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Abstract

A novel stereoscopic object segmentation method based on disparity and temporal-spatial cues
is proposed in this paper. First, a foreground layer map is generated from a patched disparity image and
a motion object map is produced using an adaptive reference frame selection method. Then the
intersection of these two maps is used to extract the foreground motion objects. In the foreground layer
map generation stage, two intensity image sequences of the input stereo videos are separately mapped
to the rank space by a rank transform to eliminate the parameter deviation of binocular cameras, and
reduce the interference of the environment fluctuation and noises. A fast multi-window matching
strategy is proposed to speed up the stereo matching process. Then, a disparity patching process is
performed to bridge the disparity discontinuity in the smooth region to improve the accuracy of the
disparity map. In the motion object map generation stage, an adaptive reference frame selection
method is introduced to obtain salient motion and produce the motion mask of each view.
Experimental results have indicated the good performance and the practicability of the proposed stereo
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segmentation algorithm.
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1. Introduction

Stereo segmentation is an important topic in three-
dimensional (3D) visual analysis. Generally, the stereo
segmentation algorithms can be classified as region-
based and object-based segmentation [1]. The former
one aims to cluster the similar pixels into homogenous
regions, while the latter one tries to extract the meaning-
ful object and distinguish the foreground from the back-
ground [2]. The most important step in region-based al-
gorithm is stereo matching. In [3], a stereo matching al-
gorithm with an adaptive window was proposed to solve
the problem of inaccurate local matching caused by the
disparity discontinuity. Since the window searching was
performed pixel by pixel, it was very time consuming. To
improve the efficiency, a region growth based matching
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algorithm whose template window size is adaptive to the
change of its textural information was proposed in [4].
To reduce the image ambiguity, [5] provided a window-
based method for correspondence searching by using
dynamic support-weights, which varied according to the
color similarity and the geometric proximity. Consider-
ing that the intensity in different view may change due to
the deviation of camera parameters or lighting inconsis-
tency, in [6], the rank transform was applied to the stereo
video sequences before the stereo matching to enhance
its robustness. The trouble of this method is its high com-
putational load. V. Kolmogorov et al. [7] described a bi-
layer segmentation algorithm for stereoscopic video by
fusing disparity with motion and edge cues; however,
ambiguities encountered in stereo matching might yield
unexpected artifacts. Wu [8] proposed another bi-layer
segmentation method for stereo video sequences. How-
ever, the inappropriate reference frame selection in the
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motion detection step might degrade its segmentation
accuracy.

In order to further improve the segmentation perfor-
mance, a novel foreground moving object segmentation
method for stereoscopic video is proposed in this paper.
The diagram of the proposed stereo object segmentation
algorithm is illustrated in Figure 1. Two segmentation
techniques, disparity segmentation in the rank domain
(the upper left portion in Figure 1) and temporal-spatial
segmentation via adaptive reference frame (the upper
right portion in Figure 1) are exploited. In the former
one, a multi-window stereo matching algorithm is de-
signed to speed up the matching process in rank domain,
and the disparity map is patched to mitigate the harm of
disparity discontinuity in the smooth region. With the
patched disparity map, the foreground layer objects can
be well distinguished from the background layer. In the
latter one, an adaptive reference frame selection method
is applied to alleviate the influence of object motion
speed on the extraction of salient motion, and refine the
accuracy of moving object location. The foreground mo-
ving object can be extracted from the overlap of the
disparity map and the temporal-spatial map.

The rest of the paper is organized as follows. Section
2 describes the proposed stereo object segmentation al-
gorithm, which consists of four major steps: (1) Execute
the stereo matching in rank domain; (2) perform dispar-
ity based segmentation and build the foreground map;
(3) detect the salient motion objects in the temporal-
spatial domain; (4) extract foreground motion objects
from the intersection of the foreground map and the sa-
lient motion objects. Section 3 shows some simulation
results to demonstrate the good performance of the pro-
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Figure 1. The diagram of the proposed algorithm.

posed algorithm. Section 4 concludes the paper.
2. The Stereo Object Segmentation Algorithm

2.1 The Stereo Matching

To obtain the disparity map of a stereo video, a fast
multi-window based matching algorithm in rank domain
is proposed to estimate the disparity. Figure 2 illustrates
the stereo matching process. First, frames from left and
right views are separately mapped to the rank space by
the rank transform. Since the rank transform can be im-
mune to slight deviation of diverse views and some kinds
of noises (e.g., salt & pepper, Gaussian, etc.) [9], doing
the multi-window stereo matching in rank space can mi-
tigate the interferences due to the disturbance of 3D
systems.

2.1.1 The Rank Transform

Let the window size be M x N, Xj; denote the lumi-
nance of current pixel, and R;; be the rank of Xj;. Then, the
rank transform is defined as

iHM-1)/2  j+(N-1)/2

R= Y Y uly,-x,) (1)
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For example, the pixel P (highlighted in Figure 3) is
in the middle of 5 x 5 rank transform window, with inten-
sity of 109. The luminance of P is lager than 11 pixels in
the window, so the rank of Pis 11.

The rank transform only takes care of coefficient
rank in the windows, therefore, when the global illumi-
nation changes, the rank transform result keeps un-
changed. In other word, rank transform can effectively

Left view
Rank transform
Disparity ma
Multi-window partty map
. —>
matching
Right view
—» Rank transform

Figure 2. Diagram of the proposed stereo matching method.
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prevent from the environmental illumination change.
Figure 3(b) shows the rank transform result when the in-
tensity of the 5 x 5 block in Figure 3(a) is increased by 20.

Figure 4 shows the experimental results on “cones”
pairs [10] to further verify the immunity against illumi-
nation change. The rank transform window size used is
13 x 13. Figure 4(a) and (b) are the original left and right
image, and Figure 4(c) and (d) are their rank transform
images, respectively. Figure 4(e) is the brightened left
image, in which the intensity of each pixel is increased
by 20 (described as original left + 20 in the figure illus-
tration), and Figure 4(g) is its rank transform image. Fig-
ure 4(f) is the darkened right image, in which the inten-
sity of each pixel is decreased by 20 (described as origi-
nal right — 20 in the figure illustration), and Figure 4(h) is
its rank transform image. It can be seen from Figure 4
that the ranked views (c, d, g, h) can keep clearer edge
information than the gray views (a, b, e, f) under global
illuminating change or camera parameter inconsistent
conditions.

Figure 5 shows the stereo matching results in rank
domain (transform window is 11 x 11) and in gray-level
space domain, respectively, with the same fixed window
searching strategy. The window size is 9 x 9 and the
matching criterion used is Standard Absolute Deviation

(SAD). One can see from Figure 5 that under noisy en-
vironment, the outcomes of stereo matching in rank
domain (Figure 5(a) and (c)) keep almost unchanged, but
those in gray domain (Figure 5(b) and (d)) are degraded a
lot. Table 1 documents the comparison of noise influ-
ences on stereo-matching in both rank domain and gray
domain tested on “cones”, which indicates rank trans-
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Figure 3. An example of the rank transform.

(h)

Figure 4. An illustration for anti-lighting change ability of the rank transform: (a) original left, (b) original right, (c) rank trans-
form of (a), (d) rank transform of (b), (e) original left + 20, (f) original right — 20, (g) ranked transform of (¢), (h) ranked

transform of (f).
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form based stereo-matching is more robust under noise
interference.

2.1.2 The Multi-Window Stereo Matching Algorithm
in Rank Domain

As mentioned before, the performance of region-
based stereo matching algorithm greatly depends on the
selected support region. Therefore, the design of search-
ing window is essential. An unapt window size can cause
disparity discontinuity and edge blurring. For that, a
multi-window technique [11] is used in this work. To re-
duce the computational complexity, the technique of
sliding window summations and reuse of intermediate
results [12] is adopted to avoid lots of redundant compu-
tations introduced by multi-window technique. The pro-
cess of the proposed multi-window stereo matching al-
gorithm in rank domain is as follows.
® Map left frame and right frame separately to the rank

space by the rank transform.

® Choose one frame as current frame and the other one

as the reference frame.

(a) Rank domain, without noise

(d) Gray domain, salt & pepper

Figure 5. The anti-noise feature of stereo matching in rank
transform domain.

(c) Rank domain, salt & pepper

Table 1. The error match rate comparison tested on
“cones” in rank and Gray domains

“Cones” Error match rate (%)

Noise type Salt & pepper Gaussian Poisson Speckle
Rank domain 18.41 20.24  19.02 20.82
Space domain 21.74 23.05 21.69 23.16

® Scarch for the best match for each pixel by sliding
window summation method to build the disparity map.

Figure 6 shows the comparison of experimental results
on “AC” stereo video [13] by the adaptive window match-
ing method [3] and the proposed one. Figure 6(a) and (b)
are experimental results on frame 51, and Figure 6(c) and
(d) are results on frame 84. From Figure 6, it can be seen
that the proposed method produces smoother disparity map
in the inner parts of objects and clearer contour of edges. By
using the fast multi-window searching method, the dis-
parity map can be built in within 2.6 seconds by our me-
thod, while it takes 11.4 seconds by the method proposed
in [3] and 4.3 seconds by the method proposed in [9].

2.1.3 Disparity Patching

It can be seen from Figure 6 that disparity disconti-
nuity exits in the smooth area, presented as some “holes”
in the disparity map, which will influence the stereo
matching accuracy of smooth areas. A patching proce-
dure is applied to the disparity map to overcome the dis-
parity discontinuity in the smooth area. Firstly, a smooth
area map S(x, y) is set up by using (3), and then the dis-
parity map is patched.

0 f(x,y):|SAD(f (x, ) 2 §|
(x, )=

I f(xy):[SAD(/ (x,)) < |

(d) Frame 84 by the proposed

(c) Frame 84 by [3]

Figure 6. The comparisons of experimental results on “AC”
by [3] and the proposed method.
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where, 0 is the threshold, SAD is redefined as

SAD( )= Y |Gy rw) =)

n (wy,wy )eW

and 4, is the mean of gray values in the window, which
is defined as

@)= S farw.ytw,)

n (wy,w, )eW

where, m, n are the length and width of the window, and
W denotes the area of the window.

Figure 7 depicts the smooth area maps of the 51st
and 84th frames of “AC” sequence with the non-smooth
area in black and smooth area in white. The smooth win-
dow size is 3 x 3, and the threshold of smooth is 6 = 5.

The disparity patch can effectively fill holes in the
disparity map and eliminate the influence of mismatch in
local area. The disparity patching algorithm is summa-
rized as follows.

@ Calculate the mean disparity of each smooth area.
® Replace the disparity of the smooth area with the mean
disparity.

Figure 8 shows the patching results in the former dis-
parity map (Figure 6(b) and (d)). From this figure, one
can see that the error match part in the disparity map is
reduced and a clearer disparity map is produced.

2.2 The Disparity Based Segmentation
Based on the disparity map, a threshold is generated

iteratively as follows.

(1) Initialization. Let fo = (dmin + dmax)/2 be the initial
threshold, where d;, and d,, is the minimum and
the maximum value of the disparity. And seti = 0.

(a) Frame 51

(b) Frame 84

Figure 7. The smooth area map of “AC”.

(2) Clustering. Separate disparity into two classes, “ob-
ject” and “background” according to the current
threshold value #,. Compute the mean of “object”, d,,
and the mean of “background”, d,,, using

D> d(x,y)xw(x,y)
7. = 4 4)
o~ N
e}

Y dey)xwxy)
= Lo ~ (5)
B

where, d(x, y) represents the disparity value of pixel (x,
y); w(x, y) is the weight of (x, y), which is generally set
to 1; Np and Np denote the number of object pixels and
background pixels, respectively.

(3) Iteration. Let ¢, , =(d, +d,)/2, if |t,,, —t.]<3,
then #; is the best threshold, stop the thresholding
process; otherwise, let ¢; = t;+1, go to clustering.

The segmentation is performed based on this th-
reshold, and a foreground layer map is produced then.

2.3 The Salient Motion Detection in the Temporal

Domain

To effectively locate the motion object, the interval
between current and reference frames should be changed
according to the motion state of the video. If objects
move fast, the interval should be small; otherwise, the in-
terval should be large enough to figure out the moving
object. In this light, an adaptive interval inter-frame dif-
ferential method is proposed in this paper. The diagram
of the proposed method is shown in Figure 9. The initial
interval is set to 1. If the mean of frame difference be-
tween current and reference frames is smaller than a

(a) Frame 51

(b) Frame 84
Figure 8. The patched disparity map of “AC”.
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threshold, the distance of current and reference frames is
increased by 1; otherwise, the reference frame is se-
lected. The differential between current frame and the
selected frame generates the salient motion map of the
object, which further benefits the segmentation.

Figure 10 illustrates the advantage of the proposed
adaptive reference selection based salient motion detec-
tion algorithm. For 7" frame of “AC” stereo video, if the
close neighbor frames are selected as its references, the
boundary of the object is not obvious (Figure 10(a), (b)),
because the object motion is slow in the first 10 frames.
By using the adaptive forward and backward reference
frame selection method, the distance of compared frames
is larger than one (e.g., forward distance is set to 6, and
backward distance equals to 7). The differentials of se-
lected frames are shown in Figure 10(c) and (d) with
clearer boundary of the object and less background noise.

2.4 The Proposed Stereoscopic Object Segmentation
Algorithm
The foreground motion object segmentation is achi-

eved by intersecting the foreground layer map and the

salient motion map. For the current input frames, the pro-
posed stereoscopic object segmentation algorithm is sum-
marized as follows.

(1) Generate the patched disparity map by using the fast
multi-window stereo matching method in rank do-
main, and produce the foreground layer map.

(2) Detect the motion objects by the salient motion de-
tection, and generate the motion mask.

(3) Extract the foreground layer motion objects by inter-
secting the motion mask and the foreground layer map.

Frame k-m Frame k+n

initial n=1) (initial r=1)
F 1 )
m++, Inter-frame Inter-frame nt+,
till the Differentialy y Differential | ¢]] the

first Calculate the mean value of differentiall last
result

Mean>Threshold

Yes

Frame K

frame frame

Selective differential

Figure 9. The diagram of the proposed adaptive inter-frame
differential method.

3. Experimental Results and Discussions

Experiments are performed on the “AC” stereo vi-
deo sequence to verify the effectiveness of the proposed
stereo object segmentation algorithm. In disparity seg-
mentation part, the window size of the rank transform is
13 x 13; the smooth window size in the disparity patch-
ing step is 3 x 3, the threshold of smooth & = 5. In
temporal-spatial segmentation part, the inter-frame dif-
ferential method based on the adaptive forward and
backward frame selection is applied, which helps to ge-
nerate the motion mask of each view. The fusion of two
parts is done by the intersection.

The final segmentation results by the proposed al-
gorithm are as shown in Figure 11. From this figure, one
can see that by exploiting both the disparity and tempo-
ral-spatial information, the proposed algorithm can effi-
ciently and accurately perform the stereo object segmen-
tation.

4. Conclusions

This paper has proposed an effective stereo video
segmentation algorithm by combining motion object cues
with disparity cues embedded in stereo videos. Conse-
quently, the algorithm consists of three parts: the fore-
ground layer map generation (i.e., disparity-based seg-

mentation), the motion object map generation (i.e., tem-

(a) forward, distance = 1 (b) backward, distance = 1

(c) forward, distance = 6

(d) backward, distance =7

Figure 10. The experimental results of salient motion detec-
tion.
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50th
(a) Left views and segmentation results

2t 50th 74th
(b) Right views and segmentation results

Figure 11. The segmentation results of proposed algorithm.

poral-spatial based segmentation), and the fusion of both
segmentation results. In disparity segmentation part, the
rank transform is first exerted to alleviate the interfer-
ence introduced by parameter deviation and noises of
binocular stereo video. Second, the multiple windowing
stereo matching strategy is applied to improve the ma-
tching accuracy, and the sliding window method is used
to speeds up the stereo matching process. Third, the dis-
parity patch in smooth area is employed to improve the
accuracy of the disparity map. In temporal-spatial based
segmentation part, an inter-frame differential method
based on the adaptive forward and backward reference
frame selection method is proposed to get a salient mo-
tion of each view. Finally, both resultant segmentation
maps are intersected by a logical AND operation to pro-
duce the map of foreground motion objects. The experi-
mental results have proved the proposed algorithm can
achieve good performance for foreground motion object
segmentation.
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