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Abstract

The problem addressed in this paper is the auto-
matic detection and tracking of multiple moving ob-
jects. Active contour models (snakes) are useful for
detecting and tracking boundaries of deformable o0b-
jects. However, Snakes can not track multiple objects
correctly when they apparently overlap. This paper
proposes a split-and-merge contour model based on de-
tecting self- and mutual-crossings of the model. The
proposed method can find occlusions of multiple objects
by detecting mutual-crossing of different contour mod-
els which extract different objects. Multiple different
contours which are mutually crossing are merged into
a single contour. The merged contour model is split
into multiple contour models when overlapping objects
leave away from each other. We have implemented the
method on DSP boards for real-time tracking of multi-
ple moving objects in a dynamic image.

1 Introduction

Motion tracking is one of the most important
problems in computer vision. Active contour mod-
els (Snakes)[1] provide a promising approach to the
problem. Snake is a parameterized curve v(s) =
(z(s),y(s)) (0 < s < 1) on an image plane (z,y),
which is deformed to detect object boundary by min-
imizing the following energy functional:

ESnakes = Eint(v) e Eimage(v) + Ee:x:t(v)a (1)
where F;,; is an internal energy associated with
splines, Ejpnqq is an image energy such as edge po-
tential and F.,; is an external energy associated with
external forces. Snakes are potentially useful for not
only detecting target objects but also tracking them
in noisy environments[1][2].

However, Snakes have the following two difficul-
ties in their application to motion tracking in a time-
varying image sequence:
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1. Automatic extraction of multiple objects,
2. Tracking of apparently overlapping objects.

The first problem primarily concerns initial setting
of contour models. In existing methods, initial con-
tours for moving target objects have to be carefully
set around the actual boundary of each object because
snakes including multiple objects can not extract each
of them individually. In most previous works, only
semi-automatic motion tracking is realized since ini-
tial contours are set manually in such an application.
Thus, it is essential to automatic tracking of multi-
ple moving objects that they are automatically ex-
tracted in the first frame of an image sequence. The
second problem in tracking multiple moving objects is
that snakes can not track their boundaries correctly
when they apparently overlap, since a contour model
is attracted by edges which are extracted by another
model.

In order to overcome these difficulties, we propose
a split-and-merge contour model based on detecting
self- and mutual-crossings of the model. Splitting
contour models based on detecting their self-crossings
[3] have recently been proposed by the authors for
automatic extraction of multiple objects. The self-
crossing is caused by employing the area term for en-
ergy function[4]. An initial single contour, for which
an image frame can be simply selected, iteratively
splits into multiple contours by cutting at crossing
points for extracting each object individually. The
splitting contour model can extract multiple moving
objects by using optical flows. A contour is attracted
by only pixels with motion cues by setting the im-
age energy FEimage such as edge potential to be zero
when an optical flow calculated at each discrete point
of the contour is small. By using the splitting con-
tour model, multiple moving objects can be extracted
as some groups of pixels with motion cues, which are
smoothly connected.



We propose a methodology of merging multiple con-
tour models for finding apparent overlapping of multi-
ple moving objects by detecting mutual-crossing of dif-
ferent contour models which extract different objects.
Multiple different contours which are mutually cross-
ing are merged into a single contour. When overlap-
ping objects leave away from each other, the merged
contour is split into multiple contours again.

This paper is structured as follows. In Section 2,
we describe the concrete algorithm of split-and-merge
contour models. In Section 3, in order to prove the
effectiveness of the proposed method, we apply the
model to tracking walking persons which are appar-
ently overlapping in a dynamic image of a room scene.
The proposed method has been successfully imple-
mented on both a standard workstation and a DSP-
based experimental platform. Section 4 summarizes
the present work.

2 Split-and-Merge Contour Models

One of the most significant problems in tracking
multiple moving objects comes from apparent over-
lapping of objects; i.e., it is difficult to track multiple
objects correctly when they apparently overlap. In or-
der to overcome this problem, we propose a split-and-
merge contour model which is based upon detecting
self- and mutual-crossings of contours. In this paper,
we define a contour model as a set of n discrete points
vi(zi,yi) (1=1,2,- -,n). In Section 2.1, we describe
a method of splitting a contour model based on detect-
ing its self-crossings for automatic extraction of mul-
tiple objects. We then explain a method of merging
multiple contour models based on detecting mutual-
crossing of different contours which is caused by the
overlapping of different objects in Section 2.2. In Sec-
tion 2.3, we explain how to correctly match objects
before and after their overlapping. We finally present
a concrete procedure for tracking multiple moving ob-
jects in Section 2.4.

2.1 Splitting of a contour model

We briefly describe a splitting contour model (3]
that is based upon detecting its self-crossings. This
contour model is shown to have potentials for au-
tomatically detecting multiple moving objects in dy-
namic images. In the splitting contour model, a con-
tour is divided into multiple closed contours by detect-
ing its self-crossings which are caused by minimizing
the energy function including the area term[4]. In the
following, we first describe the characteristic of the
area term and then explain a method of splitting a
contour model.

The area term Egneq for realizing a “balloon”
model[5] can be used as Ecy¢. The area term Eavca
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(a) Crossing between objects (b) Crossing at various parts

Figure 2: Self-crossing of a contour model with area
term.

of a contour model vi(zi, ;) (@ = 1,2,---,7n) is de-
fined as

l n
Barea = 3 S lzi(isr = 93) = (@1 — 2, (2)
g1

where Voi1 (Tnt1,¥Yns1) = V1 (z1,y1)- Figure 1 illus-
trates the calculation of the area term. The first term
of the right side of Eq.(2) means a sum of signed areas
of rectangles computed on the y axis, whose height is
z; and width is (yi+1 — ¥i). The second term of the
right side of Eq.(2) represents the same calculation for
rectangles on the x axis. The area term Egpeq is de-
fined as the average of these two terms. In Fig.1, the
sign of Eqrea becomes positive if the sum of rectangu-
lar areas is calculated along the contour clockwise. If
Egreq is calculated counter-clockwise, it becomes neg-
ative. Figure 2 shows typical behaviors of a contour
model with the area term, whose initial contour in-
cludes two objects in a synthetic image. The contour
is crossed at various parts since Earea is computed
as negative at crossing parts where contour points
are rearranged in counter-clockwise order. If the self-
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Contour Model 1

Contour Model 2
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Figure 3: A process of splitting a single contour into
two parts.

crossing contour continues to be deformed, crossing
parts expand further and fail to detect objects. Split-
ting contour models detect such self-crossings and split
into multiple parts by cutting themselves at crossing
points.

Next, a method of splitting a contour model is de-
scribed. A contour is divided into multiple parts by
cutting it at the self-crossing points. Self-crossings of
a contour model v;(z;,y;)(¢ = 1,2,---,n) is detected
by examining two different segments, say v;v;;; and
v;Vis1 (j #1—1,7,¢4 1), have a crossing point. For
example, a contour model is judged to have a crossing
point when there exist real numberspandg (0 < p <1
and 0 < ¢ < 1) which satisfy the following equation:

(3)

A self-crossing contour model is cut at crossing points
and splits into multiple different contours. Figure 3
illustrates a process of dividing a contour into two
parts. Two new contours are then created as {vj,
*ty Viy Vg, 0o, vn} and {vi+17 e vj}a respec-
tively. Discrete points of each contour are rearranged
in clockwise order to maintain the sign of F,.., posi-
tive.

p(Vigr — Vi) + vi = ¢(Vjp1 — vj) + vj.

2.2 Merging of multiple contours

Different contour models which are tracking differ-
ent objects are merged into a single contour model
when a mutual crossing is detected; i.e., different con-
tours are merged when their tracking objects appar-
ently overlap. The process of merging two contours
into a single one is illustrated in Fig. 4. Mutual-
crossings can be detected by a process similar to that
for detecting self-crossings using Eq. (3). In this case,
two different segments, v;v;+1 belonging to the con-
tour model 1 and v;v;j;; belonging to the contour
model 2 are examined to have a crossing point. Differ-
ent contours which are mutually crossing are merged
into a single contour. The merged contour is defined
as a convex hull including all discrete points of con-
tours which are mutually crossing as shown in Fig. 4.
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Convex hull

Contour Model 2

Figure 4: A process of merging two contours into a
single contour.

We employ the Graham’s method [6] for determining
a convex hull from the merged contours.

2.3 Tracking of objects by feature match-
ing

Multiple moving objects can be detected by split-
ting and merging contour models described above.
The problem still remains is how to correctly match
objects before and after their overlapping. We employ
a simple matching method based on computing a tex-
tural feature of an object region. In each frame, cumu-
lative intensity histogram H,,(k) is computed within
a region extracted by a converged contour model as a
moving object. Note that m (m = 1,2,---) is the
contour model number and k denotes a gray level.
At the first frame, features H,,(k) (m = 1,2,-:) of
extracted regions are stored in the feature list H;(k)
(l=1,2,--) of extracted moving objects. Note that
l is the number associated with an extracted mov-
ing object in all previous frames. After the second
frame, if a model does not split, H;(k) is updated
to H,,(k), where m = . When a model splits into
multiple models, the difference measure d,,; between
features H,,(k) of moving objects extracted at the
current frame and features stored in the feature list
Hy(k) is calculated by using the following equation in
all combinations of m and I.

255

dm1 =Y |Hm(k) = Hi(k)!. (4)
k=0

We assume that if the difference d,,, ; is small, the mov-
ing object m extracted in the current frame is similar
to the moving object | extracted in past frames. Thus,
the object m in the current frame is matched to the ob-
ject I which minimizes the difference d,, ;. If the differ-
ence d,,; is larger than a threshold, the feature Hp, (k)



is newly stored in the feature list H;(k) as a new mov-
ing object extracted by a new split contour. Such a
case occurs when multiple moving objects which are
overlapping in the first frame leave away from one an-
other in the succeeding frame.

2.4 Procedure for tracking multiple mov-
ing objects

An actual procedure for tracking multiple moving
objects in an image sequence I(T)(T = 1,2,--- )
is described below, where T denotes a frame num-
ber. A contour model is represented by v;(z;(t), yi(t))
(:=1,2,---,n) where t is the number of iterations at
each frame.

[STEP1] Inputting images

Input two images I(T) and I(T + 1). If it is the first
time to do this step then T is set to be 1. Also set the
number ¢ of iteration to be 0 at each frame .

[STEP2] Setting an initial contour

When T' = 1, set an initial contour v;(z;(0),y:(0)) so
as to include all moving objects. The image border
may be simply selected as an initial contour.

[STEP3] Contour deformation

Move all contour points v;(z;(t),yi(t)) (¢ = 1,2,---,n)
once by minimizing a contour energy Esngkes using
the greedy algorithm[7] and ¢ = ¢t + 1. The number of
actually moved points is stored in Cryove-

[STEP4] Splitting contours
Split contours at self-crossing points according to the
method described in Section 2.1.

[STEP5] Merging contours
Merge mutually crossing contours into a single contour
according to the method described in Section 2.2.

[STEP6] Generating new contour points
Generate a new contour point between two adjacent
points v; and v;4; which satisfy the condition |v;4; —
vi| > Dry. Dryg is a threshold which means the
maximum distance between adjacent discrete points.
Such a new point can be generated in the middle of
two points or at the location which decreases Espqkes
most in a small search space between two points. We
can select Drp according to the object shape and the
distance between different objects.

[STEP7] Deleting contour points

Delete sharp parts of contours considering that they
are trapped by small noises. A discrete point v; is
deleted when the condition < 07y is satisfied, where
0 is an angle between v;v;_; and ViVir1. The smaller
the angle @ is, the sharper the shape of the contour
is. Small contours composed of less than 5 discrete

68

points are also eliminated since such small objects are
not our target objects. Contour models are expected
to escape from small noises by this deletion process.

[STEP8] Determining the termination of con-
tour deformation

If the condition Cyope < Crg OF timaee < t are satis-
fied, terminate the contour deformation at the image
I(T) and proceed to STEPY else proceed to STEP3.

Cryg and ¢4, are predetermined thresholds.

[STEPY] Calculation of image feature of mov-
ing objects

Calculate a cumulative intensity histogram within the
region surrounded by each contour model as the fea-
ture of moving object.

[STEP10] Matching of moving objects

Match moving objects using the similarity measure
defined in Eq.(4). Set T = T + 1 and proceed to
STEP1.

3 Experiments

In this section, we apply the proposed method to
tracking of multiple moving objects in a time-varying
image sequence. The method has been succesfully im-
plemented on both a standard workstation and a DSP-
based experimental platform: First three experiments
are carried out on the workstation and final one is on
DSP boards. In Section 3.1, we show the result of au-
tomatic extraction of multiple moving objects in the
first frame of an image sequence of a room scene using
the splitting contour model. In Section 3.2, we then
present the result of tracking temporarily overlapping
objects. We also show the experimental result of ex-
tracting a newcomer in a scene in Section 3.3. All the
programs in these experiments were written in C and
were executed on a standard workstation (DEC 3000),
for which all computation times are given. Section 3.4
describes an additional experiment which aims at real-
time object tracking using DSP boards.

In all the experiments below, we use the following
energy terms.

Internal energy F;,;:

n

1
5 Z(wspl Ivi = Vi—ll2

=1

Fwep2|Vit1 — 2Vi + Vi1 |?)

Espline (V,‘ ) =

()

1 n
Eanlv) = 3 deistldav —|vi—viq|® (6)
=1



Image energy FEimage:

1 n
Beage(v) = —3 3 weagdVIWIE ()
=1

External energy Fq::

1 n
Earea(v) = warea[mi(yi+1 = yi) = (mi-{-l = mi)yi]
2

=1

(8)
Note that v; (z;, y;) denotes a discrete point of a con-
tour and vg and v; are equal to v, and Vp41, respec-
tively. FEsgpline represents the first and second order
continuity constraints [1], Egareq is an area of a re-
gion surrounded by a contour model [4], Eaist evenly
spaces discrete points in the average distance dqy be-
tween adjacent discrete points [7], FE.dqe means edge
potential defined by spatial gradient of intensity / (vi)
[1]. Coefficients wsp1, Wep2, Warea, Wdist and Wedgel 2
0) are weights for the corresponding terms.

3.1 Extraction of multiple moving objects

In Section 1, we have already mentioned that au-
tomatic extraction of multiple moving objects at the
first frame is essential to automatic motion tracking.
The splitting contour model can be easily defined so
as to extract multiple moving objects using optical
flows. Contour models are attracted only by pix-
els with motion cues by setting the weight wegge of
the image energy Fe4qe to be zero when an optical
flow calculated at each discrete point of a contour has
a small value. Moving objects can be extracted as
groups of pixels with motion cues, which are smoothly
connected by the splitting contour model. In experi-
ments, we set wyp1 = 1.0, wgpz = 1.0, Warea = 3.0 and
waist = 1.0, respectively. If optical flows calculated at
discrete points are lager than 1.0 pixels / frame, we
set Wedge = 2.0, else weqge = 0.0 for extracting only
moving objects.

Figure 5 shows an example of extracting walkers
in the first frame of time-varying indoor scene im-
ages (360x243 pixels, 256 gray levels) taken at in-
tervals of 1/10 second. Figure. 5(a) shows an ini-
tial rectangular contour which consists of 96 discrete
points. Figure. 5(b) represents a distribution of mo-
tion cues whose optical flow vectors estimated from
the first and the second frames are larger than 1.0
(pixel/frame). Optical flows are estimated by using
the standard least squares method based on the spa-
tial and temporal intensity gradients[8], assuming that
motion vectors are uniform in a small region of 3x3
pixels. As shown in Fig.5(c), the contour is trapped by
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(a) Initial contour

i

(c) Trapped by noises (d) Crossing of a contour

(f) Extracted regions

(e) Split contours

Figure 5: Extraction of walking persons at the first
frame in a dynamic image.

other edges except persons since motion cues are in-
correctly detected in many places where the intensity
changes not by motion but by brightness scattering.
However, the contour can escape from such noises be-
cause they are small and discontinuous. The contour
crossed between two persons and split into two differ-
ent contours as shown in Figs.5(d) and (e). The split-
ting contour model successfully extracted two walking
persons individually, as shown in Fig.5(f). Though the
initial contour includes many edges except for those of
walkers, the contour model is not attracted by edges
not in motion. Computation time to extract walkers is
about 13 seconds. In this experiment, 96 points of ini-
tial contour finally reduced to 63 points for extracting
two persons.

3.2 Tracking of two temporarily overlap-
ping objects

Figure 6 shows the experimental result of track-
ing temporarily overlapping walkers in time-varying
indoor scene images (360x243 pixels, 256 gray levels)
taken at intervals of 1/10 second, which are succeed-
ing frames of the image sequence used in Section 3.1.
At the beginning of each frame, the converged con-
tours at the previous frame are moved along optical
flow vectors and then expanded by twice minimiza-



(a) 1st frame (b) Result at 1st frame

208

(c) 10th frame (d) Merged at 13th frame

(e) 40th frame (f) 60th frame

5

R

(g) Split at 70th frame

(h) 80th frame

Figure 6: Extraction and tracking of temporarily over-
lapping walking persons in a dynamic image of a room
scene.

tion of Esnqres in which the sign of the weight wgreq
is changed to negative for always including moving
objects. The re-deformed contours are used as initial
contours in the current frame.

Figures 6(a) and (b) show the first frame with an
initial rectangular contour which consists of 96 dis-
crete points and the result of extracting walking per-
sons at the frame, respectively. For visually discrimi-
nating two persons, we set the colors of models which
extract left and right persons to be white and black,
respectively. Figure 6(c) shows the result at the 10th
frame just before two different models are mutually
crossing. As shown in Fig.6(d), two different contours
are merged into a single contour for tracking appar-
ently overlapping persons. Note that the merged con-
tour is represented by dotted lines. Temporarily over-
lapping persons were correctly tracked by the merged

(b) 12th frame

(a) First frame

5

(d) Result at 12th frame

(e) 28th frame (f) Extracted new object

Figure 7: Extraction of a new person coming into a
field of view.

contour as shown in Figs. 6(e) and (f). The merged
contour split again at the 70th frame where overlap-
ping persons left away from each other as shown in
Fig.6(g). Two split contours successfully tracked two
persons through the 80th frame as shown in Fig.6(h).
Computation time to extract walkers in the first frame
is about 13 seconds same as in the experiment in Sec-
tion 3.1. In the succeeding frames, it takes about 1
second for tracking at each frame.

3.3 Extraction of a newcomer in an image
sequence

Conventional snakes can not automatically extract
newcomers in an image sequence since initial contours
have to be set manually for all the target objects.
Newcomers can be easily detected by generating a new
split-and-merge contour model at each time, where its
initial contour is simply selected as an image border.
The new contour and existing contourss are controlled
not to merge even if they are mutually crossing. A new
contour can extract only new objects by setting coeffi-
cient weqge = 0 when its discrete points are inside the
existing contours. In this experiment, we assume that
a newcomer is larger than a threshold.

Figure 7 shows the experimental result of extract-
ing a newcomer. Figure 7(a) shows the result in the
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first frame including a single walking person. A new-
comer appeared in the 12th frame from the left side
of the image. A new contour model for extracting the
newcomer is added along an image border as shown
in Fig. 7(b). Though the added contour model ex-
tracts a part of the newcomer, it is finally eliminated
since the split model is smaller than the predetermined
threshold. Such a process is observed in Figs. 7(c) and
(d). We also confirm that added contour does not ex-
tract an existing person. In all previous frames, an
added model is eliminated in the same way as the re-
sult of 12th frame. At the 28th frame, the newcomer
is successfully extracted because the extracted region
becomes larger than the predetermined threshold in
the image as shown in Figs. 7(e) and (f).

3.4 Real-time tracking of multiple mov-
ing objects using DSP boards

In order to realize real-time tacking of moving ob-
jects, we have implemented the method on an exper-
imental image processing system mainly constructed
of a video I/O board and six DSP boards “ISHTAR-
I1”[9] containing TI TMS320C40, which is illustrated
in Fig. 8. The video board digitizes NTSC composite
signals from a video camera into images which con-
sist of 160x 120 pixels, and transfers them to the DSP
board 1. Each DSP board processes digitized images
and transfers the current result and the image to the
next DSP board at every 1/5 second according to a
program which is down-loaded from a host computer
(SUN SparcStation20) through the MPU board (S-
BUS/VME converting interface).

Video camera
MPU
[eZe] Monitor WS <> .
. SUN S$520 board
4
VME Bus ¥y
i——i"‘" s '—'—I
|| Video DSP DSP DsSP ||
B =P L)
| board board 1 board 2 board 6 |
[ e el p—
T Video Bus

Figure 8: System configuration of a DSP-based exper-
imental platform.

Implementation of the proposed method on DSP
boards is a little different from that on a worksta-
tion. DSP board 1 stores two succeeding frames and
sends them to the second board for calculation of op-
tical flow. The split-and-merge contour model is im-
plemented on DSP board 2 through DSP board 5.
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(2) 1st frame

(b) 10th frame

(c) 15th frame (d) 20th frame

(e) 25th frame

(h) 50th frame

Figure 9: Real-time tracking of temporarily overlap-
ping persons using DSP boards.

(g) 40th frame

Each board searches an object boundary with motion
6 times (6 iterations of the greedy algorithm) for every
1/5 second. By pipe-lined processing, object bound-
aries can be searched 24 times in total in the same
frame by these four boards. It should be noted that
STEPS8 in Section 2.4 is omitted and thus a contour
model at earlier frames may not converge to an object
boundary. DSP board 2 also expands contour mod-
els twice by the same way as described in Section 3.2.
They are used as initial contours for the next frame.
DSP board 6 matches moving objects when a merged
contour is split again. This board also generates an
image for displaying the result on a monitor through
the video board.

Figure 9 shows the experimental result of real-time
tracking using DSP boards. An initial contour shown
in Fig. 9(a) consists of 26 discrete points. It takes
about 2 seconds to extract two persons individually as
shown in Fig. 9(b), since this system searches object



boundaries only 24 times in each frame. However, in
the succeeding frames digitized every 1/5 second, two
persons are successfully tracked by the system. We
can observe that temporarily overlapping two persons
are successfully tracked as shown in Fig. 9, where the
correspondence of contours is indicated by colors and
the merged contour is by a dotted line.

We have confirmed that moving objects which have
the velocity of less than 10 pixels/sec could be tracked
by the proposed method from experiments including
the result shown in Fig. 9.

4 Conclusions

We have described a new split-and-merge con-
tour model which can automatically detect and track
boundaries of temporarily overlapping multiple mov-
ing objects without specifying the number of objects
in advance. We have shown the excellent performance
of the proposed algorithm for real images of appar-
ently overlapping walkers in a room scene. Real-time
tracking has also been demonstrated with the imple-
mentation on DSP boards. Our future work includes:
1) tracking of temporarily stopping objects in several
frames of an image sequence; 2) improvement of the
object matching algorithm by using multiple features
of images.
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