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Abstract— We present an adaptive weighted temporal averaging
filter with implicit motion-compensation for effective object en-
hancement in sector scan sonar image sequences. Visual blurring
artifacts introduced by the temporal filtering process due to
motion of the sonar platform are minimized by accurate motion
estimation and compensation. An algorithm is proposed to
perform object boundary extraction for better motion estimation.
Motion estimation is performed directly on polar image sequences
using cross-correlation followed by a Minimum Mean Square
Error (MMSE) method. Each pixel of the filtered image is
computed as the weighted average of the image pixel values over
successive frames after motion compensation. The performance
of the proposed filter is tested using real sector scan sonar image
sequences and the results are compared with those obtained
using the temporal averaging and motion compensated temporal
averaging filters.

I. INTRODUCTION

Images constructed from data collected with sector scan
sonar systems suffer various temporal and spatial distortions
due to the complexities of the underwater environment and
various motion effects during image data acquisition. These
distortions tend to reduce the signal to noise ratio of an image
sequence. When returned signals from an object are not strong
enough, the desired information based on that object’s appear-
ance in the image sequence cannot be determined. Therefore,
it is desirable to increase the signal to noise ratio of the image
sequence using appropriate image filtering techniques.

Many of the image filtering techniques are described in
[1]. Noise reduction filters for image sequences are briefly
reviewed in [2], where both spatiotemporal and temporal
Sfilters, with and without motion compensation, were examined.
In general, motion compensation improves the performances
of these filters by reducing the motion-induced artifacts that
would otherwise have appeared in the filtered image sequence.
Hence motion estimation and compensation play an important
role in image filtering.

Generally speaking, motion estimation algorithms can be
classified into non-parametric block-based, parametric mo-
tion model-based and optic-flow-based approaches. The non-
parametric block-based method determines a displacement
vector for distinct blocks of pixels, and thus avoids the problem
of segmenting image frames into stationary background and
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moving areas. The parametric motion model, i.e., affine or
perspective model, describes a region in an image with a
few parameters, usually the translation, rotation or zooming
parameters. The optic-flow-based approach assumes that an
object’s brightness is unchanged in an image sequence. Fur-
thermore, Horn-Schunck proposed that only the projection of
the optical field onto the direction of gradient is confined [3].
In other words, an estimated optical flow motion vector is the
projection of the real motion vector onto the direction of the
image gradient, rather than the actual motion vector.

A number of motion estimation algorithms using block
matching have been reported [4]. Dekeyser, et al. proposed
a general adaptive spatiotemporal Wiener filtering framework
exploiting a two-dimensional (2D) parametric motion model
for realizing motion compensation [5]. Lane, et al. presented
an approach to the segmentation and 2D optical flow motion
estimation in sector scan sonar image sequences [6]. All of
these approaches assume that there exists pixel correspondence
between two consecutive frames. Most existing image motion
estimation techniques do not explicitly take noise into account,
although in [7] the displacement vector is estimated from noisy
data using the generalized maximum likelihood criterion. The
Kalman filtering approach of [8] estimates the displacement
vector from noisy image sequences, while in [9] an estimator
is proposed that simultaneously estimates the displacement
vector, and restores a sequence that is noisy and blurred.

Most of the available filtering algorithms work well on
optical and infrared images, where signal to noise ratio is
high and either object or background image pixel values
are relatively stable with time. A sector scan sonar image,
however, is composed of the returned signals from possible
man-made and natural objects amid a background of noise
or reverberation (clutter). The signal to noise ratio is low
and non-stationarities (pixels with statistics that change from
frame to frame within an image sequence) exist both in the
object and the background image areas. Furthermore, not all
the temporal non-stationarities are the result of motion. In this
work, temporal averaging and motion-compensated temporal
averaging filtering are in general found not effective in sector
scan sonar image processing. It was found that adaptability
both spatially as well as temporally is important in processing



such image sequences.

In this paper, we propose an adaptive weighted temporal
averaging filter with implicit motion-compensation. Visual
blurring artifacts introduced by the temporal filtering pro-
cess due to motion are minimized by the implicit motion
compensation and the spatiotemporal adaptivity of the filter.
The performance of the proposed filter is compared with
those of the temporal averaging and motion compensated
temporal averaging filters. The remainder of this paper is
organized as follows. The implementation of the proposed
filtering algorithm is presented in Section II. Section III reports
the experimental results obtained by applying the proposed
filter to a real sector scan sonar sub-image sequence. Section
IV gives conclusions of this paper.

II. FILTER IMPLEMENTATION
A. Problem statement

Assume we can break down a multiple-object sector scan
image sequence into multiple sub-image sequences each con-
taining only one object. Therefore, let’s assume there is one
and only one object present in a sector scan sonar image
sequence Z® k = 1,...,N. Each image, as shown in Figure
1, in the image sequence is generated in polar coordinates
but displayed in rectangular format with the horizontal and
vertical axes representing bearing and range respectively. For
the kth image frame in the sequence, g; ;i denotes the
observed intensity of the (¢, j)th pixel, where ¢ and j denote
the bin numbers along the vertical (range) and horizontal
(bearing) axes respectively. Due to various temporal and
spatial distortions, the object appears to change shape, colour,
size and position from frame to frame in the sequence. An
appropriate image processing technique is required to enhance
and stabilise the object in the sequence.

B. Object boundary extraction

In order to accurately detect an object’s movement in two
consecutive frames in a given image sequence, an algorithm
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is developed to extract the object’s boundary in each image
frame. The algorithm consists of three main steps:

Step 1. Assume object boundary extraction is to be per-
formed on the kth image frame in a given sequence.
Let (T* = m,m+ 0, m+ 20, m+30) be a threshold
value vector, where m and o are, respectively, the
mean and the standard deviation of pixel values of
the kth frame.

Perform thresholding on the kth image frame with
one of every element of 7% as a threshold at one
time. There are four resultant binary images each
corresponding to an element of 7. Denote the re-
sultant binary image (Figure 2(a)) that was processed
with the smallest threshold value, that is m, as Bs .
There are multiple objects in B¥. Search all the other
resultant binary images and find the one containing
one and only one object, as shown in Figure 2(b).
In case more than one such binary image is found,
select the one that was processed with the smallest
threshold value and denote it as Bl’f.

By matching B,’f and BY, the boundary of the object
in B overlapping the object in B} is defined as
the approximate object’s boundary, as shown with
broken line in Figure 2(c), for frame £ in the input
sequence. With this identified object’s boundary, an
image containing object pixels only (to be called
the object-only-image hereafter) can be created by
setting all of the pixel values in Z* to zero except
those located within the object’s boundary. Denote
this object-only-image as S*.

Step 2.

Step 3.

C. Object displacement estimation

1) Displacement in matrix coordinate: Suppose we want to
estimate an object’s displacement in two consecutive frames,
k and (k — 1), in a given image sequence. First, we apply
the object boundary extraction method as described in the
previous section on frame k and (k—1) separately and produce
the object-only-image frames S* and S*~! respectively. Then
by cross-correlating S¥ and S*~!, the object’s displacement
in image matrix coordinates (row and column numbers) can
be obtained. When an object consists of a small set of pixels,
as shown in Figure 1, the cross-correlation method, however,
often measures the displacement for the pixel with maximum
intensity, regardless of the fact that the image of an object
is composed of other pixels. The maximum intensity pixel in
the current frame does not always correspond to that in the
previous frame of the same sequence due to the complexities of
underwater environments. Therefore, it is necessary to further
refine the displacement estimated by cross-correlation. One
approach to this problem is the Minimum Mean Square Error
(MMSE) method:
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where rows and cols are the respective numbers of columns
and rows of pixels in the input frames k£ and k£ — 1 with
their pixel values denoted as ¢*(i,j) and gF=1(i,j) re-
spectively, (6f el 65;;51) are the object’s displacement in
image matrix coordinates obtained by cross-correlation and
(65 ;ﬁ;lse, 6§7f;n156) are the further replacement required for
satisfying the MMSE condition. The final estimate of the
object’s displacement in matrix coordinates between frames

k and (k — 1) is given by:

kk—1 _ ¢k,k—1 k,k—1

Ai - 571,c7"os + 5i,mmse (2)
kk—1 _ ¢k,k—1 k,k—1

Aj - 6j»CTOS + 6j,mmse (3)

It is found that using both cross-correlation and the MMSE
method produces more accurate displacement estimates with
reasonable computation time than using only cross-correlation.

Note that the benefit of using the object-only-images instead
of the original images in both cross-correlation and the MMSE
process is to minimize the computation error contributed
by non-object pixels. For instance, an impulsive noise pixel
outside of the object boundary could possibly be considered
as a more significant return if the real images are used in the
cross-correlation.

2) Displacement in polar/Cartesian coordinates: 1f the
pixels in a 2-D polar image are evenly distributed on the two
image axes, angle and range, then the object’s displacement
in polar coordinates between the kth and (k — 1)th frames,
denoted as (AKHA—1, APF1) will be computed as:

ARE=L— ABELE (4)
AgFh = AP, (5)

where (U,, Uy) are the image resolution on the range and
angle axes respectively.

In reality, the pixels of a polar image are often not evenly
distributed along the range and angle axes. Therefore, an
alternative approach to polar displacement estimation is re-
quired. In fact, if an object’s location in matrix coordinates in

the (k — 1)th frame is known and its displacement in matrix
coordinates between the kth and (k — 1)th frames is also
estimated, then we can compute the object’s displacement in
polar coordinates as well as in Cartesian coordinates.

It is simple to obtain the object’s location in matrix coordi-
nates (Xf_l,xﬁ_l) in frame k — 1. By applying the cross-
correlation method to frames k& and (k — 1), the object’s
displacement in matrix coordinates between frames k£ and
(k—1), (AFF1, Af’k_l), is obtained . Therefore, the object’s
displacement in polar coordinates between frames k and
(k—1), (ARKE=L Ap*71) s given by:

AP =0, 00T AT 0,067 ©
Alg’k’_l _ ‘l/e(X?_l + A?,k—l) _ ‘I’G(Xf_l) 7
where ¥,(n) and Wy(n) are the range and angle values
corresponding to the nth bins along the range and angle axes.

Using the same algorithm, the object’s displacement in
Cartesian coordinates between frames k and (k — 1) is given
by:

ARRL — g —
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where (A%K=1 ARKE=1) are the object’s displacement in
Cartesian coordinates and (xy,yx) and (rg—1,yk—1) are the
object’s Cartesian coordinates in frames k and (k — 1) respec-
tively.
D. The algorithm for the proposed filter

The algorithm for the proposed adaptive weighted temporal
averaging filter with implicit motion compensation is described



as follows. Figure 3 shows the proposed algorithm in a block

diagram.
Stage 1.

Stage 2.

Stage 3.

Estimate output (enhanced) frame k£ — 1

The first step is to estimate output frame
k — 1 by averaging L previous input frames,
ie, Kk — L,k — L 4+ 1,...,.k — 1 with motion
compensation. This is expressed as:
1
i, g,k (i+ A7
iy 0
g+ AT )

where f(i,j,k — 1) denotes the predicted pixel
value at the location (i,j) of output frame k — 1
and (Afka*l, A?il’kfl) denote the object’s
displacement estimate in image matrix coordinates
for input frames £ — 1 and k£ — [ with pixel values
9i,jk and g; ;. respectively. The displacements
are estimated using the method described in Section
2.3.1. Note that only object-only-images are used in
the displacement estimation. The resulting output
frame k — 1 will be used in Stage 2 for estimating
output frame k.

Motion estimation and compensation

This stage is to perform displacement (motion)
estimation by applying the method described
in Section II.C on input frame %k and output
frame k£ — 1. Again, both image frames are pre-
processed so that only object-only-images are used
in the displacement estimation. Furthermore, it
is required that both the displacement estimates
(Af’k_l, A**=1Y in image matrix coordinates and
(ARK=1 - ARE=1) in Cartesian coordinates for the
object are obtained. The displacement estimates
in Cartesian coordinates are checked with the
motion reference sensor data, which are the motion
between frames k and k — 1 detected and measured
by the motion reference sensors mounted on the
sonar platform whilst sonar images were formed. If
the displacement estimates are beyond the motion
limits determined by the motion reference sensor
data, the motion reference sensor data instead of
the Cartesian displacement estimates will be used
for motion compensation in the filtering process.

Estimate output (enhanced) frame k&

This stage is to estimate output frame % based on
input frame £ and previous output (enhanced) frame
k — 1 and their correlation. Two methods may be
used:
Temporal averaging

The simplest way to estimate the output

frame k is by treating both input frame k
and previous output frame k — 1 as two
equally important frames and averaging them.
Mathematically, this can be expressed as

R 1 .
gli— APFTH = AR R

Adaptive weighted temporal averaging

The filtering process described in Equation
(11) assumes both image frames are equally
important. As a result of motion compensa-
tion, it may produce more visually noticeable
artifacts in the resulting image. To avoid
this problem, we desire to make the filter
adaptive. A modified version of Equation (11)
is given by

f(i7.77 ) (1—&(2,],k>) (7/ j’k 1)+

(7, ]’ ) (Z Akk 1
j— AP R
(12)

where «(i, 7, k) is an adaptive weighting co-
efficient and is determined as follows:

a(i,j, k) =
05  if f’H > fht & g > gt
— L <f’<1&’“”zg’f
% lffk 1>fk; 1&gkmc<gk
1 1ffi’fjl<fk1&gkmc<§k.
(13)

In Equation (13), ffj’l and f*~1 are the pixel
value at location (4,j) and the mean pixel
value of output frame (k — 1) respectively.
They are defined as follows:

pk—1 _ P -
fij *f(%jvk_l) (14)
rows cols
fk—1 _
/ rowsxcols ;z_:lfl J K
(15)

where rows and cols are the respective num-
bers of rows and columns of pixels in an
image frame. In Equation (13), g/ 7" denotes
the pixel value at location (3, j) of input
frame k after motion compensation and g*

is the mean pixel value of input frame k.
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Mathematically, they are given by

k, . Ek—1 . k-1
gi,jmczg(Z_Ai aJ—AJ‘ k)

(16)
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Stage 4. Estimate next output frame

Update output frame (kK — 1) with the current
output frame k and input frame k with the next
input frame (k+ 1) from the input sequence. Repeat
Stages 2 and 3 to estimate next output frame
(k+1).

II1. EXPERIMENTAL RESULTS

The image sequence used for this work is a sub-image
sequence for a particular ROI (Region Of Interest) extracted
from a 200m-range sector scan sonar image sequence. This
200m-range sector scan sonar image sequence was collected
by a forward-looking sonar system mounted on a small vessel
in Sydney Harbour, Australia. Whilst the data were collected,
the vessel was docked at a wharf. The vessel moved to-and-
fro (as well as pitching, rolling and yawing) as a result of the
swell. The water depth was about 6m and the seafloor was

Block diagram of the proposed adaptive weighted temporal averaging filter with implicit motion-compensation.

flat and sandy. A number of man-made objects were placed
on the seafloor within the field of view of the sonar system.
All image frames of the sub-image sequence have the same
pixel size of 10 x 32.

Figure 4(a) shows six consecutive frames of the original
sub-image sequence. Figure 4 (b), (c) and (d) each is the
processed sequence of (a) respectively using non-motion com-
pensated temporal averaging, motion compensated temporal
averaging and motion compensated adaptive weighted tempo-
ral averaging filtering algorithms.

The artifacts appearing in (b) were caused by motion during
the temporal filtering process. Motion-induced artifacts are
not visually obvious in (c) because the motion compensation
scheme was incorporated in the filtering process. The object
position in (c), however, varies from frame to frame, especially
in the vertical direction. Furthermore, the object in (d) appears
to be better stabilised than that in (c). The relatively constant
position of the object in (d) agrees well with the fact that all
the objects were stationary when the 200m-range sector scan
sonar image sequence was created.

IV. CONCLUSION

We proposed an adaptive weighted temporal averaging filter
with implicit motion compensation in this paper. A more
effective motion estimation and compensation scheme was
proposed to reduce the artifacts introduced by temporal filter-
ing due to motion. The improvement in image enhancement,
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Fig. 4. Experimental results: a) Original sub-image sequence. (b) Temporal averaged sequence without motion compensation. (c) Temporal
averaged sequence with motion compensation. (d) Motion compensated and adaptive weighted temporal averaged sequence.

object-position stabilization and reduction of motion-induced
artifacts are evident from the experimental results produced
by the proposed filter.
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