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Abstract

We propose an iterative scheme of spatio-temporal
local color transformation of background and graph-
cut segmentation for silhouette extraction. Given an
initial background subtraction, spatio-temporal back-
ground color transformation is processed for fitting
modeled background colors to input background ones
under a different illumination condition. After fore-
ground colors are modeled based on the fit back-
ground, spatio-temporal graph-cut algorithm is applied
to acquire a foreground/background segmentation re-
sult. Because these two processes need well-segmented
background and well-fit background each other, they are
iterated in turn to obtain better silhouette extraction re-
sults. Silhouette extraction experiments for a walking
human on a treadmill show the effectiveness of the pro-
posed method.

1. Introduction

Silhouette extraction is an essential preprocessing
in many computer vision areas of object recognition,
motion analysis, and visual hull-based 3-D reconstruc-
tion. In particular, silhouette qualities have great im-
pact on silhouette-based recognition including gesture
and gait recognition. For these purposes, background
subtraction have been widely used under scenes with
a static camera by modeling the background pixel as
a Gaussian distribution [8] or a mixture of Gaussian
distribution [5]. The methods, however, often suf-
fer from the following well-known two problems: (1)
Under-segmentation in case where foreground colors
are similar to background ones, (2) Over-segmentation
in case of background color changes between back-
ground modeling and test phases (see Fig. 1(a)-(d) for
example).

In order to overcome the illumination changes, se-
lective background update [6] or adaptive background
modeling by Parzen density estimation [7] were pro-
posed. Though correct background selection (i.e. fore-
ground/background segmentation) is essential for effi-
cient and accurate background update, it is difficult to
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segment out the background if pixel value distributions
between the background modeling and test phases are
considerably different due to illumination changes by
time elapse.

On the other hand, substantial segmentation works
using graph-cut algorithm have achieved outstanding
performances through user interaction [1][4] or by it-
erative scheme with prior knowledge [2]. For static-
background scenes, if the background subtraction re-
sults are reliable, it can be used as powerful prior knowl-
edge for graph-cut segmentation.

Therefore, we propose an iterative scheme of back-
ground update by color transformation and a graph-cut
segmentation based on the updated background. After
obtaining an initial background subtraction, the colors
of a modeled background are transformed so as to fit to
a current background region under a different illumina-
tion condition considering spatio-temporal smoothness.
Note that the color transformation-based method can
update all the pixels in an image whereas pixel-based
update methods [6][7] can only update pixels recog-
nized as background. Then, the updated background is
provided to a graph-cut segmentation module, and bet-
ter segmentation results are returned to the background
update module. Finally, these two processes are iterated
until convergence.

2 Background update by spatio-temporal
local color transformation

In this paper, background pixels are modeled as
Gaussian distribution separately in advance, and then
Mabhalanobis distances based on the distribution are ex-
ploited as background subtraction measure [8].

Input background colors are often different from the
modeled colors due to illumination changes such as soft
cast shadow from foreground objects. To fit the mod-
eled background colors to the input ones under such
illumination changes, a linear color transformation de-
rived from the finite-dimensional linear model [3] is in-
troduced as follows,
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where ¢;, = [Rin,Gin,Bin,1]7 and ¢;,, =

[Ry9,G19, By, 1]T are an input and a modeled back-
ground color respectively, and A = {a;;} is a linear
color transformation matrix. Then, a global color trans-
formation is first obtained by minimizing the following
objective function Sgjopal

dtr(may) = Acbg(may) - Cm(l‘,y) (3)
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where d¢, (2,y), Tpe(z,y), wpy(x,y) are color trans-
formation error, covariance matrix of modeled back-
ground color , and background weight for each pixel
respectively. The background weight ws,(z,y) is ini-
tialized as follows,

d(:L‘,y) = cbg(may) - cin(xay) ©)
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where kp, is coefficient for the weight, Note that the
weight is replaced by background region mask resulted
from the graph-cut segmentation in iteration phases.

Figure 1 (e) and (f) show an updated background
by global color transformation and updated background
weight. We can see that the background color is fit as
a whole and that the background weights become bet-
ter than the initial one (Fig 1(d)). However, this global
transformation cannot deal with spatially local illumi-
nation changes such as soft cast shadow on the belt
and the carpet, and saturation on the green surrounding
screens as shown in Fig. 1 (f).

Thus, we extend this color transformation to spatio-
temporal local ones. First, control points of color trans-
formation are aligned at s, s, 5; intervals in the spatio-
temporal (z, y, t) domain. Second, color transformation
parameters at each point (z,y, t) is expressed as linear
interpolation:
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where (u,v,s) = (z/sz,y/sy,t/s¢) is control point
coordinate, A(u,v,s) is color transformation parame-
ters at the control point (u, v, s), and w(z,y,t; u,v, s)
is weight on control point (u, v, s) for linear interpola-
tion at point (z,y,t). Finally, the local parameters are
determined by minimizing the following objective func-
tion Slocal

di(z,y,t) = Az, y,t)cpg(z,y,t) — cin(z,y,t) (8)
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where a is a vector containing 12 color transformation
parameters a;; (i = 1,2,3,7 = 1,2,3,4) at each con-
trol point. The first and second terms are called data
term and regularization term respectively. Coefficients
Qy, Oy, (s Indicate smoothness weights for horizontal,
vertical, and temporal axes respectively.

Figure 1 (g) and (h) show an updated background
and background weights by the spatio-temporal local
color transformation respectively. We can see that the
background colors fit more accurately than the global
color transformation (cf. Fig. 1(e)) and that background
weights are much improved (cf. Fig. 1(f)).
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Figure 2. Data term

3 Graph-cut segmentation
Graph-cut segmentation is generally formulated as
the following energy minimization problem

E(X):qu(Xq)+ Z hpg(Xp, Xg),  (10)
a€Q (pa)€E

where X is foreground/background label, () is a set of
all sites (z,y,t), and E is all combinations of neighbor-
hood sites. The first term is called as data term and the
second term is smoothness term. Based on the date term
and smoothness term defined in the following subsec-
tions, max-flow algorithm gives segmentation results so
as to minimize eq. (10) globally.

3.1 Dataterm

First, the updated background weights are used as
background data term g,(X, = BQ) (see Fig. 2(a)).
Next, foreground object colors are approximated by
GMM (Gaussian Mixture Model) and foreground data
term g,(X, = FG) is expressed as

di=c,—c" (11)
. T 1
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where c* and ©* are mean and covariance of kth Gaus-
sian respectively, ¢, is an input color at site g, and
kappay, is coefficient for the foreground data term.
This GMM is trained by k-clustering from a fore-
ground sample regions, which are obtained by thresh-
olding background data term and morphological opera-
tion containing closing, opening, and area filter. We can
see foreground region have relatively high foreground
data values as shown in Fig. 2 (b), although some back-
ground regions such as a carpet and a treadmill belt have
also high values.

3.2 Smoothness term

Smoothness  term  contributes  to  fore-
ground/background boundary decision based on
boundary edges. In this paper, 6 neighbor connec-
tions in the spatio-temporal 3D domain are treated.
The smoothness term considering intensity value
normalization is expressed as

hyo(X,, X,) = 0 ) (Xp=Xy)
PR asmexp(_ﬁsm%) Xp#Xy),

. (13)
where g, Ksm, and e are coefficients for the

smootheness term.

4 Experiments

We made silhouette extraction experiments using a
sequence of a walking human on a treadmill. The cam-
era used was Point Gray Research Flea2, and images
were captured by 640 x 480 pixel size at 60 fps and
were scaled down to 320 x 240 pixel size. A total of 60
images were provided for spatio-temporal color trans-
formation and graph-cut segmentation as a block.

In this experiment, control point intervals and
smoothness constraint coefficients for spatio-temporal
color transformation were experimentally set as s, =
sy = 20,5, = 60,0, = ay, = a; = 1.0 respectively.
In addition, the parameters for graph-cut segmentation
were set as Kpg = 8.0,k5 = 1.5, 5m = 1.0,k =
1.0, € = 1.0 respectively.

Figure 3 shows segmentation results in iteration pro-
cesses for the first frame of the sequence. Given an ini-
tial background (Fig. 3(a)) and an input image (Fig.
3(b)), an initial background subtraction (Fig. 3(c)) is
acquired. Because the initial subtraction is not accu-
rate, the background color fitting in the first iteration is
not enough. As a result, background update and seg-
mentation result are poor as shown in the first row of
Fig. 3 (d) and (e). Then, based on the segmentation re-
sult, the background fitting gradually works better and
over-segmentation is also reduced as shown in the sec-
ond and the third rows of Fig. 3 (d) and (e).

Finally, an accurately fit background and segmented
region are obtained as shown in forth row of Fig. 3
(d) and (e). Note that under-segmentation at a leg part
is inevitable if a simple background subtraction is used
as easily expected from background subtraction result
(Fig. 3(f)). Actually, the under-segmentation is avoid-
able thanks to foreground data term and smoothness
term in graph-cut segmentation.

Figure 4 shows quantitative performance evaluation
in the iteration processes. First, residuals of background
color fitting measured by averaged Mahalanobis dis-
tances in the true background region are picked up (Fig-
ure 4(a)). It turns out that the residuals decrease as it-
eration processes go on, and that residuals for spatio-
temporal fitting are always lower than those for global
fitting.

Second, precision of segmentation result compared
with manually segmented ground truth are shown in
Fig. 4(b). As a result, we can see that graph-cut seg-
mentation with local color fitting achieved the best per-
formance after several iterations.

Finally, background color fitting and graph-cut seg-
mentation take about 250 msec and 30 msec per frame
respectively on computer with 3.2GHz CUP and 2.0GB
RAM. Both cost and accuracy for backgorund color
fitting are strongly dependent on the nubmer of con-
trol points, therefore the optimal number of control
point should be investigated considering tradeoff be-
tween them in the future works.
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5 Conclusions

We proposed an iterative scheme of spatio-temporal
local color transformation of background and graph-cut
segmentation for silhouette extraction. First, spatio-
temporal background color transformation is used for
fitting modeled background colors to input background
ones under a different illumination condition to avoid
the over-segmentation. Then, based on the fit back-
ground, graph-cut segmentation involving foreground
color modeling reduces the under-segmentation. These
two processes are iterated to obtain better silhouette ex-
traction results. From silhouette extraction experiments
for a walking human on a treadmill, it turns out that the
proposed method successfully fits the background color
in the spatio-temporally local domain and that segments

o LOE+034.
g Sa ~ &~ Global fitting]
2 N\ —°— Local fitting
2 a
.2 1.0E+02 N
E A
£ k-—A—-k-—A-A —4
E
§ 1.0E+01
1 2 3 4 5 6 7 8 9 10
#iterations
(a) Residual of background fitting

1.0

0.8 b
=}
206
& 04 —— BgSub

02 / — &~ Min-Cut (Global fitting)

- —o— Min-Cut (Local fitting)
0.0 e

1 2 3 4 5 6 7 8 9 10
#iterations
(b) Precision
Figure 4. Performance in iteration process

the silhouettes accurately.
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