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Abstract: Seamline network generation is a crucial step in mosaicking multiple orthoimages. It
determines the topological and mosaic contribution area for each orthoimage. Previous methods,
such as Voronoi-based and AVOD (area Voronoi)-based, may generate mosaic holes in low-overlap
and irregular orthoimage cases. This paper proposes a Voronoi centerline-based seamline network
generation method to address this problem. The first step is to detect the edge vector of the valid
orthoimage region; the second step is to construct a Voronoi triangle network using the edge vector
points and extract the centerline of the network; the third step is to segment each orthoimage by the
generated centerlines to construct the image effective mosaic polygon (EMP). The final segmented
EMP is the mosaic contribution region. All EMPs are interconnected to form a seamline network. The
main contribution of the proposed method is that it solves the mosaic holes in the Voronoi-based
method when processing with low overlap, and it solves the limitation of the AVOD-based method
polygon shape requirement, which can generate a complete mosaic in any overlap and any shape of
the orthoimage. Five sets of experiments were conducted, and the results show that the proposed
method surpasses the well-known state-of-the-art method and commercial software in terms of
adaptability and effectiveness.

Keywords: ortho-mosaicking; seamline network; Voronoi centerline; image stitching; effective
mosaic polygon

1. Introduction

The seamline network generation is a crucial step in the orthoimage mosaicking pro-
cess, as it determines the contribution area of each image to the final mosaic. A seamline
network is a set of closed seamline vectors that encloses the mosaic contributing regions
of the orthoimage in a mosaic, as shown in Figure 1. These vectors compose the EMP
(effective mosaic polygon) of the individual images and are used to stitch multiple orthoim-
ages together.

Since the process of orthoimage rectification contains invalid regions, as shown in
Figure 2, the orthoimage mosaic should utilize the overlap of the valid image region, and
the seamlines should not be exceeded [1].

The resulting mosaic is a single, large-scale orthoimage in which each pixel has
absolute geographical coordinates. The construction of the seamline network must follow
two principles: (1) The EMP of each orthoimage should preferably be selected near the
image center, as this reduces the overall projection error of the final mosaic; (2) Seamlines in
the network cannot cross the invalid region of the orthoimage, as this can result in mosaic
holes, i.e., areas with invalid pixel values in the final mosaic image. It is essential to avoid
mosaic holes in order to ensure the quality and accuracy of the final mosaic orthoimage [2].

Many studies on optimal seamline detection between two overlapped orthoimages
have been proposed, mainly focusing on how seamlines avoid obvious objects to create
a seamless mosaic [3–5]. However, seamline network generation is the core step of mo-
saicking, and more research should be performed on it. Early studies of seamline network
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generation used the incremental-based method. Individual seamlines are formed first, and
new seamlines are continuously added for combination, eventually obtaining a complete
seamline network. Xandri et al. [6] proposed a strip-based method, which first calculates
the seamline network within a strip and then combines them as one seamline network.
The limitation of this method is that the image set must be a regular airstrip. Yang [2]
proposed a technique based on the overlapping area, which takes the center line of the
overlapping area as the seamline and connects them gradually in a particular order to form
a seamline network. Wang et al. [7] constructed the seamline network by triangulating
the image overlaps and extracting the skeleton line as the seamline. The problem with the
incremental-based methods is that the seamline network changes with the order of the
image sequence; thus, its results are unstable.
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To solve these drawbacks, methods based on the Voronoi diagram were widely stud-
ied. Hsu [8] used the method based on the Manhattan distance of the Voronoi diagram
to generate the seamline network. Song et al. [9] use boundary-constrained Voronoi di-
agrams to construct the seamline network and add mosaic boundaries to the network.
Zheng et al. [10] proposed a Voronoi-based seamline network on the basis of which the
starting and ending positions of seamlines were optimized. Li li [11] proposed a method
to construct seamline networks based on the principle of minimizing the image centroid
distance; its most significant contribution is network joint optimization using multi-label
graph cuts, which has the advantage that all joints are within the passable area. He et al. [12]
proposed a Voronoi-based method to repair the mosaic holes using the adjacent EMP and
obtained a mosaic result without holes. The Voronoi-based method allows each EMP to be
located at the center of the image and balanced in size, resulting in more stable seamline
network results and better mosaicking than the incremental method.

However, the Voronoi-based method only considers the centroid of the orthoimage and
there may be invalid regions in the orthoimage that the Voronoi diagram cannot guarantee
the seamline does not pass through, which may result in mosaic holes. The lines forming
the seamline network need to be kept within the overlap of the valid orthoimage region,
and to ensure the EMP of each orthoimage is uniform in size, the overlapping area should
preferably be equally divided by the seamline. The centerline of the image’s overlap is
guaranteed to be completely within the valid region, and the seamline network constructed
with them can completely prevent mosaic holes. Based on this, Pan et al. [13] proposed the
area Voronoi diagram (AVOD) concept and accordingly proposed the seamline network
generation method. The centerline is first constructed using the angle bisector of the image
overlap. Then the centerline is used to build the EMP. Finally, the seamline network is
obtained. This method can produce a perfect mosaic, but it is necessary to ensure that both
the valid region and the overlapped area of the orthoimages are quadrilaterals. Mills [14]
used a technique similar to AVOD, based on which a bottleneck model was introduced to
optimize the node positions of the seamline network. Pan et al. [15] proposed an improved
approach based on AVOD; it extends the method of centerline generation and is no longer
limited to quadrilaterals; a bottleneck model was also introduced to optimize the seamline
network nodes. However, complex polygons and concave polygons still cannot be handled.
Furthermore, Pan et al. [16] proposed a seeded region growing-based method, which uses
pixel seed point growth on the raster to replace the angle bisector vector calculation method.
Wang [17] proposed a seamline network generation method, which adds the optimization
of linkage points based on the AVOD method to avoid the impassable area, but there is
no improvement in the polygon adaptation of AVOD. Yang [18] proposed a method to
triangulate the overlaps between orthoimages, and the optimal cutline is obtained using
the graph cut model; it can build seamline networks quickly.

In the method mentioned above, the AVOD-based method meets the two principles
of seamline network generation, which overcomes the disadvantage of the Voronoi-based
method of not being able to consider the valid region of the orthoimage. It ensures that
seamlines are in the valid orthoimage region. However, the calculation of these methods
has limitations in terms of the polygon shape of the valid image region. Although there are
improvements in the following methods, the polygon problem is not completely overcome,
and the calculation is more complicated.

As a result, a Voronoi centerline-based seamline network generation method is pro-
posed in this paper. The Voronoi algorithm triangulates the overlap of the valid image
region in the network, and the centerline is extracted from the corresponding Voronoi net-
work. For arbitrarily shaped polygons, centerlines can be extracted stably. Then, using the
extracted centerline, the initial EMP of each image is gradually segmented to obtain the final
EMP. After that, all the EMPs of the orthoimages are merged to form the seamline network.

The main contributions of this paper are as follows:
A Voronoi centerline-based seamline network generation method is proposed, which

applies the Voronoi diagram to the centerline extraction of overlapping regions. It can solve
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the problem of mosaic holes caused by the presence of seamlines through invalid regions,
and can be adapted to arbitrary polygon shapes, solving the limitation of polygon shapes
in the AVOD-based method. Compared with the previous methods, the proposed method
can generate a proper seamline network with any overlap and any shape of orthoimage to
achieve a perfect mosaic.

2. Materials and Methods

In practice, the polygons of the valid orthoimage region are varied and not limited
to quadrilateral or convex. The centerline extraction of these irregular polygons is a
challenging problem. This poses difficulties for the generation of seamline networks.

Considering the diversity of valid orthoimage and overlap region polygons, the
Voronoi algorithm can triangulate any polygon with arbitrary conditions. In turn, the cen-
terline of arbitrarily shaped polygons can be stably extracted. Figure 3 shows the centerline
extracted from the rectangle, concave polygon, and irregular polygon, respectively.
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Figure 3. An illustration of the centerline extracted from a (a) rectangle, (b) concave polygon, and
(c) irregular polygon.

The workflow of the proposed seamline network generation method is demonstrated
in Figure 4. The main workflow is as follows: First, the valid region is extracted for each
orthoimage as the EMP. Then the valid overlap area between every two images is generated
by computing the intersection of the two corresponding EMPs and recording it as VOA
(valid overlapped area); the Voronoi network is constructed by the VOA vector, and the
centerline is extracted in the network. Next, the initial EMP is gradually segmented
using every corresponding centerline until it can no longer be cut. After all the EMPs are
segmented, the seamline network is constructed by merging all the EMPs. The principles
and implementation of each step are detailed in the subsequent sections.
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The first step in the entire process is the initial EMP extraction. In orthoimage genera-
tion, the inverse projection is generally used to carry out the geometric rectification process.
Thus, the rectified orthoimage probably contains invalid regions. For the seamline to not
cross the invalid region, the valid region needs to be precisely separated to generate the
initial EMP.

First, the orthoimage is binarized to obtain the separated valid region; the edge
tracking algorithm is used to obtain the closed boundary vector of the valid region. The
boundary vector is obtained as the initial EMP of the image, recorded as EMPi; i is the
index of the image. It is worth noting that the initial EMP extracted from orthoimage is
not guaranteed to be a regular quadrilateral or even to be non-concave, and the applicable
assumptions in the AVOD-based method may not always be satisfied; in the next step, a
Voronoi diagram is used to perform centerline extraction.

2.1. Voronoi-Based Centerline Extraction

The Voronoi diagram consists of a set of vertical bisections of a line connecting two
neighboring points. Where these perpendicular bisectors are at equal distances from the
two adjacent points, this provides the possibility to extract the closure polygon centerline
in the Voronoi network.

The centerline extraction is performed on the orthoimage overlap regions to make the
seamline not exceed the valid region; the proposed method calculates the EMP of every two
orthoimages, and if there is an intersection, then a valid overlap area is generated, recorded
as VOA. The VOA is a closed polygon vector determined by the EMP. When the vector
points of the EMP are sparse and non-uniform, the vector points of the generated VOA are
also sparse and non-uniform. The Voronoi diagrams generated in the case of sparse and
non-uniform seed points are sparse and unstable. To make the generated Voronoi network
more intensive and stable, the VOA points need to be densified.

The VOA is a closed polygon where each vector consists of two endpoints. The
minimum endpoint distance for densification is defined as Distmin and the length of vectori
in VOA as Length (vectori). If Length (vectori) is greater than Distmin, then points are
insert ed in the vector. Details are given in Algorithm 1.
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Algorithm 1 VOA Densification

Input: VOA, Distmin
Output: Denified VOA

1: for each vector ∈VOA (vector0, vector1 . . . vectorn)
2: if Lengh (vectori) < Distmin then
3: n = Lengh (Vectori)/Distmin;
4: for each j ∈ [0,n)
5: Pointj (j * VectoriX/n, j * VectoriY/n);
6: Vectori.Insert (Pointj);
7: endfor
8: endif
9: endfor

In Figure 5a,c, Voronoi networks are generated without VOA densification, as opposed
to (b) and (d), where VOA densification is performed. It can be seen that the enhanced
density of the VOA can generate a denser Voronoi network, and higher-quality centerlines
can be extracted. More specifically, (a) is a simple quadrilateral, direct network construction
that gives good results, while (c) is a concave polygon; the resulting network is irregular
and unstable, and the centerline cannot be extracted from the network.
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After the VOA is densified, the point set of the VOA vector Pvoa is used as the seed
points to construct the Voronoi network, and the network can be regarded as a graph
recorded as Gvoa(E, V). Figure 6 shows the Voronoi network generated by four typical VOA
polygons. Figure 6a is a simple quadrilateral, (b) is a triangle, (c) is a concave polygon,
and (d) is an irregular polygon. Among them, a quadrilateral is easier to handle, while
the concave and irregular polygons are more challenging and usually approximated as a
quadrilateral in other methods. It can be seen that the Voronoi diagram can obtain stable
results for all four representative cases, especially for the concave and complex cases. In
addition, these Voronoi networks contain potential polygonal centerlines, which will be
extracted in the next step.
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Figure 6. Illustration of the Voronoi network constructed by different VOAs: (a) a simple quadrilateral;
(b) a triangle; (c) a simple concave polygon; (d) a complex concave polygon.

Each overlapping EMP has two intersection points; these two intersections are also
in Gvoa (E, V). They are considered as the starting and ending points; then, the Dijkstra
algorithm is used to find the shortest path in Gvoa (E, V). In this search, the edge length was
set to the value of the edge weight. The result of the extracted centerline from different Gvoa
is shown in Figure 7; it can be seen that the centerline was precisely detected.
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In the next step, the extracted centerline is used as a cutline to segment the EMP of
each orthoimage.

2.2. EMP Segmentation

Each orthoimage may have a VOA with multiple orthoimages, and each VOA gen-
erates a centerline as a cutline to segment the EMP of this image. Suppose there is an
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image whose initial EMP is recorded as EMPInitial and has n VOAs overlapping with it, and
there are n cutlines recorded as lineSetcut {cutline1, cutline2, . . . , cutlinen}. The initial EMP
is sequentially segmented by using the cutline in the lineSetcut. The EMP segmented by
cutlinei can be called EMPi. The segment is executed when the intersection of EMPi and
cutlinen is greater than 1. This process is repeated until the lineSetcut is fully traversed.

The polygon trace algorithm is used in the implementation to segment new polygons
from EMP polygons. The details of the principle are as follows:

Starting from the cutline and traversing each node, when the intersection point is
encountered, it is recorded into a new polygon if the successor node of the intersection on
the cutline is within the EMP, the cutline is traced, and the points on the cutline are recorded
into the new polygon. If the successor node of the intersection is outside the EMP, then the
same polygon trace is performed on the EMP vector. Until the next intersection point is
met, the previous decision step is executed. Tracing continues until a closed polygon is
formed. The schematic diagram of the segmentation of the cutline with the EMP is given in
Figure 8.
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Figure 8. Illustration of the EMPi segmented by cutlinej and cutlinej+1.

After all the cutlines have segmented the EMPi in lineSetcut, the final EMP of the
corresponding orthoimage is obtained. The image area surrounded by each EMP is the
contribution area to the final mosaic. Finally, these EMPs are merged to form the final
seamline network.

3. Results
3.1. Preparation for Experiments

The proposed algorithm was developed using C++ in the visual studio 2022 environ-
ment, applying OpenCV 4.5.0 and boost1.76. The test machine was a 2.60 GHz Intel Core
i7-10750H CPU with 16 GB RAM running Windows 11.

Two sets of comparison experiments were conducted to verify the effectiveness of the
proposed method. The details of the two datasets are listed in Table 1.
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Table 1. Dataset Description.

Dataset Capture
Platform

Focal Length
(mm) FOV Image Size

(Pixel)
Spectral

Band
Number of

Images
Overlap

(Mean/Side)
Ground

Resolution (m)

1 Satellite 1700 6
◦ 12,961 *

13,676 Pan 5 23%/19% 5

2 Aerial 90 34
◦ 4187 * 3178 R-G-B 39 64%/34% 0.2

The first dataset is the rectified orthoimage capture from the ZY-3 satellite in the
panchromatic model. The image overlap is low, which places greater difficulty on seamline
network generation. The second dataset is the orthoimages obtained by the PhaseOne aerial
camera. This set of orthoimages has significant differences in image size and an uneven
overlap ratio, and the geometry of the overlap area is irregular. This causes challenges for
the mosaic.

Four representative methods were selected for comparison experiments: (1) the latest
improved AVOD-based method proposed by Wang [17]; (2) the optimal seamline network
generation method proposed by Yang [18]; (3) the well-known software ArcGIS latest build
10.8 seamline generation function; (4) the Voronoi-based method. In Wang’s approach,
we used the implementation of the initial seamline network from his article. For Yang’s
method, the initial seamline network generation and seamline optimization are performed
simultaneously; we implemented this method based on his article and adopted its overall
approach. In addition, the Voronoi-based method was implemented based on OpenCV
4.50 and Boost 1.76.

The results will be evaluated based on two metrics; the first is the mosaic coverage
ratio [19,20]. This metric is calculated by dividing the pixel number in the final mosaic
by the pixel number in the total valid area covered by all orthoimages, which reflects the
utilization of orthoimage by the generated seamline network; the more significant the
mosaic coverage ratio, the better the utilization of the orthoimage. Secondly, the ratio of
the invalid pixels to total images, which reflects the accuracy of the generated seamline
network. The calculation method is as follows:

Mosiac Coverage Ratio =
PixNum(Mosaiced image)

∑ PixNum(orthoimage coverrage)
(1)

Mosaic Invalid Ratio =
∑ PixNum(Invalid)

PixNum(Mosaiced image)
(2)

The larger the invalid mosaic ratio, the lower the accuracy of the whole seamline
network, and the more invalid areas in mosaicked orthoimage that will be generated [21].

3.2. Result

Figure 9 shows the image stack of the first datasets. The valid region of the orthoimage
maintains a regular quadrilateral shape. However, the overlap between some of these
images is less than 15%, which can easily cause mosaicking holes.

Figure 10 shows the experimental results of the five methods for the first dataset.
Overall, the results of the proposed method shown in Figure 10a, Wang’s method in
Figure 10b, and Yang’s method in Figure 10c produced a seamless mosaic, and the seamline
fit perfectly to the boundary of the image. Among them, Yang’s method performed seamline
network generation and seamline optimization at the same time, so the seamline in the
result was different from the other methods, presenting a twisted line segment.
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Figure 10. Seamline network and mosaic result for dataset 1 generated by (a) proposed method,
(b) Wang’s method, (c) Yang’s method, (d) ArcGIS method, and (e) Voronoi-based method.

Figure 10d is the seamline network processing result of the ArcGIS method; the
seamline did not fit the edge of the valid region of the orthoimage, and there were obvious
mosaic holes produced. Figure 10e is the result of the Voronoi-based method, which
did not consider the valid image region. Therefore, a mosaic hole is produced at the
junction of adjacent mosaic images, and the seamline network was not a perfect fit for the
image boundary.

Figure 11 shows a detailed view of the seamline network generated method’s result.
Judging from the details, the proposed, Wang’s and Yang’s methods produced no mosaic
holes. However, the ArcGIS method and Voronoi-based method (Figure 11n,r) had a
triangle-shaped mosaic hole at the intersection of the three seamlines. The reason is that
the invalid area was not considered when generating the seamline network; a line was
beyond the valid area of the orthoimage. This problem was concealed when the image
overlap was abundant, but in dataset 1, the overlap between the two images was less than
15%. Additionally, Figure 11m,o–q,s,t does not show typical mosaic holes in the middle of
the mosaicked image; although it did not cause significant visual problems to the mosaic
results, it reduced the utilization of the orthoimage, which was reflected in the subsequent
evaluation metrics.
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Figure 11. Dataset 1 detailed view of proposed method result (a–d); Wang’s method result (e–h);
Yang’s method result (i–l); ArcGIS method result (m–p); Voronoi-based method result (q–t).

Figure 12 shows the second dataset stacked. The second dataset had 39 images and a
higher overlap, with an average of up to 70% in adjacent images. Still, there was also a low-
overlap case due to the instability of aerial photography. Another feature was that almost
all valid orthoimage regions were irregular polygons. Moreover, a certain percentage of
them were concave polygons. In Figure 12, two typical orthoimages with irregular concave
polygons are shown.

Figure 13a shows that the proposed method yields seamline network and mosaic
results, which were hole-free, the seamlines were close to the valid region, and the inside of
the seamline network did not contain any invalid pixel. For Wang’s method result shown
in Figure 13b, the overall seamline did not traverse large invalid areas, but there were
several small holes in the mosaic results, probably because there were quite a few concave
polygons in this dataset, which were approximated as quadrilaterals during processing.
Additionally, due to its optimization of network connection points, its nodes were not on
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obvious features. Moreover, unlike the result in the last dataset, the seamline did not fit
the boundary near the edge of the mosaic image, resulting in part of the orthoimage not
covering the areas that could be covered. This will reduce the mosaic coverage ratio. Yang’s
method shown in Figure 13c produced one obvious mosaic hole. In addition, there was
a similar problem to Wang’s method, where the boundary seamline did not fit the image
edge, reducing image utilization. The ArcGIS method is shown in Figure 13d; the seamline
also did not fit tightly fit the image, and four obvious mosaic holes appeared in the result.
The Voronoi-based method results are shown in Figure 13e, which benefited from high
image redundancy coverage, and no mosaic holes were generated despite not considering
the valid image area. In addition, although the seamline did not fit the boundary of the
mosaicked image, the orthoimage near the margin was used as much as possible.

Remote Sens. 2023, 15, x FOR PEER REVIEW 13 of 21 
 

 

 

Figure 12. Image stack of dataset 2. 

Figure 13a shows that the proposed method yields seamline network and mosaic re-

sults, which were hole-free, the seamlines were close to the valid region, and the inside of 

the seamline network did not contain any invalid pixel. For Wang’s method result shown 

in Figure 13b, the overall seamline did not traverse large invalid areas, but there were 

several small holes in the mosaic results, probably because there were quite a few concave 

polygons in this dataset, which were approximated as quadrilaterals during processing. 

Additionally, due to its optimization of network connection points, its nodes were not on 

obvious features. Moreover, unlike the result in the last dataset, the seamline did not fit 

the boundary near the edge of the mosaic image, resulting in part of the orthoimage not 

covering the areas that could be covered. This will reduce the mosaic coverage ratio. 

Yang’s method shown in Figure 13c produced one obvious mosaic hole. In addition, there 

was a similar problem to Wang’s method, where the boundary seamline did not fit the 

image edge, reducing image utilization. The ArcGIS method is shown in Figure 13d; the 

seamline also did not fit tightly fit the image, and four obvious mosaic holes appeared in 

the result. The Voronoi-based method results are shown in Figure 13e, which benefited 

from high image redundancy coverage, and no mosaic holes were generated despite not 

considering the valid image area. In addition, although the seamline did not fit the bound-

ary of the mosaicked image, the orthoimage near the margin was used as much as possi-

ble. 

  

Figure 12. Image stack of dataset 2.

Remote Sens. 2023, 15, x FOR PEER REVIEW 13 of 21 
 

 

 
Figure 12. Image stack of dataset 2. 

Figure 13a shows that the proposed method yields seamline network and mosaic re-
sults, which were hole-free, the seamlines were close to the valid region, and the inside of 
the seamline network did not contain any invalid pixel. For Wang’s method result shown 
in Figure 13b, the overall seamline did not traverse large invalid areas, but there were 
several small holes in the mosaic results, probably because there were quite a few concave 
polygons in this dataset, which were approximated as quadrilaterals during processing. 
Additionally, due to its optimization of network connection points, its nodes were not on 
obvious features. Moreover, unlike the result in the last dataset, the seamline did not fit 
the boundary near the edge of the mosaic image, resulting in part of the orthoimage not 
covering the areas that could be covered. This will reduce the mosaic coverage ratio. 
Yang’s method shown in Figure 13c produced one obvious mosaic hole. In addition, there 
was a similar problem to Wang’s method, where the boundary seamline did not fit the 
image edge, reducing image utilization. The ArcGIS method is shown in Figure 13d; the 
seamline also did not fit tightly fit the image, and four obvious mosaic holes appeared in 
the result. The Voronoi-based method results are shown in Figure 13e, which benefited 
from high image redundancy coverage, and no mosaic holes were generated despite not 
considering the valid image area. In addition, although the seamline did not fit the bound 

  
(a) proposed method (b) Wang’s method 

Figure 13. Cont.



Remote Sens. 2023, 15, 917 14 of 21Remote Sens. 2023, 15, x FOR PEER REVIEW 14 of 21 
 

 

  
(c) Yang’s method (d) ArcGIS method 

 
(e) Voronoi-based method 

Figure 13. Seamline network and mosaic result for dataset 2 generated by (a) proposed method, (b) 
Wang’s method, (c) Yang’s method, (d) ArcGIS method, and (e) Voronoi-based method. 

The detailed view of the five methods’ results for the second dataset is shown in Fig-
ure 14. The proposed method and Voronoi-based method mosaicked image contained no 
mosaic holes. For Wang’s method, as shown in Figure 14e,f, there were four mosaic holes 
at the intersection of the seamlines. In its practical implementation, the polygon may be 
approximated as a quadrilateral. Moreover, there were concave polygons in this dataset, 
which are more difficult to process with this method. Yang’s method produced one mo-
saic hole, and the area was relatively large, significantly influencing the visual effect. For 
the ArcGIS method shown in Figure 14 m,n, four mosaic holes were produced at the seam-
line connection. For the Voronoi-based method, due to the large image overlap in dataset 
2, no mosaic holes were produced in Figure 14q,r. On the other hand, Figure 14 c,d shows 
the seamline produced by the proposed method, which completely enclosed the image 
boundary at the edge of the mosaicked image, except for Figure 14g,h produced by the 
Wang’s method and Figure 14o,p produced by ArcGIS method, although there were no 
mosaic holes in these scenes. However, the seamline did not choose the best placement in 
the effective overlap area, resulting in a smaller effective mosaic coverage and lower uti-
lization of orthoimages. 
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The detailed view of the five methods’ results for the second dataset is shown in
Figure 14. The proposed method and Voronoi-based method mosaicked image contained
no mosaic holes. For Wang’s method, as shown in Figure 14e,f, there were four mosaic
holes at the intersection of the seamlines. In its practical implementation, the polygon may
be approximated as a quadrilateral. Moreover, there were concave polygons in this dataset,
which are more difficult to process with this method. Yang’s method produced one mosaic
hole, and the area was relatively large, significantly influencing the visual effect. For the
ArcGIS method shown in Figure 14m,n, four mosaic holes were produced at the seamline
connection. For the Voronoi-based method, due to the large image overlap in dataset 2,
no mosaic holes were produced in Figure 14q,r. On the other hand, Figure 14c,d shows
the seamline produced by the proposed method, which completely enclosed the image
boundary at the edge of the mosaicked image, except for Figure 14g,h produced by the
Wang’s method and Figure 14o,p produced by ArcGIS method, although there were no
mosaic holes in these scenes. However, the seamline did not choose the best placement
in the effective overlap area, resulting in a smaller effective mosaic coverage and lower
utilization of orthoimages.

The statistical results of the two dataset experiments are given in Table 2. In dataset 1,
the Voronoi-based method and ArcGIS produced one mosaic hole. The proposed, Wang’s
and Yang’s methods achieved a perfect mosaic without holes. Regarding the invalid mosaic
ratio, the Voronoi-based was 0.00277% and the ArcGIS method was 0.00266%; since the
proposed, Wang’s and Yang’s methods did not produce mosaic holes, this indicator was
0%. For the mosaic coverage ratio, the proposed, Wang’s and Yang’s methods reached
100%, consistent with the effective orthoimage coverage in dataset 1. For the Voronoi-
based method, the seamline network was not optimal at the image overlaps, making the



Remote Sens. 2023, 15, 917 15 of 21

area near the boundary not effectively covered in the final mosaic. Therefore, the mosaic
coverage ratio was 98.76%, and for the ArcGIS method, this value was lower because its
seamline did not fit the edge and crossed some invalid areas, reaching 98.3%. In terms of
processing time, the Voronoi method was the fastest, requiring only 2765 ms; the proposed
method was almost twice as fast, requiring 5844 ms, the ArcGIS method took 13,725 ms,
and Wang’s method took the longest time, reaching 52,230 ms; for Yang’s method, because
of its seamline optimization, the time significantly increased to 104,533 ms.
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Table 2. Dataset 1&2 Statistical Results.

Method
Number of

Mosaic
Holes

Mosaic
Invalid
Ratio

Mosaic
Coverage

Ratio

Process
Time
(ms)

Dataset 1

Proposed 0 0% 100% 5844

Wang’s 0 0% 100% 52,230

Yang’s 0 0% 100% 104,533

ArcGIS 1 0.00266% 98.3% 13,725

Voronoi 1 0.00277% 98.76% 2765

Dataset 2

Proposed 0 0% 100% 14,892

Wang’s 4 0.0261% 98.44% 81,498

Yang’s 1 0.0331% 98.81% 153,391

ArcGIS 4 0.0347% 98.01% 25,124

Voronoi 0 0% 98.85% 9867

In dataset 2, Wang’s method produced four mosaic holes, which can be attributed to
the image’s valid area irregularity and the presence of concave polygons, and the invalid
mosaic ratio was 0.0261%. For Yang’s method, there was one hole in the mosaic result, the
area was relatively large, and the invalid mosaic ratio was 0.0331%. The ArcGIS method
produced four mosaic holes; it is worth noting that one of the areas near the edge of the
image was very large, which greatly affected the visual effect, and the invalid mosaic ratio
reached 0.0347%. Meanwhile, the proposed and Voronoi-based methods did not produce
mosaic holes, and the mosaic invalid ratio was 0%. In this dataset, the seamline networks
of Wang’s method, Yang’s method, the ArcGIS method, and the Voronoi-based method
did not fit closely to the images on the boundary. They were not optimal in terms of
mosaic coverage ratio, which was 98.44%, 98.81%, 98.01%, and 98.85% respectively. The
proposed method was still 100%; orthoimage overlay in the dataset was fully utilized. In
terms of time consumption, the Voronoi-based method was still the lowest, requiring only
9867 ms, followed by the proposed method, which took 14,892 ms, the ArcGIS method
took 25,124 ms, and Wang’s method required 81,498 ms; Yang’s method took the longest at
153,391 ms.

4. Discussion

The above experiments on two data sets proved that the proposed method has ad-
vantages in terms of accuracy and effectiveness compared to the classic approach. The
advantage of the proposed method is that the effective overlap of the orthoimage is used as
the initial condition to generate seamlines, and independent EMPs are generated for each
orthoimage. Therefore, in the case of insufficient or even very low overlap, it is ensured
that the seamline does not exceed the valid image region. In the dataset 1 experiment, even
the satellite images with low overlaps, the proposed (Figure 10a), Wang’s (Figure 10b), and
Yang’s (Figure 10c) methods produced no mosaic holes. Meanwhile, the Voronoi-based
method uses only the orthoimage centroid as the initial condition, and the ArcGIS method
does not take advantage of the valid region of the image. So, in the case of insufficient
overlap, mosaic holes are produced, as seen in Figures 11n and 11r, since the arbitrary
polygon is approximated as a quadrilateral in implementation. In dataset 2, the valid region
of the orthoimage was irregular polygons and even some concave polygons. Therefore,
despite sufficient overlapping redundancy, Wang’s method still produced four mosaic
holes. Yang’s method produced one large mosaic hole. In addition, the ArcGIS method also
produced four mosaic holes, and one of them had a large area, which greatly affected the
visual effect. Additionally, due to the increase in overlap redundancy, the Voronoi-based
method generated no mosaic holes even though it did not consider the valid orthoimage
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region. Since the proposed method improves the centerline generation method for polygon
irregularities and concave and convex cases, no mosaic holes were generated in this data
set as well. In all experiments, the produced mosaic holes were small compared to the
mosaicked images, and therefore the invalid mosaic ratio was a small value. However, any
hole in the middle of the mosaicked image will negatively impact the visual effect and
needs to be corrected.

For a set of orthoimages, the ideal mosaicked result coverage is the extent to which all
valid image regions overlap. In other methods, it is not considered whether the seamline
network is tight to the boundary of the image. Only the periphery of the mosaicked image
needs to be cropped off to avoid the mosaicked imperfections. In the dataset 1 Voronoi-
based method results (Figure 11o,p) and dataset 2 Wang’s method results (Figure 14g,h),
both produced a marginal gap for the seamline network not enclosing the orthoimage’s
boundary. Although the mosaic coverage ratio was very high and these areas did not
seriously impact the final visual effect, the shape characteristics of these gaps will lead to
a large amount of wasted area when the final cut is made. As shown in Figure 15, since
the proposed method had a better mosaic result without a gap at the image boundary, its
cropping range was nearly 18% larger than that of Wang’s method.
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Extreme Testing

The main innovation of this paper is introducing the Voronoi network to determine the
centerline of overlaps as a seamline, which solves the problem of seamline generation under
arbitrary polygons. To verify the advantage of the proposed algorithm under arbitrary
polygons, extreme case experiments were conducted.

The case consists of two images, one stitched together from two orthoimages in dataset
1, and the other is a third image that overlaps with these two orthoimages.

As shown in Figure 16, the overlap of these two images is marked with a blue polygon.
Unlike the usual case, the overlapping polygon is L-shaped, with nearly right-angle corners,
and is a typical concave polygon.
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Figure 16. Image stacking schematic of extreme conditions case.

For this case, three methods were used for seamline and mosaic image generation,
respectively. The results are shown in Figure 17; the proposed and Yang’s method gener-
ated the correct mosaic results, and the seamline network did not exceed the overlapping
polygons. Since the overlapping polygon, in this case, is L-shaped, it cannot be approx-
imated as a quadrilateral, so the seamline produced by the Wang’s and ArcGIS method
exceeded the overlapping polygon, and the ArcGIS method produced a large mosaic hole
near the L-shaped overlap. The mosaic result had a large deficit. The Voronoi-based method
achieved the worst results in this case, with large areas of loss in the mosaic image.
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5. Conclusions

Seamline network generation is a critical step in orthoimage mosaicking, which directly
affects the subsequent seamline optimization and the final mosaic results [22]. A fine
seamline network needs to comply with the following principles: (1) the EMP of each
image should preferably be selected near the image center; (2) the vectors in the seamline
network cannot cross the invalid image region. The Voronoi-based method follows the
first one but does not satisfy the second one, while the AVOD-based method satisfies all of
them, but there are limitations in terms of polygon shape in the actual implementation.

In this paper, a Voronoi centerline-based seamline network generation method is
proposed. The Voronoi diagram is generated by using the edge points of the orthoimage
overlap as the seed; hence, the centerline of the overlap region is extracted as the cutline.
Then, the cutline is used to cut each orthoimage to obtain the EMP, which is finally merged
into the seamline network. Two practical dataset experimental results show that the
proposed method can generate fine seamline and hole-free image mosaics. Both the invalid
mosaic ratio and the mosaic coverage ratio have advantages over the comparative methods.
The extreme case experiments in the discussion section also illustrate that the proposed
method can handle arbitrarily shaped polygons, even in niche cases. In terms of processing
efficiency, the proposed method takes twice as much time as the Voronoi-based method,
but the trade-off in effect improvement is relatively worthwhile.

The proposed method ensures that the seamlines in the network do not exceed the
orthoimage effective zone, and it can handle polygons of various shapes. However, there
are still some weaknesses; although it can extract the centerline stably for complex poly-
gons, the generated line segments have strange corners in some places where the Voronoi
network is sparse. In addition, this paper still needs to solve the problem of optimizing the
intersection of the seamline network, and there is still room for improvement in processing
efficiency [23], which will be further studied in future work.
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