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Abstract: Feature-based matching can provide high robust correspondences and it is usually invariant
to image scale and rotation. Nevertheless, in remote sensing, the robust feature-matching algorithms
often require costly computations for matching dense features extracted from high-resolution
satellite images due to that the computational complexity of conventional feature-matching
model is O(N?). For replacing the conventional feature-matching model, a fast dense (FD)
feature-matching model is proposed in this paper. The FD model reduces the computational
complexity to linear by splitting the global one-to-one matching into a set of local matchings
based on a classic frame-based rectification method. To investigate the possibility of applying
the classic frame-based method on cross-track pushbroom images, a feasibility study is given by
testing the frame-based method on 2.1 million independent experiments provided by a pushbroom
based feature-correspondences simulation platform. Moreover, to improve the stability of the
frame-based method, a correspondence-direction-constraint algorithm is proposed for providing the
most favourable seed-matches/control-points. The performances of the FD and the conventional
models are evaluated on both an automatic feature-matching evaluation platform and real satellite
images. The evaluation results show that, for the feature-matching algorithms which have high
computational complexity, their running time for matching dense features reduces from hours level
to minutes level when they are operated on the FD model. Meanwhile, based the FD method,
feature-matching algorithms can achieve comparable matching results as they achieved based on the
conventional model.

Keywords: fast dense feature-matching; pushbroom satellite imagery; epipolar resampling

1. Introduction

Feature-based matching is highly robust to image identity changes and distortions, which makes
it provide high confident correspondences [1]. Therefore, in remote sensing (RS), feature-based
matching is widely used in applications with complex image changes such as wide-baseline
stereo matching [2—4] and bundle adjustment [5,6]. Furthermore, the dense and redundancy
matched features in satellite imagery can be used for reconstructing high-resolution Digital Terrain
Models (DTM) [3,7,8], constructing a constraint initializer for the next step of dense matching [9]
and estimating Exterior Orientation/georeferencing Parameters (EOP) [10] which may be not provided
for commercially available [11].

However, due to that the feature-matching algorithms usually require costly computations,
they could be barely used for matching all features extracted from high-resolution pushbroom
satellite imagery. For instance, a graph based method Graph Transformation Matching (GTM) [12]
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was introduced to enforce the spatial constraint by constructing a median K-NN graph and its time
computational complexity is O(N?). Based on the basic idea of GTM, some algorithms were proposed
for improving the robustness and accuracy of it: instead of using a fixed average distance for each
image, the Weight Graph Transformation Matching (WGTM) algorithm [13] used the angular distance
between edges, which connect a feature-point to its K-NN graph, as the weight; the Spatial Order
Constraints Bilateral-Neighbor Vote (SOCBV) [14] algorithm replaced the undirected K-NN graph with
a directed one and formulates the feature-matching problem as a binary discrimination problem;
the Spatial Order Constraints (RSOC) [15] formulated the feature-matching as an optimization
problem for considering both local structure and global information; the Neighborhood Spatial
Consistent Matching (NSCM) [16] algorithm was proposed to remove outliers whose offsets between
matched features have sudden mutations. The computational complexities of WGTM, SOCBV, RSOC
and NSCM are O(N?log(N)), O(N?log(N)), O(N?) and O(N?) respectively. Hence, unfortunately,
the aforementioned algorithms could not be applied on matching dense features extracted from
high-resolution satellite imagery, since the numbers of dense features are usually over 10,000
and the aforementioned algorithms will cost days or even run out of memory for matching the
dense features [17].

Moreover, the existing feature-matching algorithms are mostly based on the conventional
feature-matching model—i.e., before they removing false-matches, the putative matches have to
be generated by a global one-to-one matching whose computational complexity is O(N?). Therefore,
even some feature-matching algorithms (the locally linear transforming (LLT) [18] and a probabilistic
method [19]) can reduce the computational complexity of removing false-matches to linearithmic,
their computational complexities of generating putative matches are still O(N?).

For replacing the conventional feature-matching model, this paper presents a fast dense (FD)
feature-matching model which splits the global one-to-one matching into numerous dynamic local
matchings so that the complexity of generating putative matches is reduced to linear. Moreover,
based on the FD model, feature-matching algorithms with high computational complexity could also
be used for matching dense features extracted from high-resolution satellite imagery since the numbers
of features in each local matching are much less than the original number of features in the global
matching. Note that, the definition of dense feature-matching in this paper is given as—matching
images with features as dense as possible. Hence, the goal of dense feature-matching is to match the
high-resolution images with all the extracted dense features.

In particular, the FD model is designed to match features from cross-track pushbroom satellite
imagery. Unlike frame cameras that have well-known epipolar geometry, the physical structures
of linear pushbroom cameras are more diverse and complex; the resulting epipolar curves of linear
pushbroom cameras are hyperbola-shaped not straight [20,21]. As a result, it is almost impossible to
define the epipolar geometry of linear pushbroom cameras rigorously [22].

Nevertheless, the FD model only aims to segment the global matching not eliminating the
vertical-parallax of stereo images. Consequently, there is no need to apply the rigorous resampling
method on the FD model. In this paper, the process of minimizing the vertical-parallaxes of the rectified
correspondences is solved by a classic frame-based rectification method [23] which is well-established
and easily-implemented. To investigate the possibility of applying the classic frame based method
on cross-track pushbroom satellite imagery, a comprehensive feasibility study is given in this paper.
Based on this study, the larger difference of emission angles the satellite cameras have, the more
complicated epipolar geometry they will get. As a result, the frame-based method may not work in
pushbroom images which have large difference of emission angles. For increasing the success rate
of the frame-based method on cross-track satellite imagery, a Correspondence-Direction-Constraint
(CDCQ) algorithm is proposed in the FD model for obtaining the most favourable seed-matches.

To evaluate the FD method, a cross-track pushbroom based automatic feature-matching evaluation
platform [17] is introduced for providing comprehensive experiments end evaluating the matching
results automatically. Meanwhile, 22 pairs of real cross-track pushbroom satellite images were
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also prepared for both training (2 pairs) the FD model and testing (20 pairs) the FD and the
conventional models.
The primary research contributions of the FD model can be summarized as follows:

1. Based on the FD model, the computational complexity of generating putative feature-correspondences
is reduced from O(N?) to linear.

2. Features in a certain local matching are independent to the features in other local matchings.
Hence, feature-matching can be operated in parallel by applying the FD model.

3. A comprehensive feasibility study of applying the classic frame-based rectification method on
cross-track pushbroom satellite imagery is given in this paper.

4. Based on the CDC algorithm, the success rate of minimizing vertical-parallaxes of the pushbroom
stereo images by the frame-based method is improved significantly.

The rest of this paper is organized as follows: the feasibility study of applying the classic
frame-based method [23] on cross-track pushbroom satellite imagery is introduced in Section 2.
The implementation detail of the FD model is described in Section 3. Parameters setting and the
performance evaluation of the FD model are discussed in Section 4. Finally, the paper is concluded
in Section 5.

2. Feasibility Study

Due to that the epipolar geometries of frame cameras and cross-track linear pushbroom
cameras are different, a feasibility study of applying the classic frame-based rectification method [23]
on cross-track pushbroom stereo images is given in this section. It includes (1) introducing the epipolar
geometry of linear pushbroom cameras according to [21]; (2) contrasting the differences of the original
and rectified epipolar curves projected by cross-track pushbroom geometry and the original and
rectified epipolar lines calculated by the frame-based rectification method; (3) investigating the stability
of the frame-based method on a large number datasets provided by a cross-track pushbroom based
automatic feature-matching evaluation platform [17].

2.1. Epipolar Geometry of Linear Pushbroom Cameras

For a pointa = (a,b,c) in the world plane, it is viewed by two linear pushbroom cameras with
camera matrices E and E’. The points in the image planes according to the point a are x = (x, y)T and
x'= (x',y')". These three points satisfy the following equations:
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where the w and w' are scale factors and these two equations can be rewritten as:
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The 6 x 6 matrix in Equation (2) can be denoted as A (E, E’) such that the Equation (2) is a set
of linear equations. If this system have a solution, then det A (E, E’) = 0. This rises to a cubic

equationg | x y x' v ] = 0, where the coefficients of g are determined by the entries of E and
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E’. Since there are no terms of x2, x'7, y? and y? in Equation (2), there exists a matrix F satisfied
g [ vy Ky

= 0 and can be written as:
[x’ X'y oy 1}13 Yol <o (3)

The matrix F in the above equation is the fundamental matrix of linear pushbroom cameras.
It must be satisfied by any pair of corresponding image points (x,y)” and (x’,y’)". Now, considering
the locus of all possible matched points (x/,y')" and writing the (x',y')" as («, B,7,6)" in Equation (2).
Then a equation of a hyperbola-epipolar loci could be obtained: ax’ + Bx'y’ + vy’ + 8 = 0. In other
words, unlike the frame cameras whose epipolar lines are straight lines, the epipolar lines of linear
pushbroom cameras are hyperbolas. The difference between the epipolar lines of the two kinds of
cameras are simulated in the following section.

2.2. Contrast of Epipolar Curves and Lines

An example of projecting epipolar curves of a cross-track pushbroom satellite camera model is
illustrated in Figure 1a, where the magenta and blue parallelograms at the top are the image planes
of two linear pushbroom cameras, the magenta and blue parallelograms at the bottom are the world
planes of the two cameras. The black and magenta cycles in image planes, which are 41 and g», are two
conjugate points that projected by the object point Q (which is the green cycle in the world plane),
where g1, g and Q construct an epipolar plane. Then some evenly-distributed points are selected
along the lines of Qg1 and Qq»; epipolar curves are obtained by project evenly-distributed points to
image planes (red and blue stars in image planes of Figure 1a). It is obviously that the epipolar curves
shown in Figure la are not straight lines.

‘eature-points in left image

orbit™\

-1 »d.s o 05 1
x10*
(b)

Figure 1. Pushbroom satellite stereo systems simulation. (a) An example of a cross-track linear

pushbroom satellite stereo imaging system. (b) 5000 correspondences simulated by HiRISE
imaging system.

To compare the epipolar curves and lines, the pushbroom camera (shown in Figure 1a) is simulated
as HiRISE (High Resolution Imaging Science Experiment cameras which is on board NASA’s Mars
Reconnaissance Orbiter (MRO)) camera and 5000 pairs of epipolar curves are generated by the
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cross-track pushbroom based platform [17]; The corresponding epipolar lines are calculated by the
frame-based method [23]. More specifically, the slewing and emission angles of the simulated cameras
can be randomly rotated in —30° to 30° and the differences of slewing and emission angles of them
are set as 15°. Figure 1b shows an example of 5000 pairs of simulated correspondences and Figure 2a
shows the most different pair of epipolar curves and lines among the 5000 simulated correspondences,
where the black and magenta lines are the epipolar lines calculated by the frame-based rectification
method. At first glance of Figure 2a, the epipolar curves and lines are looks like that they are arranged
together. However, the more specific distances of this pair of epipolar curves and lines (in Figure 2b)
tells us that not only the epipolar curves and lines are not arranged in straight lines but also the
epipolar curves are not straight lines.

Then, this pair of epipolar curves and lines are rectified by the classic frame-based method.
The rectified results and the distance of rectified curves and lines are shown in Figure 2¢,d. As can be
seen, if the searching range could be limited in a reasonable value, the feature-correspondences could
be segmented in a set of local matchings so that the computational complexity of feature-matching
could be reduced.
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Figure 2. The most different original and rectified epipolar curves and lines. (a,b) The original epipolar
curves and lines and their corresponding distances. (c,d) The rectified epipolar curves and lines and
their corresponding distances.

2.3. Investigating the Stability of the Classic Frame-Based Method

7000 datasets were simulated based on the cross-track pushbroom based feature-matching
evaluation platform [17]; the specification of the platform was set as the HiRISE camera. The datasets
were classified in 7 groups by various differences of slewing and emission angles, and each group
contained 1000 datasets. Moreover, each dataset had 5000 feature-correspondences which are all
true-matches. Then, for each dataset, the frame-based method was performed based on sampling 10,
250 and 500 random evenly-distributed seed-matches/control-points; the method was repeated in
1000 times for each sampling. Therefore, totally, 2.1 million independent experiments were prepared.

The success rate can be described as Equations (4) and (5) which are calculated based on the
j-th experiment. In these equations, T; indicates a threshold that restricts the valid differences of the
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absolute value of y-disparities of the rectified features, Y; is the set of y-values of the original features in
the left image, L represents that how many matching areas we want to split from the global matching (in
this paper L is set as 250 which means there are about 20 correspondences in each local matching, since
each dataset has 5000 correspondences), N represents the number of correspondences, ; and 7/ are the
y-values of i-th rectified features in the left and right images respectively, sr; represents that whether
the rectification method could get a reasonable result in this experiment. In other words, for a certain
experiment, the rectified method succeeds if the number of qualified rectified correspondences is

over 99%.
max (Y]-) — min (Y)

T. — 2y 4
j - @
N
3. bool (|9;~7;|>1;)
srp=1¢ 1 if = - >099 (5)
0 else
M
ZST’]'
=1
SRy = A (6)

Figure 3a,b show the success rates of the rectification method on datasets with various differences
of slewing and emission angles. The success rates for each classes are calculated as the average value
of SRy in Equation (6), where M represents the number of repeating time of the rectification method
and SR represents the success rate in the k-th dataset (7000 datasets in total). It is obviously that,
the difference of slewing angles doesn’t affect the success rate, whereas the success rate declines
significantly while increasing the difference of emission angles, and the more seed-matches are selected
the higher success rate could be achieved by the rectification method. But the improvement will decline
while increasing the number of seed-matches. Moreover, as can be seen in Figure 3c, for the datasets
with the difference of emission angles of 30° and the number of seed-matches of 500, there are almost
10% of them that the method never succeed for even just one time over the 1000 repeated independent
experiments, even if their average success rate is over 75% (see in Figure 3d). Therefore, it may be like
trying to find a needle in a haystack that directly applying the classic frame-based rectification method
on some extreme cases of the pushbroom satellite imagery.
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Figure 3. The success rates of the rectification method performed on the 7000 simulated datasets.
(a) The success rates on datasets with various differences of slewing angles. (b) The success rates
on datasets withe various differences of emission angles. (c) The success rates on datasets with 500
seed-matches and various differences of emission angles.

Therefore, one of the objectives of the proposed FD model is to increase the success rate of
applying the well-established and classic frame-based rectification method on pushbroom satellite
imagery. In the FD model, a Correspondence-Direction-Constraint (CDC) algorithm is proposed to
obtain the most favourable seed-matches for the frame-based method. Figure 4 shows the success
rates of the rectification method based on the CDC algorithm. According to Figure 4, the success rates
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of the frame-based rectification method is improved significantly when it is based on the FD model.
Moreover, the frame-based rectification method can be used for getting reasonable splitting results in
all datasets and, for almost 99% datasets with the difference of emission angle of 30°, the success rate
of rectification method based on the FD model is over 50% (see Figure 4c).
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Figure 4. The success rates of the rectification method performed on the 7, 000 simulated datasets based
on the CDC algorithm. (a) The success rates on datasets with various differences of slewing angles.
(b) The success rates on datasets withe various differences of emission angles. (c) The success rates on
datasets with 500 seed-matches and various differences of emission angles.

3. The Fast Dense Feature-Matching Model

The most different of the conventional feature-matching model and the proposed FD model is that
the proposed model splits the global one-to-one feature-matching into numerous of local one-to-one
matchings. But they are both involved in feature extraction and generating putative correspondences.

3.1. Feature Extraction

In feature-based matching, features could be selected by the significant regions (lakes, fields), lines
(region boundaries, coastlines, rivers), points (region corners, descriptors) [24]. Owing to the rapid
development of robust and efficient descriptors (e.g., Scale-Invariant Fourier Transform (SIFT) [25]
and Speeded-Up Robust Features (SURF) [26]), points are the most popular features for feature-based
image registration in this decade. Among all the points’ features, SIFT is the most commonly used one
because of its high robustness and invariant to image scale and rotation.

In this paper, SIFT is adopted to extract robust features and is implemented by the open-source
VLFeat toolbox [27]. Examples of a pair of Martian stereo images (captured by HiRISE) and their
feature-points extracted by SIFT are shown in Figure 6a,b. Obviously, SIFT could give very dense
features (21,062 and 18,179 feature-points are extracted from the left and right images).

3.2. Global Matching Splitting

The flowchart of this procedure is shown in Figure 5. Firstly, the initial evenly-distributed
seed-matches should be obtained. Then the vertical-parallaxes of the seed-matches are minimized
by the correspondence-direction-constraint (CDC) algorithm and the classic frame-based rectification
method. Eventually, the numerous searching ranges are dynamically divided based on the locations of
the initial evenly-distributed seed-matches.
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Figure 5. The flow chart of global matching splitting.
3.2.1. Seed-Matches Initialization

For the present, suppose we have a pair of stereo images (see in Figure 6a), and they are
denoted as I and I’ respectively. Their features are extracted by SIFT operator and denoted as U
and U’ (see in Figure 6b). The initial putative correspondences are generated by matching U’ and n
sampled features randomly sampled from U, where the n features are denoted as u (see in Figure 6c).
Then, the false-matches of the initial putative correspondences are eliminated by the Random Sample
Consensus algorithm (RANSAC, see Figure 6d) and the resulting true-matches construct the initial
seed-matches whose corresponding feature-points in the left and right images are denoted as In and
In' respectively.

The locations of the initial seed-matches are used for adjusting the searching ranges of the FD
model dynamically. Hence, the initial seed-matches are expected to be evenly-distributed. For ensuring
the initial seed-matches are evenly-distributed, Hypothesis 1 is proposed in this paper.

Figure 6. An example of the seed-matching initialization. (a) A pair of Martian stereo images captured
by HiRISE. (b) Features-points extracted by SIFT operator (red and blue stars denote U and U’
respectively). (c) Feature sampling from U (green crosses represent u). (d) False-matches elimination

by RANSAC (red cycles, blue crosses and red lines represent the eliminated false-matches; blue cycles,
magenta crosses and yellow lines represent the initial seed-matches).

Hypothesis 1. Given p evenly-distributed points P, and sample q evenly-distributed points Q from P.
Construct Delaunay graphs of P and Q as DG(P) and DG(Q). Denote the averages of lengths of the edges in
DG(P) and DG(Q) as LP and LQ. The proportion of LQ to LP, which is denoted as Rqp, should satisfy the
following equation:

L
RQP:£Z“ s 7)
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where « is the adjustment factor (0 < a < 1), and \/g is the ideal proportion.

Hypothesis 1 is verified by 7 million independent experiments which contain 1000 independent
DG(P)s with 50,000 evenly-distributed points, and 100, 500, 1000, 5000, 10,000, 20,000, 40,000 points are
randomly sampled from each DG(P) in 1000 times to construct the DG(Q)s. The resulting proportion
of the maximum and minimum Rgp and ideal proportions in various sampling numbers is shown in
Figure 7a. In these experiments, there are more than 99% Rps larger than or equal to the corresponding
ideal proportions. The more specific results of ratios of the minimum Rgps to their corresponding
ideal proportions are shown in Figure 7b, which proves that the ideal proportion is the good indicator
of whether the seed-matches are evenly-distributed. Moreover, for some images that the seed-matches
cannot be evenly-distributed (e.g., images with many flat areas), a lower value of the adjustment factor
« could be set.

In practice, DG(P) and DG(Q) are constructed by u and In respectively. If they are not satisfied
the Equation (7), the procedure of initializing the seed-matches will start over.

C : : — 1.02 ; ‘ :
30 —Ideal Proportions /\A\A\
25 F —Maximum of RQPS 1 1 \A\A
—Minimumof R s
c L QP ||
820 0098 F
S 15 5
& & 0.96 1
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-A-Minimum of RQPSZ Ideal Propotions
| | | | | I T 0.92 \ . | : : : :
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The Values of g in Each DG(P)s The Values of q in Each DG(P)s
(a) (b)

Figure 7. The verified results of the Hypothesis 1. (a) The proportion of the maximum and
minimum Rgps and ideal proportions. (b) The ratios of the minimum Rgps to their corresponding
ideal proportions.

3.2.2. Minimizing the Vertical-Parallaxes of Seed-Matches

The vertical-parallaxes of seed-matches is minimized by introducing the classic rectification
method [23]. In order to increase the success rate of the classic method, a correspondence-direction-
constraint (CDC) algorithm is proposed for identifying the most favourable combination of the
initial seed-matches.

V=In—1In 8)

n
) bool (S; < 0.01) =n. ©9)
i=1
The combinations of the initial seed-matches are generated by the k-means [28] clustering
method. Firstly, the vectors of the initial seed-matches (denoted as V) are calculated by Equation (8).
Then, for the k-th iteration of the CDC, the seed-matches are classified in k combinations by k-means
method according to the slopes of V. More specifically, the classify precedure is done in the line 3 of
Algorithm 1, where “directions” means that classify the V by their directions. For each iterations, the
epipolar lines of u (denoted as EL) are calculated by the classic method based on the corresponding
combinations. For a certain combination, if all EL are horizontal (the “horizontal” is defined as
Equation (9), where S; is a slope of epipolar line in EL and # is the number of u), the CDC algorithm
will stop and output the optimal EL (EL) and the projective transformation matrices (H and H’).
The rectified In and In’ are denoted as In and In’ and calculated as:

In = HIn, (10)
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In'=HIn' (11)

An example of the results of rectification is shown in Figure 9b. As can be seen, the y-disparities of
the rectified seed-matches are very small. A simple pseudocode is given in Algorithm 1. In particular,
in the line 4 of Algorithm 1, the algorithm will stop and the procedure of initializing seed-matches
will start over when the maximum number of the combinations is less than 7, since 7 pairs of
correspondences at least are needed for the classic rectification method [23].

Algorithm 1 The Correspondence-Direction-Constraint (CDC) Algorithm.

Input: In and In': feature-points of the initial seed-matches in the left and right images respectively;

u: n feature-points randomly sampled from U; V: vectors of the initial seed-matches.
Output: EL: the optimal EL; H and H’: projective transformation matrices.
1: GoodComb = False; k =1;
2: while GoodComb == False do

3: Combs=kmeans(V, k, directions);
4: if the dimension of the biggest cluster less than 7 then
5: break
6: end if
7: fori=1:k do
8: [EL,H,H']=RectificationMethod(In (Combs;), In' (Combs;),u);
9: if all EL are horizontal then
10: GoodComb = True;
11: EL=EL;
12: break
13: end if
14: end for

15: end while

3.2.3. Dynamic Searching Ranges Division

The rectified feature-points of the left and right images are obtained based on Equations (12)
and (13) and defined as J and U'. A searching line is set to traverse from the top to the bottom of the
U and U’, meanwhile the searching ranges are divided in both left and right images. The coverage of
the searching range in left image is denoted as T and defined as Equation (14), where Xmax and Xmin
are the maximum and minimum columns of U, § is the absolute maximum slope in EL. On the other
hand, in order not to omit any potential true-matches, the coverage of the searching range in the right
image is two times larger than T.

U =HuU, (12)
u =HU. (13)
Tr=2 (Xmax - Xmin) § (14)

As can be seen in Figure 9b, the rectified epipolar lines are not exactly linked up to each other.
Hence, the searching ranges in the right images should be dynamically adjusted so that most of
the potential true-matched could be covered. The left and right images share the same searching
lines, but the top and the bottom of each searching ranges in the right image should be dynamically
adjusted according to the locations of the nearest seed-matches of the corresponding searching lines.
More specifically, for the i-th searching searching range, if its nearest right seed-match’s y-value is
larger than the left one’s, the top of the searching range in the right image should be extended as
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Equation (15) (see Figure 8a). Otherwise, the bottom of the searching range in the right image should
be extended as Equation (16) (see Figure 8b).

TOP; = TOP; + (y;' —y;) [bool (yi < yi')] (15)
BOTTOMZ' = BOTTOMZ' — (yz - yi,) [bOOl (yz > y/)] (16)
[ | [ R —
y | y I Yi-yi
i |
i — 1 [ .
1 [ R - Y 4
1 5
iYi i - — =
fffff HEEGT |
I }
| ly ,i'Y| I
prosieeemaseeeaaeee |
Left image Right image Left image Right image
(a) (b)

Figure 8. Two cases of adjusting the i-th searching range (black lines represent the searching line;
the area between green lines are the searching range in the left image (T); blue and magenta lines
represent the original top and bottom of the searching range in the right images (27T); blue and magenta
dashed lines are the updated top and bottom of the searching range). (a) Updating the top of the
searching range. (b) Updating the bottom of the searching range.

3.3. Generating Putative-Correspondences

In this procedure, a set of putative-correspondences are generated by matching the features
from each searching ranges in left and right images. Then, the false-matches in each set
of putative-correspondences could be eliminated by the existing feature-matching algorithms.
An example of features in a searching range is shown in Figure 9¢c. As can be seen, matching features
in this searching range is much more easier than matching features in all the image.

Moreover, the features in each searching ranges are independent to each other. Therefore,
this procedure could be operated in parallel. Figure 9d shows a matching result by the WGTM
algorithm based on the FD model. As can be seen, preserved correspondences are very dense.
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(b) © @)

Figure 9. An example of minimizing the vertical-parallaxes of seed-matches, searching ranges and the

dense matching result based on.the FD model. (a,b) the original and rectified epipolar lines of the initial
seed-matches (black and magenta lines epipolar lines in the left and right images; red cyles and blue
crosses in (a) are In and I#’, in (b) are Tnand In’ )- (c) An example of a local matching (the green line is
the searching line, the area between black lines and the area between magenta lines represent a certain
searching area). (d) An example of dense feature-matching results (7247 matched correspondences
in this case; red cycles, blue crosses and yellow lines represent the resulting correspondences of U
and U’).

4. Experimental Results

As mentioned before, the main purpose of this paper is to reduce the computational complexity
of feature-matching by replacing the conventional feature-matching model with the proposed FD
model. Therefore, the performances of the FD model and the conventional feature-matching model
were evaluated by performing three state-of-art feature-matching algorithms (LLT [18], SOCBV [14]
and WGTM [13]) on both an automatic feature-matching evaluation platform [17] and 22 pairs of
real HiRISE stereo images based on these two models (in Sections 4.4 and 4.5). The computational
complexity of the proposed FD model, the datasets and the parameters mentioned previously are
discussed in Sections 4.1-4.3 respectively.

In addition, all the experiments are performed on two personal computers, each with an
Intel i5 CPU (3.3 GHz and 4 cores) and 16-GB RAM. The program of the proposed FD model is
wrote in MATLAB code, where the source codes are available at https://github.com/WenliangDu/
FastDenseFeatureMatchingModel.

4.1. Computational Complexity

2
If the FD model is not operated in parallel, its time complexity is O ((%) X k) which can be

simplified as O(aN), where N denotes the total number of feature-correspondences, a denotes the
average number of feature-correspondences in each local matchings (2 = %).

The worst case of the FD model is that there is only one local matching in the FD model,
which means 2 = N and the worst complexity of the FD model is O(N?). The best case is that
each correspondences are exactly arranged in each independent local matchings so that a = 1 and
the best complexity of the FD model is O(N). To bring in the best performances of the existing
feature-matching algorithms, in the experiments of real HiRISE images, the value of a was kept just
larger than 300 which is also greatly less than N (usually more than 10,000).
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4.2. Datasets

The datasets provided by the automatic feature-matching evaluation platform [17] can evaluate
the performances of the two models automatically. The platform was simulated as the HiRISE camera
which is on board NASA’s Mars Reconnaissance Orbiter (MRO). Therefore, the specification of the
simulated remote sensor was set as [29]—focal length: 12 m, camera distance: 300 km, field of view
(FOV): 1.14°, the number of pixels in the linear CCD array: 20,048 (10 RED CCDs), the number of
along-track lines: 40,000. The source codes of the platform are available at https://github.com/
WenliangDu/RS-FeatureMatchingEvaluatingPlatform.

20 pairs of real HiRISE stereo images were used for testing the two models and the results
were evaluated manually. 2 pairs of real HiRISE stereo images were used for training the value of
« (in Equation (7)) used in the FD model. The HiRISE stereo images could be downloaded from
https:/ /hirise.lpl.arizona.edu.

4.3. Parameters Discussion

In Section 3.2, N features need to be sampled from U and to match all the U’ for generating the
initial seed-matches. In this paper, the value of N is set as 1000.

The value of « in Equation (7) is set as 1 for the datasets simulated by the automatic evaluation
platform. In contrast, the value of « is trained by the 2 pairs of HiRISE images and set as
0.7, which means the initial seed-matches/control-points generated by RANSAC may be not
evenly-distributed, since the features in the flat area may be too similar to each other.

4.4. Automatic Performance Evaluation

Four groups of datasets were prepared by the automatic evaluation platform [17] for evaluating
the two models in various differences of slewing and emission angles (0° to 30°), ratios of false-matches
(10% to 50%) and numbers of feature-correspondences (1000 to 5000). For each experiment in
all the groups, 50 different datasets were prepared. Hence, the result of each experiment was
gathered with the average values of 50 independent tests; totally, 850 datasets were simulated for
automatically evaluating.

In the first two groups, the differences of slewing and emission angles were both varied from 0°
to 30°. The ratio of false-matches, which can be also called as outliers’ ratio, was set as 20%. Because
the execution time of feature-matching algorithms based on the conventional model is usually to long,
the number of feature-correspondences was selected as 2000. Note that, the slewing and emission
angles of the platform were randomly sampled from —30° to 30°.

The performances of the three state-of-art feature-matching algorithms based on the two matching
models were evaluated on four generic criteria [13,30]:

Aceuracy = 57 ;;\31111;11\\[7 ¥ FP’ 17)
Precision = %—SFP' (18)
Recall = Tpil_;_ipm, (19)
Specificity = TZ\ITifFP’ (20)

where TP and FP denote the number of resulting true-matches and false-matches respectively, FN and
TN denote the number of missing true-matches and false-matches. Therefore, the Accuracy describes
the degree of true-matches to all matches, the Precision gives the degree of remaining true-matches
to all remaining feature-correspondences, the Recall tells the degree of the number of remaining
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true-matches to the number of all true-matches, the Specificity states the degree of the number of
discriminated false-matches to the number of all false-matches.

The automatic evaluation results of the first group datasets are shown in Figure 10, where the “FD-"”
means that the corresponding algorithm was performed on the FD model, otherwise the algorithm was
performed on the conventional model. Apparently, the abilities of preserving true-matches of SOCBV
and WGTM algorithms based on both the two models are declined while increasing the differences
of slewing angle (see Figure 10a,c). In contrast, the ability of removing false-matches of the LLT is
improved significantly when it is based on the FD method (see Figure 10b,d).

] N " ] 1 N -
X 4 095 T~ 095
AN 0.98 09
. 0.9
> g o8 20
-~ k] =085 S
So. et 2096 Ut i oLt € 085 et
S FD-LLT o FD-LLT & os8 FD-LLT g FD-LLT
< 08 -*SOCBV o -*SOCBV |%SOCBV wv 08 ¥S0CBV
FD-SOCBV 0.94 FD-SOCBV 0.75 FD-S0CBY FD-SOCBY
0.75 -&-WGTM o WGTM 07 & WGTM 0.75 -&-WGTM
<-FD-WGTM ©-FD-WGTM ©-FD-WGTM <©-FD-WGTM
0.7 0.92 0.65 0.7
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
Slewing Angle Differences (°) Slewing Angle Differences (°) Slewing Angle Differences (%) Slewing Angle Differences (°)
(a) (b) (0) (d)

Figure 10. Automatic evaluation results of the three algorithms on datasets with various differences of
slewing angles. (a) Accuracy. (b) Precision. (c) Recall. (d) Specificity.

According to Figure 11, in contrast to the three method based on the conventional model,
the abilities of preserving true-matches of the three method based on the FD model are indeed
decreased but not insignificant (1 to 0.96, see Figure 11c), which is reasonable, since the epipolar
geometry is getting more complicated while increasing the differences of the emission angle. However,
when the difference of emission angle goes to 30%, the ability of eliminating false-matches declines of
the LLT based on the FD model is greater than it is based on the conventional model.

1 1 1 1

o
o
©
=4
o
©
o
o
©

0.95

—4
> c 2
3 0.98 5098 — 098 £
£ =L 2 LT g LT £ 09 LT
v} S 0 '
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< +-SOCBV o *SOCBV +-S0CBY & *SOCBV
FD-SOCBV FD-s0CBv FD-SOCBV 0.85 FD-s0CBv
0.96 oWGTM 0.96 o WGTM 0.96 oWGTM -©-WGTM
©-FD-WGTM ©FD-WGTM ©-FD-WGTM & FOWGTM
0.95 0.95 0.95 0.8
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(a) (b) (c) (d)

Figure 11. Automatic evaluation results of the three algorithms on datasets with various differences of
emission angles. (a) Accuracy. (b) Precision. (c) Recall. (d) Specificity.

The performances of the three matching algorithms on various ratios of false-matches are shown
in Figure 12. As can be seen, for higher ratios of false-matches, the ability of WGTM algorithm for
preserving true-matches and the ability of LLT algorithm for eliminating false-matches are improved
when they are performed on the FD model (see Figure 12¢,d). As can be seen in Figure 12d, the three
algorithms can remove nearly all the false-matches based on the FD model.
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Figure 12. Automatic evaluation results of the three algorithms on datasets with various outliers’ ratio
(ratio of false-matches). (a) Accuracy. (b) Precision. (c) Recall. (d) Specificity.

The datasets with various numbers of feature-correspondences were used for evaluating the
running time of the two models; the corresponding results are shown in Table 1. Obviously,
when SOCBV and WGTM algorithms were performed on the FD model, their operating time reduced
substantially then they were performed on the conventional model. Therefore, by applying the FD
model, SOCBV and WGTM algorithms could be performed on high-resolution pushbroom satellite
images which contain very dense feature-correspondences, even the complexities of them are very
high. On the other hand, for the LLT algorithm, its operating time increased slightly when it was
performed on the FD model, while its operating time is still very low.

Table 1. Running time comparison of the three matching algorithms on two feature-matching models
with varying numbers of correspondence.

Number of Simulated Correspondences

Methods
1000 2000 3000 4000 5000
LLT 0.53s 0.96 s 1.14s 141s 1.83s
FD-LLT 0.80s 1.93s 1.99s 2.13s 3.06s
SOCBV I1min11.27s 16 min59.17 s 56 min 47.03 s 2h27min12.00s 3 h4min34.68s
FD-SOCBV 15.38 s 38.15s 1 min 58.21 s 4 min 10.03 s 6 min 23.43 s
WGTM I1min57.75s 21 min20.23s 1h3min3994s 2h30min46.95s 4h24min52.70s
FD-WGTM 10.54 s 17.28 s 57.54 s 2min5.13 s 3 min 4.54

4.5. Performance Evaluation on HiRISE images

The three algorithms were only performed on the FD model for matching the 22 pairs of real
HiRISE images, because the complexities of SOCBV and WGTM algorithms are so high that they
may cost days or even weeks for matching one pair of HiRISE images when they are based on the
conventional feature-matching model. Besides, the LLT algorithms runs out of memory for matching
some of the 22 pairs of HiRISE images when it is based on the convention model obtained.

The results of the three algorithms of matching the 22 pairs of real HiRISE images based on the FD
model were evaluated manually. A manual evaluation for a matching result of an algorithm performed
on one pair of HiRISE images cost us at least five minutes of human operator time, since the numbers
of the resulting correspondences of most matching results are more than 10,000. The evaluating results
are shown in Figure 13. It is apparent that, for all the 22 pairs of HiRISE images, all the three algorithms
achieved good matching results when they were based on the FD model (more than 98% false-matches
can be eliminated).
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Figure 13. Manual evaluation results of the three algorithms based on FD model for 22 pairs of HiRISE
images (the 1 and 2 are training pairs, the rests are testing images pairs). (a) Accuracy. (b) Precision.
(c) Recall. (d) Specificity.

The number of resulting correspondences generated by the three algorithms based on the FD
model and the number of putative correspondences generated by the conventional and the FD model
are shown in Figure 14a. As can be seen, all the three algorithms preserved more correspondences
than the putative correspondences generated by the conventional model, since the FD model obtained
much more putative correspondences than the conventional model.

The running time of eliminating false-matching by the three algorithms and generating
putative-correspondences by the two models is shown in Figure 14b. Obviously, the running time of
the three algorithms and the FD model is all shorter than the running time of the conventional model.
More specifically, based on the FD model, the running time of the SOCBV and WGTM algorithms for
eliminating false-matches from the 22 pairs of high-resolution HiRISE images is always lower than
1 min, even the computational complexities of the two algorithms are both O (N?log (N)).
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FD models and the three algorithms. (a) The numbers of putative-correspondences generated by the
conventional model and the FD model (magenta and cyan lines) and of the correspondences preserved
by the SOCBV, WGTM and LLT algorithms (black, red and blue lines respectively). (b) The running
time of generating putative-correspondences by the conventional and the FD models (magenta and
cyan lines) and of eliminating false-matches by the SOCBV, WGTM and LLT algorithms (black, red and
blue lines respectively).

5. Conclusions

To match dense features extracted from high-resolution cross-track pushbroom satellite imagery
in efficiently, this paper proposed a fast dense (FD) feature-matching model. The FD model
splits the global one-to-one matching into a large number of local matchings by minimizing the
vertical-parallaxes with the help of a classic frame-based rectification method [23]. By replacing
the conventional feature-matching model with the FD model, the computational complexity of
generating putative-correspondences is reduced from O(N?) to linear. Based on the FD model,
the existing feature-matching algorithms could be applied on matching dense features extracted from
high-resolution satellite imagery, even they have high computational complexities.

To ensure that the classic frame-based method is suitable for minimizing the vertical-parallaxes of
cross-track pushbroom satellite imagery, a feasibility study was given in this paper by applying the
frame-based method on 2.1 million independent experiments which were provided by a cross-track
pushbroom based automatic feature-matching evaluating platform [17]. This feasibility study shows
that the success rate of the frame-based method for minimizing vertical-parallaxes of cross-track
pushbroom images will decline when it is performed on images with large differences of emission
angle of the satellite cameras (see Figure 3). In order to increase the success rate, in the FD model,
a correspondence-direction-constraint (CDC) algorithm was proposed to get the most favourable
seed-matches for the frame-based method. Based on the FD model, the frame-based method could be
used for getting reasonable splitting results in all the 2.1 million experiments (see Figure 4).

The procedures of FD model include feature extraction, seed-matches initialization, minimizing
vertical-parallaxes, dynamic searching range division and generating putative-correspondences. In the
procedure of seed-matches initialization, a hypothesis was presented and verified by 7 million
independent experiments for ensuring the initial seed-matches are evenly-distributed, since the
evenly-distributed seed-matches can help dynamically adjust the searching ranges in the later
procedure. In the procedure of minimizing vertical-parallaxes, the CDC algorithm was proposed for
improving the stability of the frame-based method by identifying the most favourable combination
of the initial seed-matches based on the k-means method. Eventually, the dynamic searching ranges
are generated based on Equations (14)-(16). Because the features in a certain searching range are
independent to features in other searching ranges, the matching process can be operated in parallel
based on the FD model.
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The performances of the FD model and the conventional feature-matching model were evaluated
on both the cross-track pushbroom based automatic evaluating platform and real HiRISE images.
Three state-of-art feature-matching algorithms (LLT [18], SOCBV [14] and WGTM [13]) were used for
evaluating the two models. According to the evaluation results based on the automatic evaluating
platform, the running time of the SOCBV and WGTM algorithms reduced substantially when they
were based on the FD model. Meanwhile, based on the FD model, all the three algorithms achieved the
comparable matching results as they achieved based on the conventional model. On the other hand,
the matching results of the two models on real HiRISE images were evaluated manually. The manual
evaluating results shows that all the three algorithms achieved extremely good matching results for all
the real HiRISE images prepared by this paper.

In the future, the dense and efficient matching results provided by the FD model may be used
for automatic epipolar resampling of the cross-track pushbroom satellite imagery. Furthermore,
the existing epipolar resampling methods are mostly based on the assumption that the trajectory of
the remote sensor is straight [20-22]. However, the remote sensors may be suffered high-frequency
pointing variations (“jitter”) [29]. Therefore, based on the dense matching results, the assumption
of straight trajectory may be eliminated for the future epipolar resampling methods. Eventually,
to bring in the best performances of the three feature-matching algorithms, in the experiments of real
HiRISE images, the number of correspondences in each local matching was kept just larger than 300,
which means the best performance of the FD model was not achieved. Therefore, a more suitable
feature-matching algorithm for the FD model could be developed in the future.

Author Contributions: W.-L.D. designed the structure of the proposed model, wrote all the codes, designed and
performed the experiments, analyzed the experiments results and wrote the main draft of the paper; B.Y. edited
the paper; X.-Y. L. contributed to the discussions; X.-L.T. improved the structure of the proposed model and edited
the paper.

Funding: This work was supported by the Science and Technology Development Fund of Macao under Grant
No. 99/2016/A3.

Acknowledgments: The authors would like to thank M. Izadi and F. Meng for their generous help with WGTM
and SOCBYV algorithms.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Haala, N. The landscape of dense image matching algorithms. In Proceedings of the 54th Photogrammetric
Week, Stuttgart, Germany, 9-13 September 2013; pp. 271-284.

2. Li, R.X,; Di, K.C.; Howard, A.B.; Matthies, L.; Wang, J.; Agarwal, S. Rock modeling and matching for
autonomous long-range Mars rover localization. J. Field Robot. 2007, 24, 187-203. [CrossRef]

3.  Wu, B; Zhang, Y.S.; Zhu, Q. A triangulation-based hierarchical image matching method for wide-baseline
images. Photogramm. Eng. Remote Sens. 2011, 77, 695-708. [CrossRef]

4. Di, K.C,; Peng, M. Wide baseline mapping for Mars rovers. Photogramm. Eng. Remote Sens. 2011, 77, 609-618.
[CrossRef]

5. Wu, B;; Hu, H; Guo, J. Integration of ChangE-2 imagery and LRO laser altimeter data with a combined block
adjustment for precision lunar topographic modeling. Earth Planet. Sci. Lett. 2014, 391, 1-15. [CrossRef]

6. Di, KC; Liu, Y.L; Liu, B.; Peng, M.; Hu, WM. A Self-Calibration Bundle Adjustment Method for
Photogrammetric Processing of ChangE-2 Stereo Lunar Imagery. IEEE Trans. Geosci. Remote Sens. 2014,
52, 5432-5442.

7. Wu, B. Photogrammetry: 3-D From Imagery. In International Encyclopedia of Geography; American Cancer
Society: Atlanta, GA, USA, 2017; pp. 1-13, doi:10.1002/9781118786352.wbieg0942.

8.  Xu, X,; Zhang, H.; Han, G.; Kwan, K.C; Pang, W.M.; Fang, J.; Zhao, G. A Two-Phase Space Resection Model
for Accurate Topographic Reconstruction from Lunar Imagery with PushbroomScanners. Sensors 2016,
16, 507. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/rob.20182
http://dx.doi.org/10.14358/PERS.77.7.695
http://dx.doi.org/10.14358/PERS.77.6.609
http://dx.doi.org/10.1016/j.epsl.2014.01.023
http://dx.doi.org/10.3390/s16040507
http://www.ncbi.nlm.nih.gov/pubmed/27077855

Sensors 2018, 18, 4182 19 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

Joglekar, J.; Gedam, S.S.; Mohan, B.K. Image Matching Using SIFT Features and Relaxation Labeling
Technique—A Constraint Initializing Method for Dense Stereo Matching. IEEE Trans. Geosci. Remote Sens.
2014, 52, 5643-5652. [CrossRef]

Poli, D.; Hoenggerberg, E. Georeferencing of CCD linear array sensors imagery. In Proceedings of the
ASPRS Annual Meeting, Anchorage, AK, USA, 5-9 May 2003.

Morgan, M.; Kim, K.O.; Jeong, S.; Habib, A. Epipolar Resampling of Space-borne Linear Array Scanner
Scenes Using Parallel Projection. Photogramm. Eng. Remote Sens. 2006, 72, 1255-1263. [CrossRef]

Aguilar, W.; Frauel, Y.; Escolano, F.; Martinez-Perez, M.E.; Espinosa-Romero, A.; Lozano, M.A. A robust
Graph Transformation Matching for non-rigid registration. Image Vis. Comput. 2009, 27, 897-910. [CrossRef]
Izadi, M.; Saeedi, P. Robust weighted graph transformation matching for rigid and nonrigid image
registration. IEEE Trans. Image Process. 2012, 21, 4369-4382. [CrossRef] [PubMed]

Meng, EY,; Li, X.; Pei, ].H. A Feature Point Matching Based on Spatial Order Constraints Bilateral-Neighbor
Vote. IEEE Trans. Image Process. 2015, 24, 4160-4171. [CrossRef] [PubMed]

Liu, Z,; An, J.; Jing, Y. A simple and robust feature point matching algorithm based on restricted spatial
order constraints for aerial image registration. IEEE Trans. Geosci. Remote Sens. 2012, 50, 514-527. [CrossRef]
Zeng, D; Fang, R.; Ge, S.; Li, S.; Zhang, Z. Geometry-Based Global Alignment for GSMS Remote Sensing
Images. Remote Sens. 2017, 9, 587. [CrossRef]

Du, W.L,; Tian, X.L. An Automatic Evaluation Platform for Feature Matching Algorithms Based on an Orbital
Optical Pushbroom Stereo Imaging System. IEEE Geosci. Remote Sens. Lett. 2018, 15, 359-363. [CrossRef]
Ma, ].Y.; Zhou, H.B.; Zhao, J.; Gao, Y.; Jiang, ].J.; Tian, ] W. Robust Feature Matching for Remote Sensing
Image Registration via Locally Linear Transforming. IEEE Trans. Geosci. Remote Sens. 2015, 53, 6469—-6481.
[CrossRef]

Zhou, H.B.; Ma, ].Y,; Yang, C.C.; Sun, S.; Liu, R.F;; Zhao, J. Nonrigid Feature Matching for Remote Sensing
Images via Probabilistic Inference With Global and Local Regularizations. IEEE Geosci. Remote Sens. Lett.
2016, 13, 374-378. [CrossRef]

Jannati, M.; Valadan Zoej, M.].; Mokhtarzade, M. Epipolar Resampling of Cross-Track Pushbroom Satellite
Imagery Using the Rigorous Sensor Model. Sensors 2017, 17, 129. [CrossRef] [PubMed]

Gupta, R.; Hartley, RI. Linear pushbroom cameras. IEEE Trans. Pattern Anal. Mach. Intell. 1997, 19, 963-975.
[CrossRef]

Wang, M.; Hu, E; Li, ]. Epipolar resampling of linear pushbroom satellite imagery by a new epipolarity
model. ISPRS ]. Photogramm. Remote Sens. 2011, 66, 347-355. [CrossRef]

Hartley, R.; Zisserman, A. Multiple View Geometry in Computer Vision; Cambridge university Press: Cambridge,
UK, 2003.

Zitova, B.; Flusser, ]. Image registration methods: A survey. Image Vis. Comput. 2003, 21, 977-1000. [CrossRef]
Lowe, D. Distinctive image features from scale-invariant keypoints. Int. J. Comput. Vis. 2004, 60, 91-110.
[CrossRef]

Bay, H.; Ess, A.; Tuytelaars, T.; Gool, L.V. Speeded-Up Robust Features (SURF). Comput. Vis. Image Underst.
(CVIU) 2008, 110, 346—359. [CrossRef]

Vedaldi, A.; Fulkerson, B. VLFeat: An Open and Portable Library of Computer Vision Algorithms. 2008.
Available online: http://www.vlfeat.org/ (accessed on 4 October 2018).

Lloyd, S. Least squares quantization in PCM. IEEE Trans. Inf. Theory 1982, 28, 129-137. [CrossRef]

Kirk, R L.; Howington-Kraus, E.; Rosiek, M.R.; Anderson, J.A.; Archinal, B.A.; Becker, K.J.; Cook, D.A.; Galuszka,
D.M.; Geissler, PE.; Hare, TM,; et al. Ultrahigh resolution topographic mapping of Mars with MRO HiRISE
stereo images: Meter-Scale slopes of candidate Phoenix landing sites. ]. Geophys. Res. Planets 2008. [CrossRef]
Mikolajczyk, K.; Schmid, C. A performance evaluation of local descriptors. IEEE Trans. Pattern Anal.
Mach. Intell. 2005, 27, 1615-1630. [CrossRef] [PubMed]

® (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/TGRS.2013.2291685
http://dx.doi.org/10.14358/PERS.72.11.1255
http://dx.doi.org/10.1016/j.imavis.2008.05.004
http://dx.doi.org/10.1109/TIP.2012.2208980
http://www.ncbi.nlm.nih.gov/pubmed/22829406
http://dx.doi.org/10.1109/TIP.2015.2456633
http://www.ncbi.nlm.nih.gov/pubmed/26186790
http://dx.doi.org/10.1109/TGRS.2011.2160645
http://dx.doi.org/10.3390/rs9060587
http://dx.doi.org/10.1109/LGRS.2017.2787743
http://dx.doi.org/10.1109/TGRS.2015.2441954
http://dx.doi.org/10.1109/LGRS.2016.2514521
http://dx.doi.org/10.3390/s17010129
http://www.ncbi.nlm.nih.gov/pubmed/28085044
http://dx.doi.org/10.1109/34.615446
http://dx.doi.org/10.1016/j.isprsjprs.2011.01.002
http://dx.doi.org/10.1016/S0262-8856(03)00137-9
http://dx.doi.org/10.1023/B:VISI.0000029664.99615.94
http://dx.doi.org/10.1016/j.cviu.2007.09.014
http://www.vlfeat.org/
http://dx.doi.org/10.1109/TIT.1982.1056489
http://dx.doi.org/10.1029/2007JE003000
http://dx.doi.org/10.1109/TPAMI.2005.188
http://www.ncbi.nlm.nih.gov/pubmed/16237996
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Feasibility Study
	Epipolar Geometry of Linear Pushbroom Cameras
	Contrast of Epipolar Curves and Lines
	Investigating the Stability of the Classic Frame-Based Method

	The Fast Dense Feature-Matching Model
	Feature Extraction
	Global Matching Splitting
	Seed-Matches Initialization
	Minimizing the Vertical-Parallaxes of Seed-Matches
	Dynamic Searching Ranges Division

	Generating Putative-Correspondences

	Experimental Results
	Computational Complexity
	Datasets
	Parameters Discussion
	Automatic Performance Evaluation
	Performance Evaluation on HiRISE images

	Conclusions
	References

