multiple phases, and multi-coverage. The

research and application of multi-source and multi-temporal

satellite images, such as radiometric normalization [34],

image registration [35], and change detection [36], are exten-

sive. Although some works about the geometric location of

multi-source data [37] have been conducted, the effect of

multi-coverage on geometric correction is rarely mentioned.

Thus, in this study, we explore the impact of multi-coverage

on the accuracy of geometric correction.

The key of our proposed method is the ‘‘weighted vir-

tual control point’’, see Equation (4). However, due to the

geopositional errors of stereo scenes, the coordinate deviation

will appear in the space coordinate after space intersection.

The coordinate deviation EV
N
, between ‘‘weighted virtual

control point’’ and ‘‘real space coordinate’’ of tie point, can
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be expressed to be weighted mathematical expectation:
{

EV
N

= p1Ev1 + p2Ev2 + · · · + pjEvj · · · + pN EvN

p1 + p2 + · · · + pj . . . + pN = 1, 0 < pj < 1
N ≥ 2

(7)

where Evj represents the coordinate deviation of the stereo

scenes j, pj is the weight of the stereo scene and represents

the accuracy of the stereo scene. N represents the number of

stereo scenes.

FIGURE 2. Schematic of vector addition.

In cases of mono-coverage, we can obtain Equation (8) for

the tie points in the overlapping areas between stereo scenes,

and the geometric representation of which in a 2D plane is

illustrated in Fig. 2.
{

EV
2

1,2 = p1Ev1 + p2Ev2 = p1Ev1 + (1 − p1)Ev2

p1 + p2 = 1, 0 < p1 < 1,

(8)

In Fig.2, |BC|
/

|AB| = p1, |AC|
/

|AB| = 1 − p1. Obvi-

ously, regardless of the movement of the endpoint C of vector

EV
2

1,2 between A and B, the magnitude of vector EV
2
never

exceeds the maximum magnitude of EV1 and EV2.
∣

∣

∣

EV
2

1,2

∣

∣

∣
≤ p1

∣

∣

∣

EV1

∣

∣

∣
+ (1−p1)

∣

∣

∣

EV2

∣

∣

∣
≤ max(

∣

∣

∣

EV1

∣

∣

∣
,

∣

∣

∣

EV2

∣

∣

∣
) (9)

Only when Ev1 = Ev2, the equal sign in Equation (9) will

hold. However, due to the randomness of geopositional errors

in different stereo scenes, the magnitude of EV
2
is always

smaller than the maximum magnitude of Ev1 and Ev2 in actual

cases, see Equation (10). It will become smaller or even much

smaller than both as the angle 6 BOA increases.
∣

∣

∣

EV
2

1,2

∣

∣

∣
< max (|Ev1| , |Ev2|) (10)

However, when an outlier occurs in Ev1 or Ev2, and no prior

knowledge can be used to detect the position of the outlier,

Ev1 and Ev2 will be regarded as approximately equal weight in

most cases. As a result, the geopositional accuracy may be

largely affected by the outlier.

In cases of multi-coverage, Equation (7) can also be

expressed as Equation (11) for clarifying the relationship with

mono-coverage,

EV
N

=
∑

ϕ(i,j) EV
2

i,j
∑

ϕ(i,j)
, i, j ∈ [1,N ] , i 6= j (11)

where ϕ (i, j) is a Boolean function, if the stereo scenes i and

j are overlapped, then ϕ (i, j) = 1, otherwise ϕ (i, j) = 0.

Equation (11) shows that the coordinate deviation of

multi-coverage case can be simply regarded as the expected

value of the coordinate deviations of several mono-coverage

cases. Different from the mono-coverage, multi-coverage

can provide redundant observations, which can eliminate

errors between stereo scenes better and is useful for locat-

ing outliers. Moreover, the adaptive weighted strategy can

effectively suppress the outliers improving the geopositional

accuracy of multi-coverage. However, it should be noted

that, since the accuracy of block adjustment without GCPs

depends on the size and distribution of the geopositional

errors of the stereo scenes, it may not increase when only a

few stereo scenes are used.

III. EXPERIMENTS AND RESULTS

The experimental dataset consists of 2166 images of Chinese

Mapping Satellite-1 images, which is the first generation

of 3D mapping satellite launched by China in August 2010.

The satellite is designed for scientific research, land survey-

ing and mapping, it carries three stereo mapping cameras

(forward, nadir, and backward cameras for capturing three-

line array stereo image), one high resolution camera, and one

multispectral camera [38]. The ground sampling distances of

the three-line array stereo images are 5 m, and the ground

range of the standard scene is approximately 60 km × 60 km

(12000 pixels × 12000 pixels). The experimental area covers

the whole Shandong Province, China, with a longitude range

of E114◦ − E123◦ and a latitude range of N33◦ − N39◦. The

2166 images collected from December 2010 to March 2016,

forming 722 three-line array stereo scenes (each stereo scene

consists of forward/nadir/backward images), cover the exper-

imental area for nearly 10 times. Well-distributed 100 ground

check points are used to assess the adjustment accuracy. The

distributions of images and ground check points are shown

in Fig. 3(a). A total of 5,494,988 tie points are extracted

by image matching. It is worth noting that only 530 stereo

scenes cover the ground check points. Fig. 3(b) displays the

distribution of coverage times of stereo scenes, by accu-

mulating the number of times that the ground grids matrix

intersecting with the footprints of 722 stereo scenes. The

coverage times increase while the color varies from blue

to red.

Several experiments are designed to evaluate the proposed

method. Firstly, error distribution of all the 722 stereo scenes

is discussed in A. Secondly, to verify the feasibility of the pro-

posed method, the geopositional accuracies of stereo scenes

before and after block adjustment are compared in B. Then,

a series of experiments about multi-coverage and mono-

coverage are used to validate the effect of multi-coverage on

block adjustments without GCPs in C. Finally, an exploration

about the relationship between the coverage times and the

geopositional accuracy of block adjustment without GCPs is

presented in D.
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FIGURE 3. The experimental dataset of Chinese mapping Satellite-1 over
Shandong province of China. (a) Footprints of images and ground check
points, (b). Distribution of coverage times of stereo scenes.

A. ASSESSMENT OF DIRECT GEOPOSITIONAL ACCURACY

Considering that not all of the 722 stereo scenes have

ground check points, directly assessing their direct geoposi-

tional accuracies is infeasible. Thus, an indirect assessment

method is adopted. Firstly, block adjustment using all of

the 100 ground check points as control is performed, and the

adjusted space coordinates of tie points are considered as the

real space coordinates. Secondly, the initial coordinates of

tie points in every stereo scene are calculated through space

intersection using the original RPCs. The difference between

the initial and the adjusted coordinates of each tie point is

then calculated, which is treated as the direct geopositional

accuracy of the tie point. And the direct geopositional accu-

racy (error) of a stereo scene is defined as the average of the

differences of all the tie points in it. The direct geopositional

accuracies of the 722 stereo scenes are exhibited in Fig. 4 and

Fig. 5.

Figs. 4(a) and 4(b) display the direct geopositional accu-

racies in the horizontal and vertical directions, respectively.

The purple points present the central positions of the stereo

scenes, and the blue arrows denote the error vectors. The

magnitudes and directions of the errors among stereo scenes

are inconsistent and random, especially for stereo scenes

in different tracks. However, the horizontal errors of the

same-track stereo scenes are similar in magnitude and direc-

tion, which indicates a strong systematicity, as depicted in

FIGURE 4. Direct geopositional errors of the 722 stereo scenes in the
Shandong test area. (a) Horizontal errors (b) vertical errors.

Fig. 5(a). Although the vertical error vectors of the same-

track stereo scenes do not show systematic characteristics as

a whole (Fig. 5(b)), these vectors are similar to the magnitude

and direction in the local region of the same tracks.

B. BLOCK ADJUSTMENT WITHOUT GCPS

Block adjustment without GCPs is then performed. The resid-

ual errors of tie points, which use the adjusted space coordi-

nates calculated by block adjustment with GCPs as the real

space coordinates, are also calculated for each stereo scene.

Moreover, the RMSE of tie points in each stereo scene is

defined as the geopositional accuracy of the block adjustment

without GCPs for a stereo scene. Fig. 6 plots the comparison

of geopositional accuracies of stereo scenes before and after

block adjustment without GCPs.

The blue and red line represent direct geopositional accu-

racies of stereo scenes before block adjustment and after

block adjustment without GCPs, respectively. The blue line

in Fig. 6 illustrates that the initial RPCs of images contain

varying degrees of errors in the X-, Y-, and Z-directions,

especially in a few stereo scenes with large errors, which

will significantly affect the results of geometric positioning.

On the contrary, the red line has a small fluctuation range, and
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FIGURE 5. Direct geopositional errors of stereo scenes in the sub-region
(E116-E117.5E114◦

− E123◦, N34.5-N38), red circles and green diamonds
represent two same-track stereo scenes. (a) Horizontal errors (b) vertical
errors.

the center of gravity is significantly close to 0. It indicates the

reduction of errors in most stereo scenes after geometric cor-

rection through the proposedmethod, especially for the stereo

scenes with large errors. The red and blue lines randomly

fluctuated around the same negative values (about−8 m in X,

−5m inY, and−3m in Z) in theX-, Y-, and Z-directions, thus

denoting that a consistent systematic error exists in the initial

RFMs of all stereo scenes. Moreover, these systematic errors

are retained after geometric correction because no control

data are involved in the block adjustment to constraint the

result.

FIGURE 6. Geopositional accuracies of stereo scenes before and after
block adjustment without GCPs in the (a) X, (b) Y, and (c) Z directions.

TABLE 1. Geopositional accuracies of the initial and the adjusted stereo
scenes.

We also count the maximum (Max), minimum (Min),

and RMSE of the geopositional errors of all stereo scenes

in the horizontal and vertical directions, as presented in

Tab. 1. Tab. 1 displays that the direct geopositional accu-

racies of stereo scenes are poor, and their horizontal and

vertical RMSEs are approximately 4 pixels and 4.5 pixels,

respectively. The maximum error is more than 30 pixels. The

geopositional accuracies of the stereo scenes have improved

significantly after applying the proposed method, especially

the reduction in error in the vertical direction from 4.5 pixels

to 1.2 pixels. The changes in the maximum, minimum, and

RMSE show that large differences among all stereo scenes are

reduced significantly, and the stereo scenes with large errors

are well-corrected. The result indicates that the proposed

method can effectively eliminate the errors in the initial stereo
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TABLE 2. Geopositional accuracies for 530 stereo scenes covering GCPS.

scenes and the re-weighted strategy can effectively suppress

the influence of the stereo scene with a large error.

To furtherly evaluate the proposed method, the geopo-

sitional accuracies before and after block adjustment

of 530 stereo scenes, which covering several GCPs, are also

counted using GCPs as reference. Firstly, the space coordi-

nates of GCPs are obtained using the space intersection for

each stereo scene. Then the deviation from the real space

coordinates is calculated. Finally, the mean of deviations of

the covered GCPs is taken as the geopositional accuracy for

each stereo scene. And statistical results of accuracies for the

530 stereo scenes are showed in Tab. 2.

The results in Tab. 2 are similar to those in Tab. 1, which in

turn indicates that it is reliable to evaluate the geopositional

accuracies of stereo scenes before and after block adjust-

ment by using the result of block adjustment with 100 GCPs

as reference. Especially, the standard variance of all devia-

tions is reduced to less than one-third of the initial stereo

scenes, which demonstrates that the proposed method can

effectively suppress large errors and make the errors more

concentrated.

C. MONO-COVERAGE EXPERIMENTS

We also conduct three comparison experiments to verify that

multi-coverage can effectively improve the accuracy of block

adjustment. Three groups of mono-coverage stereo scenes are

selected from the dataset. The selection is under the constraint

of covering the same range as the original dataset as much as

possible. Moreover, the stereo scenes of the three groups are

not duplicated, and each group covers all of the 100 ground

check points. The selected three groups consist of 90, 95,

and 95 stereo scenes, respectively. After block adjustment

without GCPs, the accuracies of multi- and mono-coverage

experiments are evaluated by counting the mean error, stan-

dard variance, and RMSE of the ground check points. The

results are presented in Tab. 3 and Fig. 7.

Table 3 summarizes that the horizontal accuracies of the

three mono-coverage groups are approximately 3 pixels.

However, the vertical accuracies of the three groups vary

FIGURE 7. Horizontal error distribution of the different groups.
(a) Mono-coverage1 group. (b) Mono-coverage2 group.
(c) Mono-coverage3 group. (d) Multi-coverage group.

significantly. For example, the vertical RMSE of the first

group is nearly twice than that of the third group.

The three mono-coverage groups combined with Fig. 4

demonstrate that the weak regularity of vertical errors leads

to its instability for the mono-coverage block adjustment

without GCPs. The RMSE of the multi-coverage experiment

is within 2 pixels in the X-, Y-, and Z-directions, which is

smaller than that of the three mono-coverage groups. The

vertical accuracy is significantly improved because the multi-

coverage can increase the intersection angle among the stereo

scenes. This result indicates that multi-coverage can effec-

tively improve geopositional accuracy. Moreover, the mean

errors of the four experiments are less than 0. The systematic

errors remain in all stereo scenes because of the absence of

real control data.

Fig. 7 plots the horizontal error distributions of 100 check-

points in the three mono-coverage groups and the multi-

coverage experiment. The red circle in the figures refers to

CE90 (circular error with a 90% confidence). The CE90 cir-

cle is much smaller in multi-coverage than in the three

mono-coverage. This result indicates that multi-coverage can

TABLE 3. Accuracy of block adjustment without GCPS.
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achieve higher geopositional accuracy than mono-coverage.

Moreover, the errors of the multi-coverage experiment are

concentrated, as reflected by the standard variance of errors

in Tab. 2. It indicates that multi-coverage can constraint the

results of local regions well, thereby making the accuracy of

each region increasingly uniform.

D. THE RELATIONSHIP BETWEEN THE OBSERVATION

TIMES AND THE GEOPOSITIONAL ACCURACY

The experiment C has proved that the multi-coverage can

provide redundant observations to reduce the geopositional

error. However, the relationship between the coverage times

and the geopositional accuracy is ignored by present stud-

ies about geometric positioning for satellite imagery [25].

In this section, an experiment on the quantitative relationship

between the coverage times and the geopositional accuracy

of block adjustment without GCPs is explored.

The experiments start from the block adjustment without

GCPs of a mono-coverage case, then the stereo scenes with

uniform distribution within the experimental range are added

group by group, until all of the 722 stereo scenes are added

into the experiment. Because 722 stereo scenes of Shandong

dataset are not evenly distributed, and each sub-dataset is

extracted according to the principle of covering the experi-

mental area as much as possible with the least coverage times,

so the coverage times and the number of stereo scenes in

each sub-dataset are not equal. Therefore, 15 experiments are

finally taken. In each experiment, the coverage times and the

RSME of 100 ground check points are accounted, which is

shown in Fig. 8.

FIGURE 8. The relationship between the coverage times and the
geopositional accuracy of block adjustment without GCPs.
XY (plane)-RMSE: RMSE in the horizontal direction. Z-RMSE: RMSE in the
vertical direction.

Fig. 8 shows that the geopositional accuracy of block

adjustments without GCPs presents an increasing trend as the

coverage times increases, which verifies that multi-coverage

can effectively improve geopositional accuracy. The decline

rate of RMSE gradually becomes slower as the coverage

times increases. Especially, after reaching 7 coverage times,

both of the two RMSE curves gradually start to be approx-

imately parallel to the x-axis. It is worth noting that the

Z-RMSE drops faster than XY-RMSE and enters the stable

status more quickly, which indicates that the increase of

coverage times can better improve the accuracy in the vertical

direction.

IV. CONCLUSION

In this study, we proposed an adaptive re-weighted block

adjustment method without GCPs for satellite stereo images

based on the bias-compensated rational function model with

affine transformation parameters. The ‘‘weighted virtual con-

trol points’’ was introduced as the constraint of the block

adjustment, and the re-weighted approach was used to reduce

the adverse effect of the stereo scene with a large error

on the overall adjustment accuracy. The positive influence

of multi-coverage on improving the accuracy of adjustment

without GCPs was discussed, and the quantitative relation-

ship between the coverage times of stereo images and the

final accuracy of block adjustment was also investigated.

The experiment with 722 stereo scenes of Chinese Map-

ping Satellite-1 images, which cover the entire Shandong

Province of China (about 158,000 km2) nearly 10 times in

space, achieved an accuracy within 2 pixels in the X-, Y-,

and Z-directions. These experiments lead to the following

conclusions.

(1) The proposed method of adaptive re-weighted block

adjustment without GCPs can effectively eliminate errors in

satellite stereo images.

(2) The participation of multi-coverage satellite stereo

images, which include redundant observations, can signif-

icantly improve the accuracy of block adjustment without

GCPs, more specifically, from 13.69-16.02 m to 11.09 m in

the horizontal direction, and from 16.39-29.27 m to 8.47 m

in the vertical direction, for the experimental dataset in this

study.

(3) The final accuracy of block adjustments without GCPs

presents an increasing trend as the coverage times of stereo

images increases, and will keep stable when the coverage

times reaches to a certain number, i.e., 7.4 times in this study.
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