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Automatic Overlapping Area Determination and
Segmentation for Multiple Side Scan Sonar

Images Mosaic
Xiaodong Shang , Jianhu Zhao , and Hongmei Zhang

Abstract—Seafloor image is important for marine scientific re-
search and ocean engineering. With the wide use of side scan sonar
(SSS), multiple measured SSS images need to be mosaicked to
form a large-scale and high-resolution seafloor image. This article
proposes an automatic mosaic method. First, the overlapping areas
between adjacent strips are determined automatically by the track
lines and swath width. In the overlapping areas, the image matching
is conducted using the speeded-up robust features algorithm with
the constraint of geographic coordinates of detected feature points.
Then, the overlapping area is segmented using the k-means cluster
method. Within each segmented region, the coordinate transforma-
tion model is established to make the positions of common features
in the overlapping areas unique. With regards to multiple SSS
images mosaic, the method to mosaic in sequence is also proposed
according to the permutation parameter of each strip. Finally, the
SSS images in the overlapping areas are fused and a large-scale
seafloor image is formed. This proposed method was applied in one
water area of Shenzhen, demonstrating good performance in terms
of coordinate consistency of the same features in the mosaicked
image. The mean coordinate deviations of the same feature points
in overlapping areas were nearly zero and the standard deviation
of them also decreased. This proposed method is easily transferable
to other study areas and provides an objective, repeatable means
for multiple SSS images mosaic.

Index Terms—K-means, mosaic, side scan sonar (SSS) image,
speeded-up robust features (SURF), swath width, track line.

I. INTRODUCTION

S EAFLOOR images reveal submarine substrate distributions
and underwater features, which are of significance to marine

scientific research and ocean engineering, such as habitat map-
ping [1], design of offshore structures [2], underwater navigation
[3], pipeline inspection [4], and subsea engineering [5]. Side
scan sonar (SSS) towed behind a survey vessel emits a wide-
angle beam and receives backscatter data at fixed time intervals
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to form a high-resolution seafloor image [6]. The surveying
works along a track line each time with one strip image as output.
Since the width of a single SSS image is relatively smaller than
the length of the track line, multiple parallel surveying lines are
designed for an acquisition of a large-scale seafloor map. To
ensure the data quality and the full surveying of the seafloor, the
proper acquisition of the seafloor area located below the sonar
requires a redundant coverage of at least 40% for image matching
[7]. Therefore, the generation of a large-scale seafloor image is
through processing several parallel SSS images, respectively,
and then mosaicking them together with the help of redundant
coverage.

Most SSS image mosaic studies tend to apply either geocod-
ing method [8], [9] or feature-based method [6]. The geocoding
method constructs a large-scale seafloor map in the defined geo-
graphic frame using multiple strips based on image coordinates.
In the overlapping areas, the average pixel values of adjacent
strips are used [9]. This method is efficient, but the performance
of the mosaicked image depends on the position accuracy of each
strip. When ultrashort base line (USBL) or short base line (SBL)
is not used in the surveying process because of the high cost, the
towing operation, potential currents dragging and flat bottom
assumption and other factors induce errors in the positions of
the SSS image [10]–[12]. Even with the USBL or SBL, the
complicated seafloor topography still makes the flat bottom
assumption invalid and the position accuracy of the SSS image
low [10]. Thus, if the SSS images are mosaicked according
to position coordinates, obvious artifacts (e.g., target ghosting,
dislocation) appear on the mosaicked image [6]. Compared
with the geocoding method, feature-based methods apply image
matching for neighboring strips and build a coordinate trans-
formation model based on the detected couple feature points
(CFPs) in the overlapping areas. The CFPs represent the detected
FPs for the same target in the overlapping area of adjacent SSS
images. In the transformation model, one SSS image works as
the reference and the others are aligned to it. Consequently, the
common targets are assigned with the same position coordinates
and artifacts are likely to disappear.

Feature-based image mosaicking method has been a research
hot point of remote sensing field for decades [13]–[17], including
using speeded-up robust features (SURF) algorithm [18], [19].
Li et al. studied some import remote sensing image mosaicking
works and discussed the current achievements and the future
challenges [20]. These methods used in remote sensing image

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/

https://orcid.org/0000-0002-9882-7553
https://orcid.org/0000-0003-3796-8405
mailto:xiaodongshang@whu.edu.cn
mailto:jhzhao@sgg.whu.edu.cn
mailto:hmzhang@whu.edu.cn


SHANG et al.: AUTOMATIC OVERLAPPING AREA DETERMINATION AND SEGMENTATION FOR MULTIPLE SSS IMAGES MOSAIC 2887

mosaicking filed can also be applied to SSS images mosaic
according to the SSS data characteristics.

In application of the feature-based method to mosaic SSS
images, the first step is to detect CFPs followed by image
matching. Daniel et al. made use of the highlighted area and
shadow zone in SSS images to detect FPs, which only found
large features in the image [21]. Chailloux et al. were the first
to combine the correlation ratio and mutual information (CR &
MI) of adjacent image intensity to obtain the common features
between two strips. However, their method is affected by the
complex noise from the ocean environment and variational gains
[7]. What’s worse, the method is bound to fail for homogeneous
areas with low entropy content [22]. SURF algorithm has proved
the effectiveness to detect FPs for SSS images [23]–[26]. It
locates key points of high variation and focuses on the spa-
tial distribution of gradient information. Meanwhile, it has the
invariant ability in rotation, scale, brightness and contrast [27].
After getting the FPs, some scholars suggested that setting prior
position knowledge as a constraint for SSS image matching
reduces the mismatching ratio [6], [25]. Since only the FPs
in the overlapping areas is of interest, the determination of
the overlapping areas between adjacent strips is desirable but
scarcely. Using the CFPs, a coordinate transformation model
is established. However, due to the water current, wave, vessel
velocity, cable length variation and complicated topography, the
coordinate deviations of CFPs in different positions are variable
and the local image distortions may be different across the whole
SSS image. Thus, establishing a single coordinate transforma-
tion model may be unpractical for the whole overlapping area.
It is prefer to segment the overlapping area into several regions
based on the target distribution and image textures [6], [23].
By establishing the coordinate transformation model for each
segmented region, the local image distortions are taken into
consideration. Then, the utility of the established model corrects
the coordinates of sensed SSS images, which are fused with the
reference one in the last step. Nonetheless, obvious drawbacks
of most segmentation operations are subjective and empirical.
Thus, an objective and automatic method of overlapping areas
segmentation is in desperate need.

This article proposes a multiple SSS images mosaic method
with higher degree of automation and objectivity. It is also an
extension of our previous study [6]. In Section II, an automatic
SSS image mosaic method is presented to obtain the large-scale
seafloor image. In Section III, a detailed description of the exper-
iments and results are presented. In Section IV, we discussed the
importance of overlapping area determination and segmentation
for SSS images mosaic. This proposed method is also com-
pared with some state-of-the-art methods. Another experiment
in Bohai sea is added to further verify our method. Meanwhile,
the limitations of the proposed method and the future work are
discussed. Finally, main conclusion is drawn in Section V. By
proposing a frame for multiple SSS images mosaic, the main
contributions of this article are summarized as follows.

1) Based on the track lines and swath width, a method to
automatically determine the overlapping area is proposed,
replacing manual operation.

2) The improved image matching method increases the cor-
rect ratio of initial matched CFPs by adding geographic
coordinate constraints to the SURF algorithm.

3) To fix the subjective and empirical problem in manual
labeling, k-means cluster method is utilized to divide the
overlapping areas into several regions, according to the
distribution of FPs and track line points.

II. MATERIALS AND METHODS

A. Survey Area and Data

The development of this method is validated by the SSS data
collected in a water area of Shenzhen as shown in Fig. 1(a), where
the water depth ranges from 10 to 15 m. In this experiment,
EdgeTech 4125 with the operating frequency of 400 kHz and
towed by a cable of 5 m behind the vessel was adopted. Four
surveying lines with the lengths of 2015, 2390, 2474, and 1936
m were designed. The swath width was set as 200 m and the
overlapping rate was 50%. During the surveying, raw surveying
data were recorded in “.xtf” files.

To process these obtained files, the original data were first de-
coded to form waterfall images ping by ping. Afterward, a com-
prehensive bottom tracking method which based on the thresh-
old principle, the last peak method, the assumption of seabed
continuous variation and the symmetry assumption was used to
detect the first backscatter echo of each ping after emitting the
acoustic wave [28]. Next, the radiometric correction was utilized
to compensate for the propagation and spreading attenuation as
well as the beam angle variation [12]. Then, slant-rang correction
was employed to project temporal echoes on to the ground,
converting slant range to across-track coordinates [29]. Finally,
by combining vessel-mounted GPS positioning results, cable
length and the towfish heading, the SSS image pixel coordinates
were reckoned [29] and the geocoded SSS images were obtained,
as shown in Fig. 1(b)–(e). Due to the towing operation, the flat
bottom assumption, towing distance and bearing controlled by
the towing speed and the currents, the accuracies of geographic
coordinates of SSS image are usually low. Thus, using the
geocoding method to mosaic SSS images together may cause ar-
tifacts, for example, one target may be presented in two different
positions.

B. Method

1) Overlapping Areas Determination According to the Track
Lines and Swath Width: Usually, the track lines during survey-
ing are parallel and the swath width remains constant [7]. Fig. 2
indicates that the overlapping areas between adjacent strips i-1
and i are determined by two lines L2(i-1)-1 and L2(i-1). The track
lines associated with these two strips are TLi-1 and TLi, which
are almost straight and can be described by a function yi = aix
+ bi (i = 2, 3, …, n). Using the track line points, the slope
parameter ai and intercept parameter bi are easily computed
by least square approximation. As the L2(i-1)-1 and L2(i-1) are
parallel to the track lines and the distance between them is the
swath width D, the equation to describe the edge of overlapping
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Fig. 1. (a) Surveying area and (b)–(e) Four geocoded SSS images.

Fig. 2. Overlapping areas determination according to the track lines and swath width. TL is the abbreviation of track line and Li indicates the edge of the ith
strip.

area can be set as

Y2(i−1)−1 = ai−1x+ bi−1 +D

Y2(i−1) = aix+ bi −D. (1)

Based on (1) and Fig. 2, the points (x,y) located in the
overlapping area between adjacent two strips i-1 and i should

satisfy

(x, y) ∈ {
(x, y)|Y2(i−1) < y < Y2(i−1)−1

}
. (2)

2) FPs Detection and Image Matching Within the Overlap-
ping Area Under the Constraint of Image Geographic Coordi-
nates: The SURF algorithm has proved its effectiveness for SSS
image feature detection. By using (2), we selected the detected
FPs in the overlapping areas. When no FPs are retained, it
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indicates that the overlapping areas are homogeneous and no
obvious seafloor features exist. In this case, the pixel values of
adjacent strips can be averaged directly in these positions. When
lots of FPs is detected in the overlapping areas, image matching
is usually conducted based on Euclidean distance between the
SURF feature vectors of FPs [27]. However, only adopting
SURF feature vectors for SSS image matching may cause lots
of mismatches [6], [25]. Though there are image coordinate
differences between FPs for the same feature target, this kind
of difference is within a range. Thus, when the geographic
coordinate deviations of the detected FPs in adjacent SSS images
are too large, these FPs do not make the correct matches. Based
on this, the geographic coordinates of FPs are adopted as a
constraint to make the initial image matching more correct. The
main steps are as follows.

1) Take strip i-1 as reference image and strip i as sensed
image. For each FP in the reference image, m nearest FPs
in the sensed image are selected as the candidate matches.
This process can be easily achieved by employing k-d tree
searching method [30] and m is set as 20 in this article.

2) Compute the Euclidean distances of feature vectors be-
tween the FPs in the reference image and the selected m
ones in sensed image.

3) Choose the candidate matched point associated with the
minimum Euclidean distance between SURF feature vec-
tors as the matched one.

4) Repeat the above process for all FPs in the reference
image, the initial image matching result for adjacent strips
can be obtained.

Even with the constraint of geographic coordinates, mis-
matches are practically inevitable. It is necessary to elimi-
nate the incorrect matches through random sample consensus
(RANSAC) algorithm to obtain the correct matched CFPs [31].

3) Overlapping Area Segmentation Using K-Means Cluster
Method: After getting the correct matches, the following step
is to transform the coordinates of FPs in sensed SSS image by
referring to these in reference strip. Since the local distortions
in different positions of SSS image are variable, it is prefer to
segment the overlapping areas into separate regions and establish
the corresponding transformation models [6], [23]. To make
the segmentation operation automatically and objectively, the
k-means cluster algorithm is adopted. Meanwhile, track line
points serve as a good constraint to ensure the global stability of
the coordinate transformation of FPs [6]. And they are combined
with the FPs to establish the coordinate transformation model.
The use of k-means cluster algorithm to segment the overlapping
areas according to the distribution of FPs and track line points
is performed by following steps.

1) Conduct k-means cluster algorithm for the matched FPs in
the overlapping area of sensed SSS image and the track line
points of adjacent strips. The optimal number of clusters
is determined by computing within group sum of squares
(WGSS) and the change in gradient of WGSS against
number of clusters [32].

2) Choose the matched FPs and corresponding track line
points in each cluster to establish a coordinate transforma-
tion model, which is described in the following section.

3) Compute the distance between the pixel geographic co-
ordinates of the sensed image and the cluster centers.
The transformation model associated with the minimum
distance is adopted to transform the pixel coordinates in
the sensed SSS image.

4) Local Coordinate Transformation With Constraint of
Track Line Points in Segmented Regions: Since the SSS image
coordinates are affected by many factors (e.g., currents, flat
seabed assumption), the distortions in different positions of the
image are variable. The thin plate spline (TPS) function can
model complex local distortions without undue effects being
propagated throughout the remainder of the image [33]. Thus, it
is adopted to establish a coordinate transformation model. Mean-
while, considering both the local distortions between FPs and the
global stability in the overlapping area, evenly distributed points
in SSS track lines are taken as a constraint when establishing the
transformation model [6].

For each segmented region, take coordinates of matched CFPs
as (Xf, Yf) and the selected track line point coordinates of
adjacent strips as (Xc, Yc), the transformation model based on
TPS function is shown as(

K Q
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A B

)
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(
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)
. (3)
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To solve (3), we calculate the parameters W, V, A, and B by

(
W
A

)
=

(
K Q
Q′ 03∗3

)−1 (
F

03∗1

)
(
V
B

)
=

(
K Q
Q′ 03∗3

)−1 (
G

03∗1

)
.

(4)

Through (3) and the computed parameters, we can acquire the
transformation of arbitrary point (x, y) in the overlapping area
of sensed image. Establish the transformation model for each
segmented region and transform the pixel coordinates of sensed
image, the positions of the same targets in different SSS images
become constant and the artifacts disappear. By averaging the
gray values between reference SSS image and transformed
sensed SSS image in overlapping areas and retaining the raw
gray values in nonoverlapping areas, the mosaicked SSS image
between adjacent strips is achieved. In addition to compute
the average value in overlapping areas, many related works
have resorted to weighted average, such as the cosine distance
weighted blending method [14]. However, when using SSS for
seafloor mapping, the emitting intensity and time varying gain
parameters were set constant for one surveying task [8], [9], [29],
[34]. As a result, for the same area on the seafloor, the recorded
SSS data intensity levels remain constant after employing the
processing steps including radiation correction and slant-range
correction. Consequently, averaging the pixel values in overlap-
ping areas is practical to ensure that the mosaicked image is
seamless.

5) Multiple SSS Images Mosaic Strategy: For multiple SSS
images, the image mosaic is conducted for adjacent two strips
in order. Fig. 2 indicates that the SSS images are permuted
according to track lines. The schematic diagram of this automatic
and objective multiple SSS images mosaic method is shown in
Fig. 3, which includes the following steps.

1) Compute slope and intercept parameters of each track line.
Then, select the x coordinate of arbitrary one point in the
track line and calculate the y coordinates using the ob-
tained track line functions. By sorting the computed y co-
ordinates from minimum to maximum as y1<y2<…<yn,
the obtained yi is named permutation parameter.

2) Choose the adjacent SSS images associated with two
minimum permutation parameters.

3) Conduct FPs detection for the chosen SSS images using
SURF algorithm.

4) Compute the overlapping area between the two strips.
When no overlapping area exists, the raw data are retained;
when there exist overlapping areas, select the detected
FPs in the overlapping areas and conduct image matching
using SURF algorithm with the constraint of geographic
coordinates.

5) Segment the overlapping area into several regions using
k-means algorithm. For each segmented region, when
no matched FPs are detected, the geocoding method is
adopted to get the mosaicked result; when enough FPs
are detected, the coordinate model is established. By the
established model, the sensed SSS image coordinates are
corrected.

6) Conduct image fusing for the sensed SSS image with cor-
rected coordinates and the reference one, the mosaicked
result for adjacent SSS images is acquired. In the over-
lapping areas, the averaging pixel values are used; in
nonoverlapping areas, raw pixel values are retained.

7) Mosaic this previous mosaicked one and the following
strip with permutation parameter yi according to steps (c)–
(f). When no SSS image is left, the mosaicked SSS image
is acquired.

C. Assessment

To assess the effectiveness of the proposed method, the direct
and subjective method is to check whether there are artifacts in
the finally mosaicked image. The objective criteria to validate
our method is to conduct the interior checking and exterior
checking. The interior checking involves choosing the CFPs
from reference and sensed images to establish the coordinate
transformation model and computing their coordinate deviations
(in east and north directions) as well as statistical parameters
(maximum / minimum / mean / standard deviation) before and
after the mosaicking process. The exterior checking involves
choosing the CFPs not used to establish the transformation
model and also computing those statistical parameters.

III. RESULTS

A. Image Matching With the Constraint of Geographic
Coordinates

The image matching results using SURF algorithm with and
without the constraint of geographic coordinates between two
adjacent strips were shown in Fig. 4, which indicated that with
the constraint of geographic coordinates, more correct initial
matches were obtained [see Fig. 4(a) and (c)]. After conduct-
ing the RANSAC algorithm for initial matches, Fig. 4(d) still
presented the obvious mismatches. This is because the features
that existed on the seafloor surface were relatively simple and
the detected edges and FPs could be represented by similar
SURF descriptors, which may decrease the distinctiveness of
SURF descriptors. If not using the geographic coordinate as
a constraint, two distant FPs that were represented by similar
SURF descriptors may be treated as matches. As a result, many
mismatches appeared. Since the RANSC algorithm is sensitive
to high exterior rate, it fails to eliminate the wrong matches when
they accounted for a large proportion [35]. On the contrary,
using the constraint of geographic coordinates can help avoid
this problem because even when the SURF descriptors of FPs
were similar, only the FPs that were not far away were treated
as matches. Thus, initial image matching performed better and
the correct matches were obtained after applying RANSAC
[see Fig. 4(b)]. This result proved the importance of using the
geographic coordinates as a constraint.

B. Distribution of Coordinate Deviations of Matched CFPs

Compute the coordinate deviations of matched CFPs, the
distribution of them was shown in Fig. 5. The starting points of
the arrows were located at the positions of the FPs and the length
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Fig. 3. Schematic diagram of multiple SSS images mosaic method.

of arrows indicated the magnitudes of coordinate deviations.
Though all the arrows pointed the southeast direction, some
arrows were pointing near the east direction while others pointed
almost the south direction. Moreover, the lengths of arrows
occupied a wide range. The variation of the directions and
lengths of the arrows suggested that the coordinate deviations

between matched CFP were variable. When establishing a coor-
dinate transform model, these variations should be considered.
Since TPS function could model the local coordinate deviations
between matched CFPs without undue effects being propagated
throughout the remainder of the image [33], [36], it was adopted
to establish the coordinate transform model.
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Fig. 4. Initial image matching results (a) with and (c) without constraint of geographic coordinates. (b) and (d) are the matched results after applying RANSAC
algorithm for (a) and (c).

C. Overlapping Area Segmentation Using K-Means Algorithm
and Adjacent SSS Image Mosaic

Segmentation operation was also conducted for SSS image
mosaic when considering the variable coordinate deviations
between matched CFPs. Using the k-means algorithm to cluster
the FPs and track line points into different classes, the plots
of WGSS and the change in gradient of WGSS against cluster
numbers were shown in Fig. 6(b). Fig. 6(b) suggested that when
the cluster number was larger than four, the plot of WGSS and
gradient in WGSS became stable. Thus, the overlapping area
was segmented into four regions. The FPs and track lines were
assigned into individual regions [see Fig. 6(a)]. For yellow, blue
and red regions in Fig. 6(a), abundant FPs existed. Thus, using

the FPs and track line points for each region, the corresponding
coordinate transformation model could be established accord-
ing to (3). As no enough FPs existed in the green region, no
transformation model was built.

After getting three transformation models and computing
the geographical distance between the pixel coordinates of
the sensed image in the overlapping area and the four cluster
centers, the transformation model associated with the minimum
geographical distance was adopted to transform the pixel co-
ordinates of the sensed image in the overlapping areas. When
the pixel coordinates of the sensed image in the overlapping
area were nearest from the cluster center of green region, no
coordinate transformation operation was conducted and the av-
erage gray values between adjacent strips were directly used. By
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Fig. 5. Distribution of coordinate deviations of matched CFPs. The arrows and
the length of them indicate the directions and the magnitude of the coordinate
deviations. A zoomed area is shown in black rectangle.

Fig. 6. (a) Segmented result (yellow, blue, red and green) for overlapping
area between adjacent strips. (b) Plot of cluster numbers against WGSS and the
gradient of WGSS.

computing the average gray values between reference SSS image
and transformed sensed SSS image in overlapping areas and
retaining the raw data in nonoverlapping areas, the mosaicked
SSS image of adjacent strips was obtained [see Fig. 6(a)].

D. Comparison Between Using the Proposed Method and
Geocoding Method

To get the large-scale seafloor image using the four strips in
Fig. 1, the permutation parameters of each strip were calculated
(y1 = 2.4989e+6; y2 = 2.4993e+6; y3 = 2.4997e+6; y4 =
2.5002e+6) and sorted from minimum to maximum. Next, two
strips with the minimum two parameters were chosen to form
a mosaicked image using the proposed method. Sequentially,
the third and fourth strips with the parameters y3 and y4 were
mosaicked with the former mosaicked one to form the final large-
scale seafloor image [see Fig. 7(a)]. This mosaicked image using
the proposed method was also compared with the one using the
geocoding method [see Fig. 7(b)]. It indicated that using the
geocoding method, the artifacts (the same targets were seen in
different positions) were presented in the mosaicked image [see
Fig. 7(b1), (b2), and (b3)]. While using our proposed method,
the same targets were associated with unique locations in the
mosaicked image and no artifacts appeared [see Fig. 7(a1), (a2),
and (a3)]. This experiment was performed using the hardware
with the i7, 3.40 GHz Intel Core and 8.00 GB RAM. To get the
mosaicked image, it took 15.47 minutes.

E. Assessment

To further objectively evaluate the effectiveness of the pro-
posed mosaic method, seventy percent of matched CFPs were
used for interior checking and the remaining points were used
for exterior checking. The histograms and statistical parameters
of coordinate deviations of the CFPs were shown in Fig. 8 and
Table I. In Table I, dE1 and dE2 were the coordinate deviations
of CFPs for interior checking before and after conducting the
coordinate transformation in east direction; dN1 and dN2 were
those for interior checking in north direction; dE1’ and dE2’
were those for exterior checking in east direction; dN1’ and
dN2’ were those for exterior checking in north direction. Before
applying the transformation model to the overlapping area in
sensed image, there were obvious coordinate deviations for
matched CFPs in reference and sensed images (see Fig. 8 and
Table I). The mean coordinate deviations in terms of east and
north directions were 17.37 and -10.74 m for interior checking
points and 13.98 and 8.91 m for exterior checking ones. That
was why the same target appeared in different positions in the
mosaicked image when using geocoding method [see Fig. 7(b)].

While after transforming the FP coordinates of the sensed
image, the coordinate deviations of matched CFPs decreased.
For the interior checking points, mean coordinate deviations in
terms of east and north directions decreased to 0.01 and 0.00 m;
standard deviation (STD) decreased from 10.30 and 6.62 to 4.22
m and 3.47 m. With regards to exterior checking points, mean
coordinate deviations for east and north directions decreased
to 0.81 and 1.73 m; STD decreased from 10.18 and 22.34 to
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Fig. 7. SSS image mosaic results using (a) the proposed and (b) geocoding method. The contrast has been increased.

TABLE I
ACCURACY ASSESSMENT FOR WHOLE AREA
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Fig. 8. (a) and (a1) Histograms of coordinate deviations of CFPs for interior
checking before and after conducting the coordinate transformation in east
direction. (b) and (b1) Those for interior checking in north direction. (c) and
(c1) Those for exterior checking in east direction. (d) and (d1) Those for exterior
checking in north direction.

8.93 m and 11.36 m. This indicated that the same targets were
finally assigned with the almost same coordinates. For both
interior checking and exterior checking, the consistency of CFP
coordinates was improved. Meanwhile, the statistical parameters
and histograms for interior checking seemed better than these
for exterior checking. But they were both better than these for the
original data before conducting the coordinate transformation.
These histograms and statistical parameters proved that using the
proposed multiple SSS images mosaic method, the coordinates
of matched CFPs in the mosaicked image became unique.

IV. DISCUSSION

A. Impact of Overlapping Area Determination on SSS Image
Matching

To evaluate the importance of overlapping area determination
for SSS image matching, the SSS image matching results before
and after applying the RANSAC algorithm for two adjacent
strips without overlapping area determination were shown in

Fig. 9 and Table II. Fig. 9 and Table II indicated that the number
of initial matched points (1301 matched points) was greatly more
than that (570 matched points) when only conducting image
matching in the overlapping area. But most of initial matches
were wrong in Fig. 9(a). Compared with the image matching
results shown in Fig. 4(c) and (d), which used the SURF algo-
rithm for initial image matching and the RANSAC to eliminate
the mismatches, Fig. 9(b) still presented the correct matches.
This further proved the importance of using the geographic
coordinates as a constrain for SSS image matching. However,
the number of retained corrected matched points (116 matched
points) was less than that (154 matched points) when conducting
image matching in the overlapping area (see Table II). The ratio
of correct matches was low (8%) and some correct matches were
not retained [see black circles in Fig. 9(b)]. Moreover, compared
to Fig. 9(b), the correct matches distributed more evenly when
conducting image matching in overlapping areas [see Fig. 4(b)].

B. Importance of Segmentation Operation for SSS Image
Coordinate Transformation

Considering that the coordinate deviations of matched CFPs
were variable across the SSS image, the overlapping area was
segmented into several regions when establishing the coordinate
transformation model. When no segmentation operation was
conducted, the SSS image mosaic result also seemed desirable
[see Fig. 10(b)] because the using of TPS function to establish the
transformation model could accommodate the local coordinate
deviations between CFPs. However, when some areas were
zoomed, the artifact would appear (the same feature was seen
in different positions), as shown in Fig. 10(b1). On the contrary,
no artifacts appeared in Fig. 10(a1) and the same target was
associated with unique coordinates in the mosaicked image
when using the segmentation operation.

The accuracy assessment for adjacent SSS image mosaic
without and with segmentation operation was given in Table III.
For the interior checking points when using segmentation op-
eration, mean coordinate deviations in terms of east and north
directions after coordinate transformation decreased from 3.09
and −1.14 to −0.01 m and 0.00 m; STD decreased from 9.40
and 7.26 to 3.75 m and 4.06 m. With regards to exterior checking
points when using segmentation operation, mean coordinate
deviations in terms of east and north directions after coordinate
transformation decreased from 4.71 and −1.54 to 1.35 m and
0.34 m; STD decreased from 9.79 and 7.29 to 9.34 m and
7.02 m. These statistical parameters indicated that using the
segmentation operation, the coordinate deviations of matched
CFPs decreased more. Both Fig. 10 and Table III suggested
that the use of segmentation operation could help to avoid the
appearance of artifacts in the mosaicked image.

C. Comparison With Other Image Matching Methods

Image matching is the premise of image mosaic and provides
accurate matched CFPs for building a coordinate transforma-
tion model. In Section III-A, the image matching results with
and without constraint of geographic coordinates of FPs had
been compared, which indicated that initial image matching
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Fig. 9. (a) Initial image matching result without determining overlapping area. (b) Image matching result after applying RANSAC algorithm.

TABLE II
COMPARISON OF WHETHER OVERLAPPING AREA DETERMINATION WAS ADOPTED FOR IMAGE MATCHING

Fig. 10. Comparison of mosaicking two adjacent strips (a) with and (b) without
segmentation operation. The contrast has been increased.

performed better under the constraint of geographic coordinates.
After applying the RANSAC algorithm for the initial matching,
the correct matches were obtained.

In addition to using the SURF algorithm for SSS image match-
ing, Chailloux et al. also proposed an intensity-based block
matching algorithm [7]. They compared different similarity
measures of FPs and concluded that the combination of CR & MI
would be a good descriptor for SSS image FPs [7]. Thus, CR &
MI without and with constraint of geographic coordinates were
used for initial matching. Meanwhile, many other feature-based
methods exist in image matching field [37] and the representative
oriented fast and rotated BRIEF (ORB) algorithm is an efficient
alternative to SURF [38]. Thus, the ORB algorithm without and
with constraint of geographic coordinates were also adopted for
initial matching.

After applying the RANSAC algorithm for the initial matches,
the finally matched results were shown in Fig. 11 (a)–(d). It can
be seen that under the constraint of geographic coordinates, the
matched results were correct. On the contrary, wrong matches
still existed without the constraint of geographic coordinates.

This experiment used another two image matching methods
to detect and describe CFPs of two SSS images. No matter
what kind of algorithm was used, the constraint of geographic
coordinates could always ensure better initial matches. After
applying the RANSAC algorithm for the initial matches, the
correct matched results could be obtained. The results further
proved the importance of considering the geographic coordi-
nates as a constraint.



SHANG et al.: AUTOMATIC OVERLAPPING AREA DETERMINATION AND SEGMENTATION FOR MULTIPLE SSS IMAGES MOSAIC 2897

TABLE III
ACCURACY ASSESSMENT FOR ADJACENT SSS IMAGE MOSAIC WITH AND WITHOUT SEGMENTATION OPERATION

D. Method Repeatability: Applicability of the Proposed
Method in Bohai Sea Waters

To further verify the performance of the proposed method,
another experiment using the collected data in Bohai sea waters,
where the depth ranges from 10 to 20 m, was conducted. In this
experiment, two surveying lines with lengths of 701 and 720 m
were designed. The swath width was set as 50 m and the overlap-
ping rate between two adjacent strips was 50%. After processing
the obtained SSS data, two strips were shown in Fig. 12 (a) and
(b), which indicated there exist the same features and targets in
the overlapping area. Applying the proposed mosaic method for
the two strips, the mosaicked image was presented in Fig. 12
(c). This mosaicked image revealed the features of both strips I
and II. Moreover, the same features in the overlapping area were
clearly presented and no artifacts appeared. This experiment was
performed using the same hardware with the i7, 3.40 GHz Intel
Core and 8.00 GB RAM, and the computing time was 10.82
minutes.

Both the experiments using the collected data in Shenzhen
and Bohai sea were conducted along the coast and the depth is
not very deep. Since the SSS is mainly towed by a cable behind
a vessel for scanning surveying, it is always near the seafloor
surface and used for high-resolution mapping in different un-
derwater scenarios including deep sea, shallow waters, lakes or
rivers [12], [29]. This operating mechanism of SSS will not be
affected by the water depth when the sea conditions are stable
[29]. Therefore, the proposed method can be used in different
water areas.

E. Limitations of the Proposed Method and Future Direction

The two experiments using the collected data in Shenzhen
and Bohai sea both used the same-survey data for image
mosaic. For the same survey, the parameters of SSS during
the surveying time would be unchanged [8], [9], [29], [34].
Thus, the same features of the seafloor surface present the
same intensity on different SSS images. After processing the
SSS images, no tonal difference exists between different strips.
Consequently, the SURF algorithm is sufficient to detect the
CFPs.

However, some long-term survey tasks require several peri-
ods. In each surveying period, the parameters of SSS may be
reset. Moreover, a different SSS with a different frequency may
be used. As a result, the SSS images obtained from different
times and sonars would present the tonal difference. This kind
of intensity difference is sometimes nonlinear [39], [40]. In this
case, using SURF algorithm may fail to detect the accurate
CFPs as SURF is not robust to nonlinear intensity difference
[41], [42]. To settle this problem, many new image matching
methods and novel descriptors of FPs have appeared in remote
sensing image matching field, including the RIFT method [41]
and the DLSS descriptor [42]. Meanwhile, the tonal adjustment
should be considered before mosaicking because of the SSS
image intensity differences. A local moment matching algorithm
has proved its effectiveness to solve this problem [14]. Based on
the existed research and SSS data characteristics, the future work
would focus on developing new methods to detect and describe
the FPs on the SSS images obtained from different sonars and
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Fig 11. (a) and (b) SSS image matching results after applying RANSAC algorithm for the initial matching using CR & MI without and with constraint of
geographic coordinates. (c) and (d) These using ORB algorithm without and with constraint of geographic coordinates.

Fig 12. Two strips and the mosaicked image in Bohai sea waters.
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periods. Meanwhile, the tonal adjustment is also a research point
for these kinds of SSS images.

V. CONCLUSION

This article proposes a multiple SSS images mosaic method to
form a large-scale seafloor image. When multiple strips are used,
the mosaic operation is conducted between two adjacent strips
in sequence according to the permutation parameters. The track
lines and swath width are employed to automatically confirm
the overlapping areas between adjacent strips. With regards to
the image matching within the overlapping area, the geographic
coordinates are used as a constraint to improve the initial match-
ing accuracy. Otherwise, k-means cluster algorithm is used to
objectively segment the overlapping area into several regions
where the corresponding coordinate transformation models are
established.

The proposed method was successfully applied for SSS image
mosaic in water areas of Shenzhen and Bohai sea, providing
great objectivity and automaticity in terms of overlapping area
determination and segmentation. Experimental results showed
that the coordinate deviations of the same features in the over-
lapping areas were reduced. The same targets were associated
with unique positions in the mosaicked image. Such a mosaicked
image exposes correct substrate characteristics and surface fea-
tures, which is meaningful for understanding and interpreting
the seafloor.
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