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ABSTRACT ARTICLE HISTORY
Image matching is one of the key technologies for digital Earth. This paper Received 10 July 2015
presents a combined image matching method for Chinese satellite images. Accepted 3 February 2016

This method includes the following four steps: (1) a modified Wallis-type
filter is proposed to determine parameters adaptively while avoiding | A
. . mage matching; Chinese
over-enhancement; (2) a mismatch detection procedure based on a satellite imagery; mismatch
global-local strategy is introduced to remove outliers generated by the detection; integrated
Scale-invariant feature transform algorithm, and geometric orientation similarity measure; improved
with bundle block adjustment is employed to compensate for the Wallis filter
systematic errors of the position and attitude observations; (3) we
design a novel similarity measure (distance, angle and the Normalized
Cross-Correlation  similarities, DANCC) which considers geometric
similarity and textural similarity; and (4) we introduce a hierarchical
matching strategy to refine the matching result level by level. Four
typical image pairs acquired from Mapping Satellite-1, ZY-1 02C, ZY-3
and GeoEye-1, respectively, are used for experimental analysis. A
comparison with the two current main matching algorithms for satellite
imagery confirms that the proposed method is capable of producing
reliable and accurate matching results on different terrains from not
only Chinese satellite images, but also foreign satellite images.

KEYWORDS

1. Introduction

Digital Earth is a multi-resolution, multi-dimensional representation of the virtual planet with vast
quantities of geo-referenced information, which was proposed in Gore’s 1998 speech. In recent years,
digital Earth has attracted a lot of attention with the technical feasibility, including digital elevation
model or digital surface model (DSM) generation, 3D GIS analysis and the representation of digital
Earth (Goodchild 2008). The generation of digital Earth model is a necessary technology because
both the 3D GIS analysis and the representation cannot be carried out without the help of the virtual
planet model. Image matching is one of the effective ways to acquire the model of digital earth, which
recovers three-dimensional coordinates of ground surface from images. Images can come from
different sensors and platforms including satellites, airplanes, unmanned aerial vehicles and
motor vehicles, among which satellite images are widely used in digital earth for their wide coverage
area, short revisit cycle, and high spectral resolution. Foreign satellites such as QuickBird, IKONOS
and GeoEye have provided vast amounts of images for various digital Earth applications.

With the rapid development of space technology and the important breakthrough of satellite
positioning techniques, the number of satellites in orbit has risen markedly in China (Cheng,
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Deng, and Li 2010; Guo 2012). More and more satellite data can now be applied in photogrammetry
and remote sensing, such as the images from Mapping Satellite-1, the ZY-1 02C and ZY-3 satellites.
Although it can be seen that the performance of Chinese satellites has improved substantially, some
gaps still exist when they are compared to foreign satellites. The camera errors caused by lens dis-
tortion, CCD (Charge Coupled Device) bending and misalignment of sub-CCD arrays are not insig-
nificant (Zhang et al. 2014; Zheng et al. 2015). Moreover, the direct georeferencing accuracy using
the original position and attitude data is low (Xie 2009). According to the test results produced
from the ZY-3 satellite data, the absolute accuracy of direct georeferencing before orientation was
about 1300 meters in plane and 300 meters in height, and the internal accuracy was about 200 pixels
(Zhang et al. 2014).

With the development of Chinese industry, air pollution in China is becoming more and more
serious. In recent years, atmospheric particles, e.g. PM 2.5, have become the culprit of the air pol-
lution in Chinese urban areas. The atmospheric particles can decrease the quality of satellite imagery
(Srinivasa and Shree 2002). Due to the limitation of Chinese sensor hardware and the air pollution,
the image quality of Chinese optical satellites in urban area in China is not satisfactory, which will
bring challenges for image matching.

Due to the differences between Chinese satellite data and foreign satellite data, the existing match-
ing methods which have been used in foreign satellite data successfully need more experiments to
test if they can be applied to Chinese satellite data. Image matching, a key technology in photogram-
metry, is used in aerial triangulation, DSM generation, etc. In the past 20 years, many empirical
matching algorithms for satellite imagery have been proposed, but their performance remains unsa-
tisfactory, and, in some cases, it is far from acceptable (Gruen 2012). The following current problems
need to be solved:

(1) Since the exterior orientation parameters (EOPs) of satellite images are known in advance, epi-
polar lines are employed as a spatial constraint (Zhang and Gruen 2006) by many matching
algorithms. However, the errors in the real-time EOPs for Chinese satellite images are large,
which causes the low prediction accuracy of epipolar lines. When there is a large disparity
between the correspondences and their corresponding epipolar lines, the mismatches increase
substantially.

(2) There are large local geometric distortions between satellite images acquired from different plat-
forms and perspectives. These distortions may decrease the correlations between correspon-
dences and may make matching algorithms invalid as well.

(3) For difficult matching situations such as residential areas, mountainous, poor textural areas and
woodland areas, it is difficult to find reliable correspondences, and some algorithms may not
even work (Wu, Zhang, and Zhu 2012).

According to the problems above, we propose a combined image matching method for Chinese
satellite imagery. The large errors in the real-time EOPs for Chinese satellite images can be reduced
by initial geometric orientation described in Section 3.2. In Section 3.3.2, we introduce a method to
rectify the problem of large local geometric distortion. In Section 3.3.3, a new similarity measure is
proposed to solve the problem of difficult matching situations.

The rest of the paper is arranged as follows: a literature review on algorithms for matching satellite
images is first presented in the following sections, followed by an illustration of the algorithmic out-
line; after the details of the proposed method are described, the experimental results are analyzed;
finally, concluding remarks and future research are discussed.

2. Related work

Image matching is used to looking for conjugate points of overlapping pictures (Joz et al. 2012). The
results of matching will influence the performance of bundle adjustment for Chinese satellite directly
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(Zhang et al. 2015). For the past 30 years, it has been one of the most challenging tasks in photogram-
metry (Heipke 1996; Mustaffar and Mitchell 2001). However, there have been some impressive algor-
ithms on matching with satellite imagery. Gruen and Baltsavias (1988) developed the 2-view
matching algorithm to multi-views and proposed the Multi-Photo Geometrically Constrained matching
algorithm, which was an extension of the Least Square Matching (LSM) algorithm (Ackermann 1984).
This algorithm compensates for the distortions caused by imaging geometry and terrain relief. The strict
geometric and radiometric assumptions for the NCC method (Helava 1978; Lhuillier and Quan 2002)
are relaxed. Han, Bae, and Ha (2000) introduced a hybrid stereo matching algorithm that integrated the
edge-based and area-based methods. During the matching procedure, different matching strategies were
adopted, and an adaptive matching window with variable sizes and shapes was used to consider the local
textural information. In addition, a new relaxation scheme based on the statistical distribution of match-
ing errors was proposed to efficiently reduce the mismatches in unfavorable conditions. Several con-
straints, such as disparity smoothness and discontinuity preservation, were employed.

More recently, Zhang (2005) and Zhang and Gruen (2006) developed the Geometrically Con-
strained Cross-Correlation (GC?) algorithm to provide a dense pattern of mass points for DSM gen-
eration. This algorithm is based on the concept of multi-image matching. A correlation function
called the Sum of Normalized Cross-Correlation (SNCC) was introduced to replace NCC for the
purpose of reducing the ambiguity caused by occlusions and surface discontinuities. The algorithm
has been successfully used in the reality-based generation of virtual environments for digital earth
(Gruen 2008). However, this algorithm mainly depends on multiple images. The mismatching prob-
ability of SNCC may increase with the decreasing number of images, especially when only two
images are available. In order to improve the accuracy of stereo matching, some constraints have
been proposed. Silveira et al. (2008) proposed a hybrid matching method which combined a fea-
ture-based algorithm with an area-based algorithm. In this method, Scale-invariant feature trans-
form (SIFT) (Lowe 2004) is employed first to provide a set of seed points. Then, LSM with region
growing is used in a subsequent step. Finally, a dense and well-distributed cloud of corresponding
points on a pair of satellite images is obtained. Although the procedure needs no human interven-
tion, there are some problems: (a) when this method is used in repetitive textural or homogeneous
textural areas, the region growing may not obtain dense and robust corresponding points; and (b)
since the EOPs of satellite images are known in advance, which can simplify image matching and
avoid mismatches, these auxiliary data should be used in the matching method. Zhu, Wu, and
Tian (2007) and Wu, Zhang, and Zhu (2011) presented a triangulation-based hierarchical image
matching method. This method uses a few seed points to generate initial Delaunay triangulations,
and interest points are matched under the triangle and epipolar constraints. Once a pair of corre-
sponding points is obtained, the triangulations are updated and extended dynamically. Even though
the triangle constraint is effective in helping to find correct matches in areas with perspective distor-
tions, the epipolar constraint for sensors with frame perspective is not suitable for satellite imagery.
Due to the linear array imaging modes of satellites, the corresponding rigorous epipolar lines are not
straight lines any more. It is not easy to extract rigorous epipolar lines in satellite imagery directly.
Instead, approximate epipolar lines are used for satellite image matching (Ji and Yuan 2010). In
addition, Chen and Shao (2013) proposed a novel line-based matching method for high resolution
remote sensing images. All the extracted line segments are grouped into salient lines and general
lines. The hierarchical strategy employed in the method avoids a mass of iteration. Simioni et al.
(2011) proposed a new algorithm for stereo image matching. In this algorithm, snakes are used as
a tool to evolve an easy-to-find zero-order estimation of the stereo pair disparity map until an opti-
mum global correspondence between the images is obtained.

3. Algorithmic outline

The proposed method generates the pyramid levels of satellite images. The satellite images are
enhanced by a modified Wallis filter, which determines the parameters adaptively and avoids
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over-enhancement. The SIFT algorithm is then employed to obtain some initial correspondences on
the top level, and a mismatch detection based on a global-local strategy is introduced to remove out-
liers before a geometric orientation with bundle block adjustment (Zhang, Zheng, and Xiong 2014).
After initial orientation, the interest points are detected next, using the Harris detector (Harris and
Stephens 1988), after which a hierarchical image matching method is developed to improve the accu-
racy of matching results, level by level. In this method, the corresponding correlation window is
determined by an approximate epipolar constraint and a triangulation constraint, and rectified by
an affine transformation model. A novel similarity measure which integrates distance, angle, and
NCC similarities (DANCC) is thereafter proposed to find the correct matches. The framework of
this method is illustrated in Figure 1.

3.1. Modified Wallis filter

As an image enhancement operator, the Wallis filter (Pratt 1991), which is widely used in photo-
grammetry, is employed here to enhance and sharpen the texture patterns and increase the
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Figure 1. The framework of the proposed matching algorithm.
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signal-to-noise ratio (Baltsavias 1991; Wu, Zhang, and Zhu 2011). The general form of the Wallis
filter is given in the following equations:

g'(xy)=gxy)  -rn+r (1)
ry = csp/(csg +sp/c); 1o =bms+ (1 —b—r))mg (2)

where g*¥(x, y) is the image after image enhancement; g(x, y) is the original image; 7, is the additive
parameter; r; is the multiplicative parameter; 1, is the mean deviation of original image; s, is the
standard deviation of original image; iy is the target value for the mean deviation; sy is the target
value for the standard deviation; ¢ is the contrast expansion constant; b is the brightness forcing
constant.

However, some problems currently exist for the Wallis filter: (1) there is over-enhancements
caused by unreasonable parameters, which may lead to textural information losses and failed
noise restraint; and (2) the parameter setting cannot be determined adaptively.

The unreasonable parameters b and c are actually the reason for over-enhancement. Due to the
restriction on gray level, unreasonable parameters b and ¢ may lead to excessive losses of gray infor-
mation. Wallis filter is the method to enhance the dark pixels and preserve the bright pixels at the
same time. The choice of parameters b and c is related to the classification of dark pixels and bright
pixels, which is actually an image binarization problem. In order to improve the performance of
Wallis filter, the optimal parameters b and ¢ can be determined from a self-adaptive image binariza-
tion method.

Ostu method was used (Ostu 1979) to get an optimal threshold T. Parameters b and c are calcu-
lated in the following equation:

b= (255— T + 1)/255

(3)
¢ =((255— T +1)/255) + 0.3

where b is corresponding to the set of dark pixels; ¢ is corresponding to the set of bright pixels. In
order to avoid ¢ becoming zero, we added a tiny constant to c, such as 0.3.

To test the performance of the modified Wallis filter, two typical image block patches were used as
shown in Figure 2(a). Figure 2(b) shows the results produced by the Wallis filter. It can be seen that
the image block patches are over-enhanced, and image noise has increased. From Figure 2(c), the
results produced by the modified Wallis filter are satisfactory, and the above problems are overcome
effectively.

Wallis filter is a linear transformation, which is used in every level of pyramid images to enhance
and sharpen the texture patterns. In order to achieve good matching results, it requires similarity
measures to be invariant to linear transformations. Both SIFT and DANCC are used in this
paper, which are invariant to linear intensity transformations.

3.2. Initial geometric orientation

Unlike aerial sensors with the central projection, the satellite sensors work in the pushbroom mode
and capture linear array images so that the epipolar lines are not straight linesanymore. Because
there are large errors of the real-time EOPs, which are due to insufficient knowledge of the satellite
attitude as well as thermally influenced mounting angles between the optical sensor and the attitude
measurement unit (Rupert et al. 2012), the disparity between the true corresponding points and their
corresponding approximate epipolar lines increases. In this case, the approximate epipolar lines may
fail to help in finding correct matches.

Initial geometric orientation is a method to improve the accuracy of the EOPs. It needs some good
initial correspondences on the top level of pyramid images in advance. After initial geometric orien-
tation, the prediction accuracy of the approximate epipolar lines are improved greatly, and better
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(a)

Figure 2. The comparison between the Wallis filter and the modified Wallis filter.

matching results can be expected. There have been several sensor models for initial orientation, such
as direct georeferencing model (Yastikli and Jacobsen 2005), the piecewise polynomial model (Hof-
mann, Nave, and Ebner 1982), the orientation image model (Gruen and Zhang 2002) and the
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systematic error compensation model (Kocaman and Gruen 2008). Many additional experiments
verified that considerable accuracy could be obtained by adopting the systematic error compensation
model and compensating for the constant error of the position and attitude observations (Kocaman
and Gruen 2008; Zhang, Zheng, and Xiong 2014; Zheng et al. 2015). As the method of Zhang, Zheng,
and Xiong (2014) and Zheng et al. (2015) has been successfully used in bundle with Chinese satellite
imagery, this paper employs the systematic error compensation model for the initial orientation.

3.2.1. Mismatch detection based on global-local strategy

SIFT is widely applied today in photogrammetry and remote sensing. It can extract features which
are invariant to image scales and rotations and can provide robust but sparse corresponding points
(Mikolajczyk and Schmid 2004). In this paper, SIFT is used to find some initial correspondences.
Most of the corresponding points are correct matches, but there are still some mismatches that
need to be removed to improve the accuracy of geometric orientation.

The mismatch detection method uses a global-local strategy to remove outliers. First, a quadratic
polynomial is used as the global fitting model, and all the correspondences are selected to calculate its
parameters. Then, the points in the left image are transformed onto the right image through the fit-
ting model, and the deviations are obtained. When the deviation of a correspondence is more than
three times of the mean square value, this correspondence is considered to be a mismatch. After the
obvious mismatches are removed, bundle block adjustment using a systematic error compensation
model is adopted to improve the accuracy of EOPs. The elevation values of each correspondence can
also be obtained at the same time. Then, we classify the correspondences through the neighbor space
which is established according to the position and elevation relationship between the correspon-
dences. Each neighbor space is considered to be a local region composed of adjacent correspon-
dences with nearly the same elevation values. The local region is assured to be smooth enough.
Finally, a random sample consensus strategy is adopted to exclude the outliers (Hartley and Zisser-
man 2003) within each local region, and an affine transformation model is calculated as the local
fitting model. The corresponding points which are unable to satisfy the model are considered to
be mismatches. Finally, the bundle adjustment is adopted again to improve the accuracy of geometric
orientation further.

3.3. Combined image matching method

A combined image matching method for Chinese satellite imagery is proposed in this paper. This
method includes three steps:

(1) After the initial Delaunay triangulations (Zhu et al. 2005) are generated, a series of correlation
windows for each interest point are determined along the corresponding approximate epipolar
line. The robust approximate epipolar lines are generated by a projection track method based on
Shuttle Radar Topography Mission (SRTM) data.

(2) An integrated similarity measure is presented to find correct matches.

(3) A novel hierarchical matching strategy is presented to produce reliable and accurate matching
results.

3.3.1. Correlation windows determination

After the initial geometric orientation, some of the robust correspondences are saved. They are used
to generate a pair of initial Delaunay triangulations. This paper supposes that each triangle is a locally
planar area. However, once the disparities are discontinuous in the same triangle, this assumption
may fail. Fortunately, as disparities of the scene are piecewise continuous, the hypothesis is proper
in most cases. Once an interest point lies within a triangle with continuous disparities in the left
image, its corresponding points should be found along the approximate epipolar line in the
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corresponding triangle in the right image, as shown in Figure 3. It is impossible to decide the con-
tinuity of each trianglebeforehand; so mismatches cannot be avoided. But triangulation can help to
find most correct matches. This paper intends to acquire feature matching points instead of pixel-
wise dense matching points. The correspondences of the most feature points are located in the cor-
responding triangles, and the few mismatches which are caused by the disparity discontinuity within
a triangle can be eliminated by outlier detection methods.

In Figure 3, triangles Aabc and Aa'b'c’ are a pair of corresponding triangles in the left and right
images. The piecewise continuous line segments in the right image represent the approximate epi-
polar line of point P(x, y). The approximate epipolar line is established based on the projection track
(Hu et al. 2009). We used SRTM to confirm the elevation range. A projection window centered on
point P(x, y) is defined in the left image, and four corners are projected onto the right image accord-
ing to the post-processed EOPs. Then, a series of correlation windows are established along the
approximate epipolar line. Under the triangulation constraint, the correlation windows which over-
lap with the triangle are available, and their pixels which lie within the triangle are considered to be
potential corresponding points. After initial geometric orientation, the accuracy of EOPs has been
improved greatly. The distance between a feature point and the corresponding epipolar line can
be reduced to at most 10 pixels. In order to get robust matching results, we set a threshold to
limit the search range perpendicular to the approximate epipolar line. We set the threshold as 13
pixels in all of the experiments in this paper.

3.3.2. Local geometric distortion rectification

For the satellite image pairs illustrated in Figure 7, there are different spatial resolutions and different
perspectives, and the local distortion caused by topographic relief should be considered. These differ-
ences may lead to a low correlation when using the NCC method and can form an irregular or dis-
continuous correlation window as well. Therefore, this paper uses the affine transformation to warp
the correlation window.

From Figure 4, an image window II and a projection window I'in the left image are determined.
According to the section on correlation window determination, the affine transformation parameters
between the projection window I' and an arbitrary correlation window I', can be calculated, and the
local distortion can be compensated by this transformation. In addition, each correlation window
needs to be resampled and the gray values of the pixels in the correlation window are interpolated
by a bilinear interpolation method. The affine transformation does not consider discontinuities.
However, each projection window is usually small (127 x 127 pixels in our experiments). In such
a small window, depths are considered to be continuous. The assumption works in most terrains
where the depths are piecewise continuous.

(a) (b)

Projection
Window ' \

Approximate cpipolar-line

Figure 3. The illustration of correlation windows determination.
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Approximate epipolar-line

Figure 4. The illustration of local geometric distortion rectification.

3.3.3. An integrated similarity measure (DANCC)
NCC is a main and commonly used measure in satellite image matching. This measure is simple with
accurate correspondences; but it only takes the textural similarity into account so geometric simi-
larity is not considered. Therefore, it may be difficult for NCC to find correct matches in repeated
textural areas and poor textural areas.

In this paper, a similarity measure that integrates distance vector, angle vector and NCC
(DANCQC) is presented.

3.3.3.1. Distance vector. Under the triangulation-based constraint, each triangle is considered to
be a locally planar area. From Figure 5, the spatial distance between interest point P(x, y) and
its closest triangle vertex a in the left image should be equal to the spatial distance between its
corresponding point and the triangle vertex 4’ in the right image. In reality, there is a differ-
ence caused by the scale change and the different perspectives. When interest point ¢ lies
within triangle Aabc, the difference AL can be calculated in Equation (4), where L, is the
length of vertexes a and b. The threshold of the distance vector then is obtained in Equation
(5). Each interest point can achieve different thresholds adaptively. The distance vector Lpy is
represented in Equation (6). In other words, if the distance L’ for a potential corresponding
point is closer to a threshold than other points, this potential corresponding point has higher

Figure 5. The illustration of distance vector and angle vector.
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probability of being a correspondence.

AL — <Lu’b’ - Lub + La’c’ - Lac + Lb’c’ - Lbc) /3 (4)
Lab Lac LhC

LThreshold =L+L- AL (5)

Lpy = (L/ - LThreshold)2 (6)

Han et al. (2012) has regarded the spatial distance as a similarity measure. The spatial dis-
tance is defined as the distance between feature points and the affine-transformed points,
which is later combined with SIFT descriptor. Different from his work, the spatial distance in
this paper is between the feature point and the vertex point, and we combine the distance
with NCC.

3.3.3.2. Angle vector. Like the distance vector, the angle vector also is used in this similarity
measure. From Figure 5, interest point p and its two closest triangle vertexes, a and ¢, in the
left image form angle «. Under the condition of scale change and rotation between a pair of
images, angle a should be consistent with angle o of its corresponding point in the right
image. However, there is actually a difference caused by the surface topographic relief. When
interest point P(x, y) lies within triangle Aabc, the difference Aa can be calculated in Equation
(7), where ¢ is the angle of sides ab and bc. The threshold of the angle vector is obtained in
Equation (8). Each interest point can achieve a different threshold adaptively. The angle vector
asy is represented in Equation (9). In other words, if angle &' for a potential corresponding
point is closer to a threshold than other points, this potential corresponding point has a higher
probability of being a correspondence.

Aa=(¢—¢+0 —o+u —p/3 7)
OThreshold = & + Aa (8)
apy = (a/ - aThreshold)z (9)

3.3.3.3. Adaptive Normalized Cross-Correlation (NCC). After correlation window determination
and local geometric distortion rectification, the warp for the correlation windows is compensated,
and the potential corresponding points are obtained by the approximate epipolar and triangu-
lation constraints. The correlation value for each potential corresponding point can be obtained
using NCC. The threshold of NCC is an important parameter which affects the performance
of NCC; and in this paper, the threshold is calculated adaptively. The three vertexes of the
pair of triangles within which the interest points lie are used to calculate their
NCC values. The average NCC value then is obtained. The threshold is set to the subtraction
between the average value and a constant. In this paper, the constant was set to 0.1.

3.3.3.4. Similarity measure establishment. The distance vector, angle vector and NCC are
assigned to describe each potential corresponding point. The minimum Euclidean distance is
employed as the similarity measure, which is described in Equation (10), where a and b are
the weight values of the distance and angle vectors (0 <<a <1, 0<b<1, 0<a+b<1).
Once the NCC value of a potential corresponding point is less than the threshold NCCryresholds
this point will be removed. The corresponding point for each interest point is determined by
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identifying the smallest value E(x, y) among its potential corresponding points.

) 2
-L b- l—a—-">)- NCC > NCCrhyresho
E(x,y) = \/ @-Lovtb-aav+(—a=b) (NCC = NCCThresh01d> (NCC = NCCmeeara)
Invalid (NCC < NCCThreshold)
(10)

There are two parameters that need to be estimated: the weight a of the distance vector and weight
b of the angle vector. As the weight values change, the performance of DANCC will be different.
Through a large amount of experiments, we found that the highest correct matching rate was
obtained when weight a was set at the range of 0.15-0.2 and weight b was set at the range of
0.35-0.4. In this paper, we set weight a at 0.15 and weight b at 0.35.

DANCC consists of three parts: the distance vector, the angle vector and NCC. According to
Equations (6) and (9), the distance vector and the angle vector are only dependent on vertexes of
triangles. So both the distance vector and the angle vector are invariant to radiometric distortions,
no matter the intensity transformation is linear or nonlinear. NCC is known to be invariant to linear
transformations. In general, DANCC inherits the radiometric distortion invariances of the distance
vector, the angle vector and NCC. It is able to be as invariant as NCC to linear intensity transform-
ation. Though Wallis filter is a linear transformation, DANCC is not influenced by the intensity
transformation.

After both weight values were determined, DANCC was compared with the NCC method to test
its performance. Figure 6(a) and 6(b) shows a zoomed view of the image pair shown in Figure 7(a)
and 7(b). The correspondence marked with a cross in the left image is an interest point. Figure 6(c)
and 6(d) shows the similarity values using NCC and DANCC with different potential corresponding
points. From Figure 6(c), it can be seen that when NCC was selected as the similarity measure, there
were several potential corresponding points with nearly maximum values, which caused the ambi-
guity in correspondence determination. In Figure 6(d), when DANCC was selected as the similarity
measure, the potential corresponding point with the minimum value was distinct and unique. As
displayed in Figure 6(b), the correspondence determined by NCC was an outlier, but the correspon-
dence determined by DANCC was correct and accurate.

3.4. Hierarchical matching strategy

In the matching strategy, interest points are re-extracted and the approximate epipolar lines are
updated on each level. The quadratic polynomial fitting model is applied to refine the matching
result. After image matching is completed on the top level, bundle block adjustment is used to com-
pensate the errors of the EOPs. The prediction accuracy is improved, and the residuals of all the cor-
respondences are obtained. On the next level, the correspondences on the top level whose residuals
are less than three times of the root-mean-square error (RMSE) are saved to generate the triangu-
lation. The post-processed EOPs are used to generate more accurate approximate epipolar lines.
Under the epipolar and triangulation constraints, the interest points are re-extracted for matching.
The process is repeated level by level until the correspondences on the original level are refined, and
the correspondences whose residuals are less than six times of the RMSE are saved as the final match-
ing results.

4, Experiments and analysis

Four typical image pairs, as displayed in Figure 7, were used to evaluate the performance of the pro-
posed method. Figure 7(a) and 7(b) shows a stereo pair which was acquired from the ZY-3 satellite in
2013 in Nanjing, China. The left image was acquired from the forward CCD sensor, and the right
image was acquired from the backward CCD sensor. A stereo angle of 44° was yielded between
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(a)

NCC value

21 31 41 51 61 71 81
Potential correpsonding points

DANCC value

1 11 21 31 41 51 61 71 81
Potential corresponding points

Figure 6. Comparison of different similarity measures: (a) zoomed view of left image, (b) zoomed view of right image, (c) similarity
values using NCC and (d) similarity values using DANCC.
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Figure 7. Examples of satellite image pairs.

them. In addition, this pair contained many residential and farmland areas. Figure 7(c) and 7(d)
shows an image pair which was acquired from the ZY-1 02C satellite in 2012 in Tommot, The
Sakha Republic. The left image was acquired from the panchromatic CCD sensor, and the right
image was acquired from the multispectral CCD sensor. The ratio of spatial resolution was about
2. This pair was also a small part of an original long-strip of images containing extensive mountai-
nous areas, in which occlusions and surface discontinuities can be found. Figure 7(e) and 7(f) shows
a stereo pair acquired from Mapping Satellite-1. The left image was acquired from the forward CCD
sensor, and the right image was acquired from the backward CCD sensor. A stereo angle of 50° was
yielded between them, and different terrains were present. To estimate the applicability of our work
to foreign satellite imagery, an image pair with different imaging time acquired from GeoEye-1 was
selected as shown in Figure 7(g) and 7(h).

The two main methods for matching satellite images were used in this evaluation: the GC’
method (Zhang 2005; Zhang and Gruen 2006), in which NCC is used as the similarity measure
under the epipolar constraint; and the triangulation-based hierarchical matching method
(TAACC) (Wu, Zhang, and Zhu 2011), in which the triangulation constraint is developed to help
find correct matches. Both of the methods have been used for matching of Chinese satellite imagery
(Tong et al. 2015; Wu et al. 2011; Zhang et al. 2014).

To quantitatively analyze the performance of the matching methods, accurate EOPs of the test
images were obtained by a long-strip bundle block adjustment with GCPs (Zhang, Zheng, and
Xiong 2014) in Tests 1. The spatial forward intersection was adopted to achieve the object 3D coordi-
nates of all the correspondences. Then, the 3D coordinates were backward projected onto the image
space, and their statistics of RMSE in image space were obtained as the matching performance indi-
cator. In Test 2, the successful rate of matching was estimated, and 2000 correspondences were selected
randomly for use as checkpoints to manually measure the mismatching rate. In Test 3, the matching
results produced on different terrains were analyzed, and the proposed method was evaluated. Test 4
aimed at estimating the applicability of the proposed method to foreign satellite imagery.

4.1. Experimental results of Test 1

The stereo pair illustrated in Figure 7(a) and 7(b) was adopted as the test data in Test 1. There were
still systematic errors in the original EOPs. The proposed method, GC®, and TAACC were used to
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produce the correspondences between both images. Test 1 aimed at testing the performance of the
three methods when the systematic errors of the original EOPs existed. GC’ only used approximate
epipolar lines to predict potential correspondences. TAACC combined triangulation and epipolar

(a)

(b)

Figure 8. Comparison of the matching results produced by the three methods for ZY-3 satellite imagery.
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Table 1. Experimental results produced by GC3, TAACC and the proposed method.

Matching Interest Matching Max difference in image Max difference in image vertical RMSE

method points points horizontal direction (Pixel) direction (Pixel) (Pixel)

GC 46,600 22,483 12.45 9.43 1.22

TAACC 46,600 32,576 4.13 2.82 0.64

Proposed 46,600 35,892 3.23 277 043
method

constraints together to find correspondences. The proposed method used refined epipolar lines and
triangulation constraints to predict potential correspondences. To ensure that the comparison was
conducted under the same conditions, the parameters for the three methods were identical. For
instance, the number of interest points was 46,600 and the layer number of pyramid levels was three.

Figure 8(a) shows the matching result produced by GC’. This method was constrained by the
approximate epipolar lines, but the systematic errors of the original EOPs existed, which caused
the prediction of approximate epipolar lines to be inaccurate. Even though the hierarchical matching
strategy was used to reduce the influence of prediction error, the successful rate of matching was not
improved. Table 1 shows the accuracy evaluation of the three methods. The first column lists the
names of the three methods. The second column shows the number of interest points. The third col-
umn shows the number of matching points. The fourth row and the fifth row show the max differ-
ences in horizontal and vertical directions, respectively. The difference was the distance between the
original matching point and the corresponding projected point. RMSE in the sixth column was the
RMSE of all the differences. Table 1 indicates that only 22,483 correspondences were found, and the
RMSE was 1.22 pixels, which showed that the low prediction accuracy of approximate epipolar lines
will decrease the matching accuracy. So more constraints are needed to improve the matching accu-
racy further. In Figure 8(b), the matching results produced by TAACC are shown; and as can be seen,
denser matching distribution was obtained. This method used the triangulation and epipolar con-
straints, and although the epipolar constraint was not robust enough to help correct the matches
for the satellite images, the triangle-based disparity and gradient orientation derived from the tri-
angulation constraint were effective in finding correspondences. Table 1 shows that 32,576 corre-
spondences were found, and the RMSE was 0.64 pixel, which was better than the GC®> method.
The matching results produced by the proposed method are shown in Figure 8(c). The proposed
method used geometric orientation with bundle block adjustment and global SRTM data to refine
the prediction accuracy of the approximate epipolar lines, level by level, which strengthened the epi-
polar constraint. The triangulation constraint was employed, and DANCC replaced the NCC
method. Table 1 indicates 35,892 correspondences were found, and the RMSE reached 0.43 pixel.
In addition, the area marked using a green rectangle was covered with water, which was the area
where the mismatches were concentrated. The areas marked using a yellow rectangle were covered
with homogeneous texture patterns, in which corresponding points were difficult to find. Compared
with GC* and TAACGC, the proposed method avoided mismatches in the water area and obtained
denser matches in the homogeneous textural areas. Both max differences in horizontal and vertical
directions of the proposed method were lowest, compared with the other two methods. It is because
the proposed method adopted the improved epipolar constraint and the triangulation constraint,
which was helpful to reduce the search range of potential correspondences. These results indicate
that the proposed method with higher prediction accuracy of epipolar and triangulation constraints
performed better than the other two methods for Chinese satellite imagery.

4.2. Experimental results of Test 2

The image pair shown in Figure 7(c) and 7(d) was used as test data in Test 2. There were different
spectral characters between the image pair, and the ratio of spatial resolution was about 2. Further-
more, the images contained extensive mountainous areas, which presented a challenge to the
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(a)

Figure 9. Comparison of the matching results produced by the three methods for ZY-1 02C satellite imagery.
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matching stability. The success rate of matching was used as the indicator of matching performance.
To measure the validity of the matching methods, 2000 correspondences were selected randomly,
which were taken as checkpoints for manual measurement. We divided the image into blocks for
even distribution of checkpoints, and then selected checkpoints by a random function in each
block. Once the difference of a correspondence between the manual measuring position and the
matching position in the image space was more than 1.5 pixels, this correspondence was considered
to be a mismatch.

Figure 9(a) and 9(b) shows the matching results produced by GC* and TAACC. It can be seen that
their matching distributions were both concentrated on the ridge lines. Very sparse correspondences
were obtained in poor textural areas and areas with mountain shadows. There are two explanations
for this problem. (1) Since GC* and TAACC use NCC as their similarity measure, the textural cor-
relation is important in the search for matching points. However, the different spectral properties
reduce the textural correlation between the image pair, which may affect the successful rate of match-
ing. (2) In poor textural areas and areas with mountain shadows, the texture patterns still exist, but
the textural correlation is low. Although the approximate epipolar lines and the triangulations pro-
vide reliable constraints, it is difficult to find matches with high correlation with the NCC method,
and may be ineffective in these areas.

Figure 9(c) shows the matching result produced by the proposed method. Denser matching dis-
tribution was obtained; and because the distance vector and angle vector were combined with
NCC, the textural correlation and the geometric similarity were considered in the search for
matches. In addition, the threshold was calculated adaptively in neighbor spaces, which provided
a rational restriction in areas with high correlation and low correlation. Table 2 shows that the pro-
posed method attained a higher number of correspondences than the other two methods. Some
correspondences were found in poor textural areas and areas with mountain shadows; and the mis-
matching rate, which was calculated through manual measurement, was lower than the other two
methods.

4.3. Experimental results of Test 3

The stereo pair shown in Figure 7(e) and 7(f) was used as test data in Test 3. To estimate the stability
of the proposed method to different terrains, areas such as farmland, woodland, and residential
regions were selected as well as poor textural areas, all of which were difficult to be matched, as
shown in Figure 10. In this test, the interest points were classified by the terrains on which they
lay. The success rates and mismatching rates for different terrains are listed in Table 3. It is worth
noting that when the error of a correspondence was more than three times of the RMSE, this corre-
spondence was considered to be a mismatch. From Table 3, the results analysis is as follows:

(1) For farmland areas, which have strong texture repeatability, the average success rate was more
than 85%, and the average mismatching rate was lower than 4.5%. It can be seen that the pro-
posed method demonstrated good performance in the areas with repeated texture patterns.

(2) For woodland areas, because the texture patterns were too homogeneous, the success rate
dropped to below 70%. Moreover, there were several obvious mismatches which increased
the mismatching rate, but the average mismatching rate was lower than 11%, which meant
that most of the correspondences were correct.

Table 2. Experimental results produced by GC3, TAACC and the proposed method.

Matching method Interest points Matching points Successful rate (%) Check points Mismatching rate (%)
GC 6147 3360 54.6 2000 9.2
TAACC 6147 3652 594 2000 6.9

Proposed method 6147 4529 73.6 2000 37
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(a)

Figure 10. Examples of different terrains for Mapping Satellite-1 imagery.

(3) For residential areas, due to different imaging perspectives, the local distortion was large, but the
matching performance remained satisfactory.

(4) For the poor textural areas, the matching results indicated that the proposed method could avoid
the matching ambiguity caused by poor textures.
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Table 3. Matching accuracy quantitative evaluation for different terrains.

Terrain type Image block patch Interest points  Matching points/mismatches  Successful rate/mismatching rate (%)
Farmland area 1_001 106 94/4 88.6/4.2
2_002 119 108/6 90.7/5.5
2_003 84 70/2 83.3/2.8
Woodland area 1_007 32 22/2 68.7/9.0
2_001 26 16/2 61.5/12.5
Residential area 1_006 103 80/5 77.6/6.2
2_004 94 66/5 70.2/7.5
Poor textural area 1_002 76 52/3 68.4/5.7
1_004 73 51/3 69.8/5.8
2_005 66 48/2 72.7/4.1

4.4. Experimental results of Test 4

To estimate the applicability of the proposed method to foreign satellite imagery, the image pair
shown in Figure 7(g) and 7(h) was used as test data in Test 4. There was different imaging time
between this pair. The success rate of matching is used as the indicator of matching performance.
To measure the validity of the matching methods, 2000 correspondences were selected randomly,
which were taken as checkpoints for manual measurement. Once the difference of a correspondence
between the manual measuring position and the matching position in the image space was more than
1.0 pixel, this correspondence was considered to be a mismatch.

Figure 11 shows the matching result produced by the proposed method. In general, for the foreign
satellite imagery, the textural information was more abundant than Chinese satellite imagery. More-
over, the direct georeferencing accuracy using the original position and attitude data was also higher.
These advantages help image matching easier. Therefore, the proposed method should produce bet-
ter matching result for foreign satellite imagery when compared with Chinese satellite. Table 4 con-
firms the above analysis. The mismatching rate can reach 3.0%. However, the mismatching rate is
3.7% for Chinese satellite imagery, as shown in Table 2.

Figure 11. The matching result produced by the proposed method for GeoEye-1 satellite imagery.

Table 4. Experimental result produced by the proposed method.

Matching method Interest points Matching points Successful rate (%) Check points Mismatching rate (%)
Proposed method 17,391 13,130 75.5 2000 3.0
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5. Conclusions

This paper presented a combined image matching method for Chinese satellite imagery. Three typi-
cal image pairs acquired from different Chinese satellites and one stereo pair from GeoEye-1 were
used for experimental analysis. Our conclusions are as follows:

(1) The Wallis-type filter developed in this paper can avoid over-enhancement, from which the par-
ameters can be determined adaptively, thereby improving the effect of image enhancement and
increasing the success rate of matching.

(2) After the initial correspondences were obtained by the SIFT algorithm, mismatch detection
based on a global-local strategy was introduced to remove outliers effectively. Geometric orien-
tation with bundle block adjustment was employed to improve the accuracy of the EOPs, which
was ideal for shrinking the searched space and strengthening the approximate epipolar con-
straint in the matching procedure.

(3) Under the approximate epipolar constraint and triangulation constraint, an integrated similarity
measure (DANCC) was presented. This measure considers geometric similarity and textural
similarity and demonstrated good performance even in areas with repeated texture patterns
and poor textures.

(4) A novel hierarchical matching strategy was introduced, by which the bundle block adjustment
was employed, interest points were re-extracted, and the approximate epipolar lines and tri-
angulations were updated, level by level, until a quadratic polynomial fitting model was applied
to refine the matching points on the original level. Reliable and accurate matching results were
obtained. The hierarchical matching strategy can achieve good matching results even though
there are large errors in EOPs. A combination of the improved epipolar constraint and the tri-
angulation constraint is used to reduce the searching range of potential correspondences, which
is helpful to improve the accuracy of matching.

Experimental results showed that the method proposed in this paper was able to acquire densely
and evenly matching results for different Chinese satellite imagery, including ZY-3, ZY-1 02C, Map-
ping Satellite-1 and so on. The matching results was robust, even under the condition of residential,
farmland and mountain areas. Compared with the two current popular methods, the performance of
the new method was better for Chinese satellite imagery. Test 4 showed that the proposed method
could also acquire good matching results for foreign satellite images.

Future research will focus on denser matching and improvement of the matching efficiency. The
proposed method will be developed for use with a greater array of remote sensors, which will be helpful
for further DSM generation and 3D modeling applications using multi-source data. Besides, in order
to show the generality of the method, we plan to test the new method with more foreign satellite data.
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