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Foreword 

As future generation information technology (FGIT) becomes specialized and frag-
mented, it is easy to lose sight that many topics in FGIT have common threads and, 
because of this, advances in one discipline may be transmitted to others. Presentation 
of recent results obtained in different disciplines encourages this interchange for the 
advancement of FGIT as a whole. Of particular interest are hybrid solutions that com-
bine ideas taken from multiple disciplines in order to achieve something more signifi-
cant than the sum of the individual parts. Through such hybrid philosophy, a new 
principle can be discovered, which has the propensity to propagate throughout multi-
faceted disciplines. 

FGIT 2009 was the first mega-conference that attempted to follow the above idea of 
hybridization in FGIT in a form of multiple events related to particular disciplines of IT, 
conducted by separate scientific committees, but coordinated in order to expose the most 
important contributions. It included the following international conferences: Advanced 
Software Engineering and Its Applications (ASEA), Bio-Science and Bio-Technology 
(BSBT), Control and Automation (CA), Database Theory and Application (DTA), Dis-
aster Recovery and Business Continuity (DRBC; published independently), Future Gen-
eration Communication and Networking (FGCN) that was combined with Advanced 
Communication and Networking (ACN), Grid and Distributed Computing (GDC), Mul-
timedia, Computer Graphics and Broadcasting (MulGraB), Security Technology  
(SecTech), Signal Processing, Image Processing and Pattern Recognition (SIP), and u- 
and e-Service, Science and Technology (UNESST). 

We acknowledge the great effort of all the Chairs and the members of advisory 
boards and Program Committees of the above-listed events, who selected 28% of over 
1,050 submissions, following a rigorous peer-review process. Special thanks go to the 
following organizations supporting FGIT 2009: ECSIS, Korean Institute of Informa-
tion Technology, Australian Computer Society, SERSC, Springer LNCS/CCIS, 
COEIA, ICC Jeju, ISEP/IPP, GECAD, PoDIT, Business Community Partnership, 
Brno University of Technology, KISA, K-NBTC and National Taipei University of 
Education. 

We are very grateful to the following speakers who accepted our invitation and 
helped to meet the objectives of FGIT 2009: Ruay-Shiung Chang (National Dong 
Hwa University, Taiwan), Jack Dongarra (University of Tennessee, USA), Xiaohua 
(Tony) Hu (Drexel University, USA), Irwin King (Chinese University of Hong Kong, 
Hong Kong), Carlos Ramos (Polytechnic of Porto, Portugal), Timothy K. Shih (Asia 
University, Taiwan), Peter M.A. Sloot (University of Amsterdam, The Netherlands), 
Kyu-Young Whang (KAIST, South Korea), and Stephen S. Yau (Arizona State Uni-
versity, USA). 
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We would also like to thank Rosslin John Robles, Maricel O. Balitanas, Farkhod 
Alisherov Alisherovish, and Feruza Sattarova Yusfovna – graduate students of Han-
nam University who helped in editing the FGIT 2009 material with a great passion. 
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Preface 

We would like to welcome you to the proceedings of the 2009 International Confer-
ence on Signal Processing, Image Processing and Pattern Recognition (SIP 2009), 
which was organized as part of the 2009 International Mega-Conference on Future 
Generation Information Technology (FGIT 2009), held during December 10–12, 2009, 
at the International Convention Center Jeju, Jeju Island, South Korea. 

SIP 2009 focused on various aspects of advances in signal processing, image proc-
essing and pattern recognition with computational sciences, mathematics and informa-
tion technology. It provided a chance for academic and industry professionals to  
discuss recent progress in the related areas. We expect that the conference and its 
publications will be a trigger for further related research and technology improve-
ments in this important subject. 

We would like to acknowledge the great effort of all the Chairs and members of the 
Program Committee. Out of 140 submissions to SIP 2009, we accepted 42 papers to 
be included in the proceedings and presented during the conference. This gives 
roughly a 30% acceptance ratio. Four of the papers accepted for SIP 2009 were pub-
lished in the special FGIT 2009 volume, LNCS 5899, by Springer. The remaining 38 
accepted papers can be found in this CCIS volume. 

We would like to express our gratitude to all of the authors of submitted papers and 
to all of the attendees, for their contributions and participation. We believe in the need 
for continuing this undertaking in the future. 

Once more, we would like to thank all the organizations and individuals who sup-
ported FGIT 2009 as a whole and, in particular, helped in the success of SIP 2009. 
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A Blind Image Wavelet-Based Watermarking

Using Interval Arithmetic

Teruya Minamoto1, Kentaro Aoki1, and Mitsuaki Yoshihara2

1 Saga University, Saga, Japan
{minamoto,aoki}@ma.is.saga-u.ac.jp

2 Kobe Steel, Ltd., Japan

Abstract. In this paper, we present a new blind digital image water-
marking method. For the intended purpose, we introduce the interval
wavelet decomposition which is a combination between discrete wavelet
transform and interval arithmetic, and examine its properties. According
to our experimental results, this combination is a good way to produce
a kind of redundancy from the original image and to develop new wa-
termarking methods. Thanks to this property, we can obtain specific
frequency components where the watermark is embedded. We describe
the procedures of our method in detail and the relations with the human
visual system (HVS), and give some experimental results. Experimental
results demonstrate that our method give the watermarked images of
better quality and is robust against attacks such as clipping, marking,
JPEG and JPEG2000 compressions.

1 Introduction

Many digital image watermarking methods have been proposed over the last
decade [2,3]. According to whether the original signal is needed or not during
the watermark detection process, digital watermarking methods can be roughly
categorized in the following two types : non-blind and blind. Non-blind method
requires the original image in the detection end, whereas blind one does not. The
blind methods are more useful than non-blind, because the original image may
not be available in actual scenarios.

If we understand correctly, almost all existing watermarking methods utilize
the redundancies of the original image to embed the digital watermark. There-
fore, it is important to find or produce the redundant parts of the original image
based on the characteristics of the human visual system (HVS).

While interval arithmetic which are mainly used in the field where rigorous
mathematics is associated with scientific computing including computer graph-
ics and computer-aided design [6,8]. Interval arithmetic has the property that
the width of the interval which includes the original data expands in propor-
tional to the number of arithmetic computations. This property is sometimes
called “Interval expansion”. Interval expansion is, so to speak, the redundancy
produced by the original data and interval arithmetic. This implies that there is
a possibility to apply interval arithmetic to digital watermarking.

D. Śl
↪
ezak et al. (Eds.): SIP 2009, CCIS 61, pp. 1–8, 2009.

c© Springer-Verlag Berlin Heidelberg 2009



2 T. Minamoto, K. Aoki, and M. Yoshihara

Based on this idea, we proposed a new non-blind digital image watermark-
ing method in Ref. [7] where we used discrete wavelet transforms and interval
arithmetic. In this paper we call such a combination between discrete wavelet
transform and interval arithmetic “Interval wavelet decomposition”.

Up to now, we neither investigate the properties of the interval wavelet de-
composition, nor consider the blind type in Ref. [7]. Therefore, our goal in this
paper is to examine the properties of the interval wavelet decomposition and
the relations with the HVS, and to propose a new blind digital watermarking
method using the interval wavelet decomposition.

This paper is organized as follows: in Section 2, we briefly describe the basics
of interval arithmetic. In Section 3, we introduce the interval wavelet decompo-
sition, and propose a blind digital watermarking method in Section 4. Then, we
describe how to choose the parameter appearing in our experiments, and the
relationship between our method and the HVS in Section 5. We demonstrate
experimental results in Section 6, and conclude this paper in Section 7.

2 Interval Arithmetic

An interval is a set of the form A = [a1, a2] = {t|a1 ≤ t ≤ a2, a1, a2 ∈ R}, where
R denotes the set of real numbers. We denote the lower and upper bounds of an
interval A by inf(A) = a1 and sup(A) = a2, respectively, and the width of any
non-empty interval A is defined by w(A) = a2 − a1. The four basic operations,
namely, addition(+), subtraction(−), multiplication(∗) and division (/) on two
intervals A = [a1, a2] and B = [b1, b2] are defined as follows:

A + B = [a1 + b1, a2 + b2], A−B = [a1 − b2, a2 − b1],
A ∗B = [min{a1b1, a1b2, a2b1, a2b2}, max{a1b1, a1b2, a2b1, a2b2}]
A/B = [a1, a2] ∗ [1/b2, 1/b1], 0 /∈ B.

(1)

For interval vectors and matrices whose elements consist of intervals, these op-
erations are executed at each element.

From the basic operations (1), the width of interval expands in proportional to
the number of computations in general. For examples, let A = [−1, 2], B = [1, 4],
and C = [−2, 1], then A+B = [0, 6], A+B−C = [−1, 8]. The widths of A, B and
C are 3, while the widths of A + B and A + B −C are 6 and 9, respectively. This
phenomena is sometimes called “Interval expansion”. This is the typical demerit
of interval arithmetic, but we regard this interval expansion as a useful tool to
produce the redundant part from the original image in this paper.

3 Interval Wavelet Decomposition

Let us denote the original image by S. It is well known from Refs. [4,5] that
the usual Daubechies wavelet decomposition formulae for images with support
width 2N − 1 are given as follows:
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C(i, j) =

2N−1∑

m,n=0

pmpnS(m + 2i, n + 2j), D(i, j) =

2N−1∑

m,n=0

pmqnS(m + 2i, n + 2j),

E(i, j) =
2N−1∑

m,n=0

qmpnS(m + 2i, n + 2j), F (i, j) =
2N−1∑

m,n=0

qmqnS(m + 2i, n + 2j).

(2)

Here pn and qn are real parameters which has the relation qn = (−1)np2N−1−n,
and the indices i and j are the locations in horizontal and vertical directions,
respectively. The components C, D, E and F indicate low frequency components,
high frequency components in vertical, in horizontal, and in diagonal directions,
respectively.

To accelerate the interval expansion, we define the interval wavelet decompo-
sition based on (2) by

IC(i, j) =

2N−1∑

m,n=0

(1 + I(Δm,n)) Ŝi,j
pm,pn

, ID(i, j) =

2N−1∑

m,n=0

(1 + I(Δm,n)) Ŝi,j
pm,qn

,

IE(i, j) =
2N−1∑

m,n=0

(1 + I(Δm,n)) Ŝi,j
qm ,pn

, IF (i, j) =
2N−1∑

m,n=0

(1 + I(Δm,n)) Ŝi,j
qm,qn

,

(3)

where Ŝi,j
pm,qn

= pmqnS(m + 2i, n + 2j), I(Δm,n) = [−Δm,n, Δm,n], and Δm,n

are positive real numbers.

4 Watermarking Algorithm

We assume that the binary-valued watermark W consists of −1 and 1. To de-
velop a new blind method, we modify one of the best known block-based blind
watermark scheme described in Chapter 3 in Ref.[2] and apply it to the non-
blind method in Ref.[7]. In our method, we use a slide window instead of a
block, because the slide window based scheme is superior to the block-based one
in many cases according to our experience. Then, the embedding procedures are
as follows:

1. Choose one among the four interval components IC, ID, IE and IF and
decide the position where the watermark is embedded. For simplicity, we
assume that we choose IF and decide F ′ = sup(IF ) in this section.

2. Replace other components as floating point ones. In this case, replace IC,
ID, and IE as C, D, E, respectively.

3. Compute the following sequence by a slide window of 2k + 1:

F (i, j) = sgn(F ′(i, j)) · 1
(2k + 1)

k∑

l=−k

|F ′(i + l, j)|, (4)

where k is a fixed natural number and sgn(x) is the usual signum function
of a real number x.
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4. Embed the watermark W by computing

Fw(i, j) = F (i, j){1 + αW (i, j)}. (5)

Here 0 < α < 1 is a given hiding factor which adjusts the robustness.
5. Reconstruct the image using C ∼ E, Fw and the inverse wavelet transform,

then the watermarked image Sw is obtained.

The following steps describe the detection procedures:

1. Decompose Sw into four components CSw , DSw , ESw , and FSw by the wavelet
transform.

2. Compute
We(i, j) = sgn

(|FSw (i, j)| − |FSw (i, j)|) (6)

to extract the watermark. Here we note that we must consider the absolute
values of FSw and FSw to avoid changing the sign of αW ≈ (FSw−FSw )/FSw

corresponding to (Fw − F )/F in (5). For example, assuming that W = 1,
(Fw − F )/F < 0 when F < 0, whereas (Fw − F )/F > 0 when F > 0.

5 Considerations on the Proposed Algorithms

In this section, we consider how to choose the parameters described in the pre-
vious section and the relationship between the proposed redundancy and the
HVS.

5.1 The Choice of Parameters

Digital watermarking methods involve the trade-off between the robustness and
the quality of the watermarked image. The values Δm,n in (3) represents this
relation. In fact, the robustness is proportional to the values Δm,n, but the
quality of the watermarked image is inversely proportional to the values Δm,n,
and vice versa. Since the hiding parameter α in (5) also decides the robustness
of our watermarking method, it is important to find the good values of Δm,n

and α. Furthermore, a natural number k in (4) will affect the robustness.
We decide the parameters so as not to decrease considerably the value of the

peak signal to noise ratio (PSNR) in decibels computed by

PSNR = 20 log10

⎛

⎝ 255√
1

NxNy

∑Nx

i=1

∑Ny

j=1(Sw(i, j)− S(i, j))2

⎞

⎠ ,

where Nx and Ny are the size of image in horizontal and in vertical directions,
respectively.

In our experiment, we require that the PSNR value exceeds 30. According to
our preliminary experiments, we must set Δm,n ≤ 0.008 to fill this requirement,
if we use the same constant Δm,n at all pixels. While k in (4) does not affect
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the PSNR too much, but we confirmed that it affects the quality of extracted
watermark in our simulations. Moreover, α should be chosen as large as possible
in order to maintain the robustness.

As a result, we choose Δm,n = 0.008 in (3), k = 10 in (4), and α = 0.9 in (5)
as initial values.

5.2 Relationship between Our Method and the HVS

In this subsection, we investigate the relationship between the produced redun-
dancy by the interval wavelet decomposition and the HVS. For the intended
purpose, we prepare the following theorem.

Theorem 1. The interval high frequency components ID , IE and IF contain
the low frequency component C. More precisely, the following relations hold.

ID(i, j) = D(i, j) + θD (IC(i, j)− C(i, j)) + RD(i, j),
IE(i, j) = E(i, j) + θE (IC(i, j)− C(i, j)) + RE(i, j),
IF (i, j) = F (i, j) + θF (IC(i, j)− C(i, j)) + RF (i, j).

(7)

Here θD, θE and θF are certain constants depending on pn in (2), and RD(i, j),
RE(i, j) and RF (i, j) are certain components which values are expectatively small.

Proof. We only prove the first equality in (7), because the other equalities can
be shown in the same manner, and we abbreviate S(i, j) to Si,j in this proof to
save space.

From (3), we first note that ID(i, j) = D(i, j) +∑2N−1
m,n=0 I(Δm,n)pmqnSm+2i,n+2j .

Using the relation qn = (−1)np2N−1−n appearing in Ref. [4], the second term
of the right-hand side is denoted by

2N−1∑

m,n=0

I(Δm,n)pmqnSm+2i,n+2j =
2N−1∑

m,n=0

I(Δm,n)
p2N−1−n

pn
pmpnSm+2i,n+2j .

Next, putting cn = p2N−1−n/pn and θD = minn |cn|, the right-hand side term
above is represented by

2N−1∑

m,n=0

(I(Δm,n)θDpmpnSm+2i,n+2j + I(Δm,n)(cn − θD)pmpnSm+2i,n+2j)

=θD

2N−1∑

m,n=0

I(Δm,n)pmpnSm+2i,n+2j + RD(i, j),

where RD(i, j) =
∑2N−1

m,n=0 I(Δm,n)(cn − θD)pmpnSm+2i,n+2j .
Then, we obtain

2N−1∑

m,n=0

I(Δm,n)pmpnSm+2i,n+2j =
2N−1∑

m,n=0

(1 + I(Δm,n) − 1)pmpnSm+2i,n+2j

=

2N−1∑

m,n=0

(1 + I(Δm,n)) pmpnSm+2i,n+2j −
2N−1∑

m,n=0

pmpnSm+2i,n+2j .

Therefore, ID(i, j) = D(i, j) + θD(IC(i, j)− C(i, j)) + RD(i, j) holds. ��
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Barni et al. proposed the weighing function using the masking characteristics
of the HVS [1]. To compare their method with our method, we set Y 0

l = Dl,
Y 1

l = Fl, Y 2
l = El and Y 3

l = Cl, where the numerical subscript l(l = 0, 1, 2, 3)
stands for the resolution level. The components C0, D0, E0 and F0 are identical
with C, D, E and F , respectively in Section 3.

They embed the watermark wθ(i, j) according to the rule Ỹ θ
0 (i, j) = Y θ

0 (i, j)+
βqθ(i, j)wθ(i, j) using the weighing function qθ(i, j) = Θ(θ)Λ(i, j)Ξ(i, j)0.2.

According to Ref. [1], the functions Θ(θ), Λ(i, j), and Ξ(i, j)0.2 correspond to
the following considerations, respectively:

1. The eye is less sensitive to noise in high resolution bands.
2. The eye is less sensitive to noise in those areas of the image where brightness

is high or low.
3. The eye is less sensitive to noise in highly textured areas, but, among these,

more sensitive near the edge.

Since F is the high resolution bands in general, the first item corresponds with
what we embed the watermark into F in our method. To consider the second
item, Barni et al. used the low component C3 of the image. This choice corre-
sponds to F̄ in our method, because F̄ depends on IF , and IF contains the
low frequency component by Theorem 1. Moreover, they used the product of the
local mean square values of Y θ

l in all components and the local variance of the
low frequency component Y 3

3 to take into account of the third item. These things
also corresponds to F̄ in our method, because F̄ is produced by the slide window
which takes into account of the neighborhood of the pixel, and F̄ contains both
high and low frequency factors.

From these discussions, we may conclude that our method takes the HVS into
consideration. In particular, the high frequency component F̄ has the information
of the low frequency component thanks to the interval wavelet decomposition,
and the mathematical expressions are simpler and more sophisticated than the
rule proposed by Barni et al. This is the new merit of interval arithmetic.

6 Experimental Results

To evaluate the performance of the proposed method, we adopt the 256-grayscale
Lenna image of size 256×256 and a binary watermark of size 128×128 as shown
in Fig.1 (a) and (b). We implemented our method using INTLAB [9] which is
the MATLAB toolbox and supports interval arithmetic.

At first, we set Δm,n = 0.008 and N = 3 in (3), k = 10 in (4), and α = 0.9
in (5). In this experiment, we compute the mean(S) which is the arithmetic
mean of S, and varied Δm,n from 0.0012 to 0.0163 depending on the ratio
S(i, j)/mean(S) at each pixel.

Fig.1 (c) shows the watermarked image with PSNR=33.5774 obtained by
the proposed blind method and the watermark extracted from the watermarked
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Fig. 1. (a) Original image, (b) watermark, (c) watermarked image with PSNR=33.5774
and (d) extracted watermark without any attack

Fig. 2. (a) Watermarked image with marked areas, (b) extracted watermark, (c) 188
× 210 fragment of watermarked image and (d) extracted watermark

Fig. 3. Extracted watermarks from (a) the watermarked JPEG image with the file size
ratio 34%, the watermarked JPEG2000 images with the file size ratio (b) 10.6% and
(c) 9.7%

image without any attack. Figs.2∼3 illustrate the watermarks extracted from the
attacked watermarked images under attacks such as marking, clipping, JPEG
and JPEG2000 compressions. The extracted images are damaged, but we are
able to identify the existence of watermark at a single glance in Figs.2 (b), (d)
and 3 (b), and do barely in Fig.3 (a) and (c).
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7 Conclusion

We proposed a blind digital image watermarking method. It seems that our
method are relatively easier to implement than other methods based on the fre-
quency domain [1,2]. To develop our method, we introduced the interval wavelet
decomposition formulae and investigate its properties. Using the interval wavelet
decomposition formulae, we realized that every high frequency component con-
tains the low frequency component. Since the low component is the main part of
the original image, these high frequency components also contain it. This means
that every high frequency component has a certain redundancy. We also men-
tioned the relationship between this redundancy and the HVS, and realized that
our method takes a kind of the HVS into consideration automatically. Of course,
this conclusion is only an interpretation of the relation between the HVS and
our method, because the HVS is certainly one of the most complex biological
devices. We would like to remark this point.

Experimental results demonstrate that our method gives the better-quality
watermarked images and have the robustness against some attacks such as clip-
ping, marking, JPEG and JPEG2000 compressions.

At present, our digital watermarking method may not have enough robustness
in practice, and we do not compare our method with other up-to-date methods
[3]. However, this work gives a novel technique of digital watermarking methods,
besides it may open up new possibilities for interval arithmetic. In this sense,
we believe that our approaches are very important in the field of both digital
watermarking and interval arithmetic.
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Abstract. In this paper, we propose an automatic system that handles
hand gesture spotting and recognition simultaneously in stereo color im-
age sequences without any time delay based on Hidden Markov Models
(HMMs). Color and 3D depth map are used to segment hand regions.
The hand trajectory will determine in further step using Mean-shift algo-
rithm and Kalman filter to generate 3D dynamic features. Furthermore,
k -means clustering algorithm is employed for the HMMs codewords. To
spot meaningful gestures accurately, a non-gesture model is proposed,
which provides confidence limit for the calculated likelihood by other
gesture models. The confidence measures are used as an adaptive thresh-
old for spotting meaningful gestures. Experimental results show that the
proposed system can successfully recognize isolated gestures with 98.33%
and meaningful gestures with 94.35% reliability for numbers (0-9).

Keywords: Gesture spotting, Gesture recognition, Pattern recognition,
Computer vision.

1 Introduction

Although automatic hand gesture recognition technologies have been successfully
applied to real-world applications, there are still several problems that need to
be solved for wider applications of Human-Computer Interaction (HCI). One of
such problems, which arise in real-time hand gesture recognition, is to extract
meaningful gestures from the continuous sequence of hand motions. Another
problem is caused by the fact that the same gesture varies in shape, trajectory
and duration, even for the same person. In the last decade, several methods
of potential applications [1], [2], [3], [4], [5] in the advanced gesture interfaces
for HCI have been suggested but these differ from one another in their models.
Some of these models are Neural Network (NN) [3], HMMs [5] and Dynamic
Time Warping (DTW) [6]. Lee et al. [7] proposed an Ergodic model using adap-
tive threshold to spot the start and the end points of input patterns, and also
classify the meaningful gestures by combining all states from all trained ges-
ture models using HMMs. Yang et al. [2] presented a method to recognize the
whole-body key gestures in Human-Robot Interaction (HRI) by designing the
garbage model for non-gesture patterns. Yang et al. [8] introduced a method for
designing threshold model using the weight of state and transition of the original

D. Śl
↪
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Conditional Random Fields (CRF). This model performs an adaptive threshold
to distinguish between signs and non-sign patterns.

Previous approaches mostly used the backward spotting technique that first
detects the end point of gesture. Moreover, they track back to discover the start
point of the gesture and then the segmented gesture is sent to the recognizer for
recognition. So, there is an inevitable time delay between the meaningful gesture
spotting and recognition. This time delay is not suitable for on-line applications.

The main contribution of this paper is to propose a gesture spotting system
that executes hand gesture segmentation and recognition simultaneously using
HMMs. A Markov Model is is capable of modeling spatio-temporal time series
of gestures effectively and can handle non-gesture patterns rather than NN and
DTW. To spot meaningful gesture accurately, a sophisticated method of design-
ing a non-gesture model is proposed. The non-gesture model is a weak model for
all trained gesture models where its likelihood is smaller than that the dedicated
model for a given gesture. The start and end points of gestures are based on
the competitive differential observation probability value, which is determined
by the difference of observation probability value of maximal gesture models and
non-gesture model. Each isolated gesture number is based on 60 video sequences
for training and testing, while the continuous gestures are based on 280 video
sequences for spotting meaningful gestures. The achievement recognition rates
on isolated and meaningful gestures are 98.33% and 94.35% respectively.

2 Hidden Markov Models

Hidden Markov Model is a mathematical model of stochastic process, which
generates random sequences of outcomes according to certain probabilities [5],
[9], [10], [11], [12], [13]. A stochastic process is a sequence of feature extraction
codewords, the outcomes being the classification of hand gesture path.
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(a) (b)
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Fig. 1. (a) Ergodic topology with 4 states. (b) Gesture paths from hand trajectory for
numbers (0-9) with its segmented parts. (c) Simplified Ergodic with fewer transitions.
(d) LRB topology with its straight-line segmentation for gesture path 4.
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Evaluation, Decoding and Training are the main problems of HMMs and they
can be solved by using Forward-Backward, Viterbi and Baum-Welch (BW) al-
gorithms respectively. Also, HMMs has three topologies; Fully Connected (i.e.
Ergodic model) where any state in it can be reached from other states, Left-
Right (LR) model such that each state can go back to itself or to the following
states and Left-Right Bannded (LRB) model in which each state can go back to
itself or the next state only (Fig. 1).

3 3D Dynamic Feature Extraction

There is no doubt that selecting good features to recognize the hand gesture path
play significant role in system performance. A gesture path is spatio-temporal
pattern that consists of centroid points (xhand, yhand). There are three basic
features; location, orientation and velocity. We consider the center of gravity to
compute the location features because different location features are generated
for the same gesture according to the different starting points (Eq. 2).

Lt =
√

(xt+1 − Cx)2 + (yt+1 − Cy)2 ; t = 1, 2, ..., T − 1 (1)

(Cx, Cy) =
1
n

(
n∑

t=1

xt,

n∑

t=1

yt) (2)

where T represents the length of gesture path and (Cx, Cy) refer to the center of
gravity at the point n. To verify the real-time implementation in our system, the
center of gravity is computed after each image frame. Moreover, the orientation
θt is determined between the current point and the center of gravity by Eq. 3.

θt = arctan
(

yt+1 − Cy

xt+1 − Cx

)
; t = 1, 2, ..., T − 1 (3)

The velocity is based on the fact that each gesture is made at different speeds
where the velocity of the hand decreases at the corner point of a gesture path.
The velocity is calculated as the Euclidean distance between the two successive
points divided by the time in terms of the number of video frames as follows;

Vt =
√

(xt+1 − xt)2 + (yt+1 − yt)2 ; t = 1, 2, ..., T − 1 (4)

Furthermore, the feature vector F is obtained by the union of location, orienta-
tion and velocity features (Eq. 5).

F = {(L1, θ1, V1), (L2, θ2, V2), ..., (LT−1, θT−1, VT−1)} (5)

The extracted features are quantized so as to obtain discrete symbols to apply
to the HMMs. This done using k-means clustering algorithm [11], which classify
the gesture pattern into K clusters in the feature space. We evaluate the gesture
recognition according to different clusters number from 28 to 37. Therefore, Our
experiments showed that the optimal number of clusters K is equal to 33.
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4 Gesture Spotting and Recognition System

To spot meaningful gestures, we mention how to model gesture patterns discrim-
inately and how to model non-gesture patterns effectively (Fig. 2). Each refer-
ence pattern for numbers (0-9) is modeled by LRB model with varying number
of states ranging from 3 to 5 states based on its complexity (Fig. 1(b)). As, the
excessive number of states can generate the over-fitting problem if the number
of training samples is insufficient compared to the model parameters. It is not
easy to obtain the set of non-gesture patterns because there are infinite varieties
of meaningless motion. So, all other patterns rather than references pattern are
modeled by a single HMM called a non-gesture model (garbage model) [2], [7].
The non-gesture model is constructed by collecting the states of all gesture mod-
els in the system [14]. The non-gesture model (Fig. 1(c)) is weak model for all
trained gesture models and represents every possible pattern where its likeli-
hood is smaller than the dedicated model for given gesture because of the re-
duced forward transition probabilities. Also, the likelihood of the non-gesture
model provides a confidence limit for the calculated likelihood by other gesture
models. Thereby, we can use confidence measures as an adaptive threshold for
selecting the proper gesture model or gesture spotting. The number of states for
non-gesture model increases as the number of gesture model increases. More-
over, there are many states in the non-gesture model with similar probability
distribution, which in turn lead to waste time and space. To alleviate this prob-
lem, a relative entropy [15] is used. The relative entropy is the measure of the
distance between two probability distributions. The proposed gesture spotting
system contains two main modules; segmentation module and recognition mod-
ule. In the gesture segmentation module, we use sliding window (Optimal size
equal 5 empirically), which calculates the observation probability of all gesture
models and non-gesture model for segmented parts. The start (end) point of ges-
ture is spotted by competitive differential observation probability value between
maximal gestures (λg) and non-gesture (Fig. 2). The maximal gesture model is

HMM zero

HMM Nine

HMM one

M
ax. likelihood

Competitive
Differential
Observation
Probability

=

P(O| g)

P(O| 0)

P(O| 1)

P(O| 9)

Non-gesture HMM

Preproc.
+

Feature 
extraction

Video
stream

Gesture
start /end

point

P(O| non-gesture)

P(O| g)

P(O| non-gesture)

-

Fig. 2. Simplified structure showing the main computational modules for the proposed
hand gesture spotting and recognition system. p(O|λg) means the probability of the
obsereved sequence O given the HMMs parameters of reference gesture g.
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the gesture whose observation probability is the largest among all ten gesture
p(O|λg). When this value changes from negative to positive (Eq. 6, O can possi-
bly as gesture g), the gesture starts. Similarly, the gesture ended around the time
that this value changes from positive to negative (Eq. 7, O cannot be gesture).

∃g : P (O|λg) > P (O|λnon−gesture) (6)

∀g : P (O|λg) < P (O|λnon−gesture) (7)

After spotting start point in continuous image sequences, then it activates gesture
recognition module, which performs the recognition task for the segmented part
accumulatively until it receives the gesture end signal. At this point, the type of
observed gesture is decided by Viterbi algorithm frame by frame.

5 Experimental Results

Our proposed system was capable for real-time implementation and showed good
results to recognize numbers (0-9) from stereo color image sequences via the
motion trajectory of single hand using HMMs. In our experimental results, the
segmentation of the hand with complex background takes place using 3D depth
map and color information over Y CbCr color space, which is more robust to
the disadvantageous lighting and partial occlusion. Gaussian Mixture Models
(GMM) were considered where a large database of skin and non-skin pixel is used
to train it. Moreover, morphological operations were used as a preprocessing, and
Mean-shift algorithm in conjunction with Kalman filter is to track the hand to
generate the hand motion trajectory. For more details, the reader can refer to [5],
[14]. The input images were captured by Bumblebee stereo camera system that
has 6 mm focal length at 15FPS with 240× 320 pixels image resolution, Matlab
implementation. Our experiments is carried out an isolated gesture recognition
and meaningful gesture spotting test.

5.1 Isolated Gesture Recognition

In our experimental results, each isolated gesture number from 0 to 9 was based
on 60 video sequences, which 42 video samples for training by BW algorithm and
18 video samples for testing (Totally, our database contains 420 video samples
for training and 180 video sample for testing). The gesture recognition module
match the tested gesture against the database of reference gestures, to classify
which class it belongs to. The higher priority was computed by Viterbi algo-
rithm to recognize the numbers in real-time frame by frame over Left-Right
Banded topology with different number of states ranging from 3 to 5 based on
gesture complexity. We evaluate the gesture recognition according to different
clusters number from 28 to 37 to employee the extracted feature extraction for
the HMMs codewords (Fig. 4(b)). Therefore, our experiments showed that the
optimal number of clusters is equal to 33. The recognition ratio is the number
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(a)

(b)

Fig. 3. In (a)&(b) isolated gesture ’3’ with high three priorities, where the probability
of non-gesture before and after state reduction is the same (the no. of states of non-
gesture model before reduction is 40 and after reduction is 28)

of correctly recognized gestures over the number of input gestures (Eq. 8). The
recognition ratio of isolated gestures achieved best results with 98.33%.

Reco. ratio =
no. of correctly recognized gestures

no. of test gestures
× 100% (8)

5.2 Meaningful Gesture Spotting Test

Our database also contains 280 video samples for continuous hand motion. Each
video sample either contains one or more than meaningful gestures. The number of
states in the non-gesture model is equal to the sum of all states for all gesture mod-
els, except the two dummy states (ST and ET states in Fig. 1(c)). This means, the
number of states for non-gesture model increases as the number of gesture model
increases. Furthermore, an increase in the number of states is nothing but dues to
waste time and space. To alleviate this problem, relative entropy is used to reduce
the non-gesture model states because there are many states with similar probabil-
ity distribution. In addition, we measure the gesture spotting accuracy according
to different window size from 1 to 8 (Fig. 4(a)). We noted that, the gesture spot-
ting accuracy is improved initially as the sliding window size increase, but degrades
as sliding window size increase further. Therefore, the optimal size of sliding win-
dow is 5 empirically. Also, result of one meaningful gesture spotting ’6’ is shown
in Fig. 4(a) where the start point detection at frame 15 and end point at frame 50.
In automatic gesture spotting task, there are three types of errors, namely, inser-
tion, substitution and deletion. The insertion error occurs when the spotter detects
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(a) (b)

Fig. 4. (a) One meaningful gesture spotting ’6’ with spotting accuracy for different
sliding window size from 1 to 8. (b) Gesture spotting ’62’.

a nonexistent gesture. A substitution error occurs when the meaningful gesture is
classified falsely. The deletion error occurs when the spotter fails to detect a mean-
ingful gesture.Here,wenote that some insertion errors cause the substitution errors
or deletion errors where the insertion errors affect on the the gesture spotting ratio
directly. Here, we note that some insertion errors cause the substitution errors
or deletion errors where the insertion errors affect on the gesture spotting ratio
directly. The reliability of automatic gesture spotting system is computed by
Eq. 9 and achieved 94.35%. The reliability is the number of correctly recognized
gestures over the number of tested gestures plus the number of insertion errors.
Fig. 4(b) shows the results of continuous gesture path that contains within itself
two meaningful gestures ’6’ and ’2’.

Rel. =
no. of correctly recognized gestures

no. of test gestures + no. of insertion errors
× 100% (9)

6 Conclusion and Future Work

This paper proposes an automatic hand gesture spotting system for numbers
from 0 to 9 in stereo color image sequences using Hidden Markov Models. Our
system performs the hand gesture segmentation and recognition tasks simultane-
ously. Furthermore, it is suitable for real-time applications and solves the issues
of time delay between the segmentation and the recognition tasks. The database
contains 60 video sequences for each isolated gesture number (42 video sequences
for training and 18 video sequences for testing) and 280 video sequences for con-
tinuous gestures. The results show that; the proposed system can successfully
recognize isolated gestures with 98.33% and spotting meaningful gestures with
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94.35% reliability. The future research will address the hand gesture spotting
by fingertip trajectory instead of the hand centroid point to recognize American
Sign Language over combined features using multi-camera system.
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Abstract. This paper presents a novel method for the objective quality
evaluation of letterings at the example of laser markings. The proposed
method enables an automated quality evaluation during random inspec-
tion of small quantities of frequently changing items. The markings are
segmented from the image within a first step and compared against a
master piece in the second step. Each character and contour is evaluated
with regard to completeness, contrast, edge width and homogeneity ac-
cording to quality criteria based on the human visual perception. Thus
our approach provides an user-independent evaluation method with high
repeatability and reproducibility for its industrial application.

Keywords: letter quality, pattern analysis, template matching.

1 Introduction

Quality assurance has become a key instrument in the modern process of man-
ufacturing. The field of quality evaluation of markings is still dominated by
human inspection techniques. The motivation of our work is to objectify the
quality evaluation of laser markings applied on plastic bodies for electric circuits
to ensure a good readability. Actually, “good” is a subjective measure that varies
between single persons. Our approach automates and objectifies this inspection
using image processing techniques. Existing methods and measurement systems
for the marking evaluation focus on specific tasks. Generally, variances between a
golden sample and the current specimen are analyzed. [1] and [2] use neural net-
works and knowledge-based systems for quality evaluation while [3] compares
a gray scale card against the current sample to evaluate the contrast. These
methods are optimized for high clock frequencies and OK/NOK classifications
of infrequently changing items. Compared to inspection systems humans have a
larger dynamic range but lack the objectiveness of automated systems and do
not achieve their high repeatability and reproducibility.

The purpose of our measurement system is to evaluate the marking quality
in order to control and optimize the laser marking process according to the
human visual perception. To allow rapid changes in the product appearance
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a high flexibility is required as well. The considered markings are brought on
ten materials with five different colors. The variety of the marking patterns is
larger than one thousand, each of them consisting of several characters, symbols
and contours. Thus, our approach avoids learning steps as it would be required
for knowledge-based methods. It takes advantage of the fact that the master
marking is stored as a vector graphic, which is used as a reference without
teaching the system or searching for a faultless golden sample. The evaluation
method includes completeness, contrast, edge width and homogeneity.

To identify the contours the master marking is aligned with the marking on the
specimen first. Thereto a Canny edge detector [4] is deployed for segmentation.
The mapping between the coordinates of the master marking and the examined
marking uses an ICP algorithm [5] based on Horn’s method to find a closed-form
solution of absolute orientation [6]. The characteristic of the examined specimen
allow for a histogram based peak-and-valley element segmentation algorithm
comparable with the Gaussian smoothing procedure from Tsai [7]. Homogeneity
measures are derived from co-occurrence matrices according to [8].

The optical resolution limit or point spread function of the human eye is 30
seconds of arc, and corresponds to the spacing of receptor cells on the fovea [9].
Therefore the theoretical minimum separabile of a sinusoidal pattern is 60 pe-
riods per degree. This equates to a visus of 2.0 [10] which is never reached in
reality. At a visus of 2.0 the minimum separabile at a distance of 0.35 m is ap-
proximately 0.1 mm. Taking image sampling into account we chose a resolution
for the camera system of 0.05 mm per pixel. Furthermore, the optical resolution
limit of the human eye depends on the contrast. Thus the minimum separabile
declines with descending contrast.

2 Marking Evaluation

In the following section we discuss a new method applied for objective quality
evaluation of markings. In the first paragraph the marking selection and the tem-
plate matching procedures are presented. Afterwards we propose an new method
for distortion correction, which is needed to handle influences from optical sys-
tems. Finally a comparative study evaluates the results from a poll about human
visual perception with the objective measures in the last paragraphs.

2.1 Marking Segmentation and Template Matching

The precondition for the evaluation is to segment the markings in the image
and to align them with the master markings. This is done with a multistage
approach as shown in Fig. 1. First the contours of the markings and the specimen
are segmented using the Canny edge detector. Second the master markings are
mapped to the segmented markings with an ICP algorithm. Third the master
markings are finally aligned to the segmented markings with a new method for
fractional template matching which reduces errors due to lens distortions. Finally
each marking element is, again, segmented from its local environment.
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(a) (b) (c) (d)

Fig. 1. Segmentation of the markings on a specimen (a), matching the edges (b) with
a given vector graphic of the master marking (c), and final evaluation result from green
(ok) to red (not ok) (d)

Thereafter the translation t, the rotation R and the scaling s are calculated
in order to map the master marking to the segmented marking. This is ac-
complished by an ICP algorithm supported by Kd-trees [11] with O(n) median
partitioning [12]. The algorithm efficiently minimizes the euclidean distance E
between the points of the segmented marking mi and their nearest neighbor di

from the transformed points of the master marking.

E(s,R, t) =
1
N

N∑

i=1

mi − (sRdi + t) (1)

To reduce the influence of lens distortions from the optical systems the master
marking contours are distorted instead of undistorting the taken image. This
step preserves the input quality and is more efficient since it does not require an
image distortion with time-consuming interpolations. Once translation, rotation
and scaling are calculated, the whole master marking is mapped to the segmented
marking by applying the global transformations.

The remaining distortions are corrected by the local adjustment as shown in
section 2.2. In the last step the elements on the specimen are segmented in the
local area of the elements of the master marking. This performed by a bina-
rization algorithm benefiting from the bimodal histograms of the specimen [13].
After smoothing the histogram with a Gaussian, our algorithm computes the
two peaks and the valley in between. The threshold is set to the point where the
histogram falls below a value of 1% of the background peak or to the minimum.

2.2 Distortion Correction by Raster Alignment

There are several influences that affect the appearance of the taken image from
the master. These are distortions due to the imaging and laser marking sys-
tem (optical mapping through laser/camera optic, alignment of laser/camera
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(a) Raster for fractional
template matching.

(b) Master marking before
template matching.

(c) Master marking after
template matching.

Fig. 2. Raster approach for local template matching and detail at the beginning and
the end of the whole matching process

and specimen). After having corrected the camera optics distortion the remain-
ing distortions of the laser optics remain and are adjusted by a local template
matching. Thereto the image is divided into sub-images in a raster of 100x100
pixels as shown in Fig. 2(a) which corresponds to a representative region of
0.5x0.5 mm. For every sub-image a template matching limited to translations
between the equivalent part of the master marking and the segmented marking
is accomplished. The translations are ordered in a grid positioned at the centers
of the sub-images. The translation of every template pixel is calculated by bilin-
ear interpolation from the translations of the adjacent grid positions. Compared
to image correction based on the camera system this approach benefits from be-
ing able to adjust distortions due to the laser marking system without affecting
the image quality as shown in Fig. 2(b)(c).

2.3 Poll about Human Perception

To ensure the results of the inquest about human perception a poll was accom-
plished. In this poll 15 test persons were interviewed twice. They had to evaluate
four multiplied by ten specimen out of 4 different materials, which showed five
markings in five different sizes and qualities. All test persons had to grade every
marking into OK/partly OK/NOK respecting contrast, edge width (sharpness)
and homogeneity. The analysis of the poll showed the following facts: There are
strong correlations in the evaluations of specimen with good and bad quality but
the evaluations of specimen with medium quality showed a lot of differences. For
the overall impression contrast is more important than edge width (sharpness)
and homogeneity. Furthermore, bigger markings (2.8 mm) are graded better than
smaller ones (1.0 mm) and textures with a period length smaller than 0.2 mm do
not affect the perception of homogeneity.

These facts show that humans generally have a good visual perception even
for small differences, but each test person has its own threshold to distinguish be-
tween good, medium and bad quality. Furthermore minimum size and minimum
contrast are most important. Although there was a certain variance between the
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(a) Specimen. (b) smooth texture. (c) rough texture.

Fig. 3. Specimen and the different value distributions within the co-occurrence matrices
for smooth and rough textured regions

subjective quality evaluations we could derive borders which were mapped to
thresholds discussed in the following section.

2.4 Evaluation Methods

First the completeness of each object is computed by comparison with its equiv-
alent in the master markings. If the completeness of one object does not reach
the threshold it is discarded. Otherwise it is merged with its equivalent in the
master markings to build a perfectly shaped model for the next calculations.

Afterwards, Michelson contrast [14] C of every object is derived from the
intensities Imax and Imin of foreground and background. Subsequently the edge
width E is calculated from the intensity difference I of each object and the
average gradient magnitude along the object edges G.

C = (Imax − Imin)/(Imax + Imin), I = Imax − Imin (2)

At last the homogeneity is calculated from 4 different criteria. These are covari-
ance and contrast out of co-occurrence matrices, standard deviation and maxi-
mum intensity difference. The maximum intensity difference D is the difference
between the average of the 100 highest intensity values Ihigh and the average of
the 100 lowest intensity values Ilow of the object normalized with the intensity
difference I of object and background.

E = I/G, D = (Ihigh − Ilow)/I (3)

The co-occurrence matrices M consist of the occurrences Px,y of all intensity
differences between adjacent points x and y along the coordinate axes and rep-
resent textures as shown in Fig. 3. The covariance COV along one axis a is
derived from the differences to the local mean and normalized with the sum of
the occurrences of all intensity differences p.

COV =
1
p

255∑

x=0

255∑

y=0

(x − x̄)(y − ȳ)Px,y COV =
1∑

a=0

COV a pa

1∑
o=0

pa

(4)
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The local contrast CL along one axis is calculated by the intensity difference
between adjacent points and normalized with p.

CL =
1
p

255∑

x=0

255∑

y=0

|x − y|Px,y CL =
1∑

a=0

Ca
L

pa

1∑
o=0

pa

(5)

3 System Construction

To achieve a high repeatability and reproducibility a measuring system with
constant characteristics was needed. Since the measuring system is based on a
camera, the scene illumination is crucial. The main component is a hemispherical
dome with a circular fluorescent lamp, an aperture and a circular opening for
the camera at the crest. It ensures a homogeneous lighting and, thus, makes the
measurement independent from external influences. The aperture prevents the
object from being hit by light rays directly.

In order to handle different objects and heights an additional vertical position-
ing system with a controllable translatory stage has been integrated. It ensures
the correct height above the specimen, which is necessary because of the small
depth of field of 5 mm and to ensure the accurate ex ante scale of the master
marking. The positioning step is additionally supported by showing the contours
and the marking of the specimen on the display of the measurement software.

4 Verification

In order to introduce the system to the production process a Gage R&R anal-
ysis had to be performed. Therefore, we have verified the complete system and
the proposed evaluation procedure with a set of 45 different test items, which
have been previously classified by humans. To use the measuring system for
OK/partly OK/NOK classification in the practical application, thresholds for
the evaluation criteria according to the results of the survey about human per-
ception have been ascertained (see Table 1). The feasibility of these thresholds
was verified by comparative tests between human quality inspectors and the

Table 1. Thresholds for OK/partly OK/NOK classifications of ti-gray specimen

classifi-
cation

completeness
in %

contrast edge width
in mm

homogeneity

covar-
iance

con-
trast

max.
diff.

σ

OK >90 >0.25 <0.1 <100 <10 <0.9 <12
partly OK 80-90 0.18-0.25 0.1-0.15 100-220 10-14 0.9-1.2 12-18
NOK <80 <0.18 >0.15 >220 >14 >1.2 >18
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measuring system. For these tests the specimen used for the survey and other
specimen from the same materials (marked with the same laser parameters) were
used. The correlation of the results was higher than 90 % as shown in Table 2.

In order to determine the repeatability and reproducibility of the measuring
system two test series were accomplished. The standard deviations (σ) were less
than 5% of the mean value as shown in Table 3. The results in Table 4 show the
high repeatability and reproducibility which was needed to successfully pass the
verification procedure.

Table 2. Correlation between the mean evaluations of the survey about human per-
ception and the results of the measuring system

quality classification ti-gray pale gray yellow

OK 94.926 89.793 92.175
partly OK 87.038 86.305 89.259
NOK 93.084 90.372 91.583

Table 3. Results of 25 measurements of a ti-gray specimen to compute the repeatability
using σ. The specimen has been re-positioned between the measurements.

evaluation criteria mean σ σ/mean in %�

completeness in % 99.998 0.047 0.470
contrast 0.375 0.003 8.00
edge width in mm 0.084 0.001 11.905
local covariance 32.478 1.363 41.967
local contrast 4.656 0.108 23,196
standard deviation 7.188 0.133 18.503
maximum difference 0.529 0.009 17.013

Table 4. Results of three times three measures of 10 specimen to collect the repeata-
bility and reproducibility. The measures were performed triple by three persons.

evaluation criteria person 1 person 2 person 3
mean range mean range mean range

completeness in % 99.845 0.164 99.793 0.187 99.906 0.158
contrast 0.371 0.006 0.369 0.008 0.372 0.005
edge width in mm 0.093 0.004 0.092 0.004 0.087 0.006
local covariance 34.651 2.459 34.527 2.574 34.782 2.628
local contrast 5.048 0.184 4.983 0.198 5.179 0.212
standard deviation 7.863 0.265 7.738 0.300 8.073 0.309
maximum difference 0.627 0.023 0.664 0.035 0.668 0.031
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5 Conclusion

We have presented a new method for objective quality evaluation of laser mark-
ings on plastic items. This method utilizes a template comparison of the markings
which are to be evaluated only. The areas preset by the template are positioned
via a two step ICP algorithm before the evaluation is accomplished. The cho-
sen evaluation criteria completeness, contrast, edge width and homogeneity have
been related to the human visual perception. To ensure a homogeneous lighting
a measure dome that causes diffuse light and that is independent from exter-
nal influences was built. In this work we have shown the high repeatability and
reproducibility of the measuring system as well. Its ability to switch between dif-
ferent markings and to evaluate new markings without delay, as required when
producing small quantities of frequently changing goods, makes it most useful
for industrial applications.
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Abstract. Using the classical snake algorithm it is difficult to detect the contour 
of an object with complex concavities. Whereas the GVF (Gradient Vector 
Flow) method successfully detects the concavity of a contour, but consumes 
lots of time to compute the energy map. In this paper, we propose a fast snake 
algorithm to reduce computation time and to improve the performance of de-
tecting and tracking the contour. In order to represent the object’s contour accu-
rately, a snake point inserting and deleting strategy is also proposed. Simulation 
results from a sequence of images show that our method performs well in de-
tecting and tracking the object’s contour. 

Keyword: active contour model, snake algorithm, object detection, object con-
tour tracking, local curvature. 

1   Introduction 

Various object tracking schemes for object extraction of 2D images have been devel-
oped over the last two decades [1-3, 6-7]. A very efficient method for tracking the 
object’s contour is the active contour method, also commonly known as snake, which 
was first introduced by Kass[1]. The snake is an energy-minimizing spline guided by 
external constraint forces and is influenced by image forces that pull it toward fea-
tures such as lines and edges. Object tracking utilizing the snake-based object seg-
mentation approach has been explored in various research works in recent years.  
Unfortunately, this algorithm has a primary limitation. It is unable to detect concavi-
ties in the object’s boundary because of the insufficiency of energy at the beginning 
of the concavities. To solve this, Xu[2] proposed an optical flow utilized method: 
“Gradient Vector Flow (GVF): a new external force for snakes”. The resulting field 
has a large capture range and forces the active contour into concave regions. But it 
consumes a lot of time to compute the energy map. In addition this method is difficult 
to utilize for tracking object from a sequence of images [4-5, 8-11]. In order to im-
prove these limitations of the snake algorithm, this paper proposes a new snake algo-
rithm to reduce the computation time and promote performance in tracking the  
contour of an object from a sequence of images. 

This paper is organized as follows. Chapter 2 covers an overview on active contour 
model, and chapter 3 presents our improved algorithm, and in chapter 4 we present 
the performance evaluation of our method. Conclusions are discussed in chapter 5. 
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2   Active Contour Model 

The active contour model, more widely known as the snake model, in the discrete 
formulation the contour is represented as a set of snake points ),( iii yxv = for 

0,..., 1i N= −  where 
ix and 

iy are the x  and y coordinates of the thi  snake point, 

respectively and N is the total number of snake points. The energy function which 
minimizes the snake is expressed as follows. 

1

0

( ) ( ( ) ( ))
N

snake internal i external i
i

E v E v E v
−

=

= +∑                                          (1) 

where, 
internalE represents the internal energy term and 

externalE represents the external 

energy term. The internal energy is composed of two terms. 
 

( ) ( ) ( )in ternal i continuity i curvature iE v E v E v= +                                     (2) 

 
The greedy snake method[3] maintains the points in the snake more evenly spaced 
than the original model of  Kass. 
 

1

max

( )
i i

continuity i

d v v
E v

con

+− −
=                                                (3) 

 
where, maxcon  is the maximum value in the search neighborhood to which the point 

may move and 
1

1

0

1 N

i i

i

d v v
N

−

+
=

= −∑ . The main role of the continuity energy term is to 

create even spacing between the snake points.  
 

1 1

max

2
( ) i i i

curvature i

v v v
E v

cur
− +− +

=                                              (4) 

 
where, maxcur is the maximum value in the search neighborhood to which the point 

may move. And the main role of the curvature energy term is to form a smooth con-
tour between neighboring snake points. 
 

max

( )
( ) i

external i

f v
E v

ext

− ∇
=                                                       (5) 

 
where, •  represents a scalar absolute value, ∇ is the gradient operator and maxext is 

the maximum option in the search neighborhood. The external energy defines the 
gradient at a snake point. It helps the snake points to migrate toward the contour of 
the target object. 
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3   Proposed Algorithm 

The curvature is the degree of a curve described by the change rate. To detect the 
details of a target object with complex contours, more snake points have to be initial-
ized around this object. This paper proposes a new snake algorithm based on calculat-
ing the local curvature of the object’s boundaries. We set a curvature threshold value 
first, and if the snake contour’s curvature is higher than this value, new snake points 
are inserted. That way more details of the object’s boundary could be detected. On the 
other hand, if the local curvature at a snake point is small enough, this kind of unnec-
essary points will be removed to better describe and track the object’s contours. 

3.1   Curvature Threshold and Inserting Additional Snake Points 

Figure 1 shows the curvature of the object’s boundaries. The curvature of the bound-
ary in (b) is higher than the one in (a). The part of the object’s boundary in (a) can 
almost be described by three snake points. But in case of (b), more snake points are of 
advantage. Additional points will be inserted at the snake contour ( 1av ,

2av ) as initiali-

zation. Then a new convergence iteration starts to calculate the new local curvature of 
the snake contour. The iteration will stop when the local curvature does not exceed 
the threshold any more. 

                       

    (a)   Low-level Curvature                                         (b) High-level Curvature 

Fig. 1. The curvature of the object’s boundaries and the inserted new snake points (
1av ,

2av ) 

The curvature k, can be computed by the adjacent three snake points ( 1iv − , iv , and 

1iv +  ).  

Let two vectors   

1 1,i i i iA v v B v v− += − = −
r r

                                               (6) 

 
The distance of  

1iv −  and 
1iv +  and the angle between two vectors are d  and θ   

respectively.  

cos
A B

A B
θ = �

r r

r r                                                             (7) 
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2sin
k

d

θ
=                                                                 (8) 

where, � represents the vectors inner product and  the represents the Euclidean 

distance. 
High curvature implies that the object has complex contours. The threshold is de-

termined by the measurement of the curvature value the adjacent three snake points 
made of. 

 

thk k<                                                                   (9) 

 
Once the value of the snake contour’s curvature is above the threshold, two additional 
snake points, 1 1( ) 2a i iv v v−= + , 2 1( ) 2a i iv v v += +  are inserted so the detail of the 

contours can be detected, just like described in Figure 1 (b).  

3.2   Object Contour Tracking 

This paper proposes an object contour tracking method adapting to a video sequence. 
According to the characters of the object’s shape in different images, the object is 
divided into fixed shape object and variable shape object. In this paper, we pay our 
attention to the variable shape object’s contour tracking. From a continuous frame, the 
local curvature of the object’s contour changes along with the object’s movement. As 
Figure 2 shows, as the object rotated from shape (a) to shape (b), the local curvature 
of the contour also changed. 

 

                    

(a) object at frame t-1                                         (b) object at frame t 

Fig. 2. Various object contours at different frames 

Here, t-1 means the previous frame of t and t
iv presents the thi  snake point at time t. 

3.3   Inserting and Deleting Snake Points 

As described in 3.1, we first calculate the local curvature and then compare it with the 

threshold. If the curvature is above the threshold, two additional points ( 1 2,t t
a av v ) are 

inserted as Figure 3 illustrates. 
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     (a) snake point moved into concave region             (b) inserted snake points 
1 2,t t

a av v  

Fig. 3. Snake points insertion at frame t 

At frame t, we substitute t
iv for iv  to describe a snake point, then the neighboring 

points are 1
t
iv −  and 1

t
iv + . Depending on the formulas from (6) to (9), we calculate the 

local curvature tk . If tk is not satisfying (9), additional points will be inserted and 
new convergence iteration starts, as presented in 3.1.  

In the event that tk calculated by continuous three snake points ( 1 1, ,t t t
i i iv v v− + ) is 

not satisfying (7), the three points are likely to be on a straight line. In this case, 
t
iv can be safely removed as the two adjacent points can describe the boundary well 

enough on each side. And we use the remaining points to track the object’s contour at 
frame t+1. Removing unnecessary points decreases the overall number of snake 
points and allows the tracking to be performed more efficiently.  

4   Experiments   

To verify the performance of the proposed algorithm, a set of experiments was per-
formed. The algorithm was coded in Visual C++ 6.0 and the experiments were exe-
cuted on an Intel Core2 machine running at 1.86GHz with DDR2 2GB RAM. The 
tracking experimental video was captured 15 Fps by a webcam (Logitech QuickCam) 
with the image size 320*240. The snake points were initialized at the first frame. 

4.1   Performance of Detection Analysis and Comparison 

We compared the performance of our proposed algorithm with the Greedy Snake 
algorithm and the GVF [2][4]. To measure the performance with a changing number 
of snake points, we define the Relative Shape Distortions as: 
 

( , ) ( , )

( ) ( , ) ( , ) ( , )original estimation original
x y f x y f

RSD R R x y R x y R x y
∈ ∈

= ⊕
⎛ ⎞
⎜ ⎟
⎝ ⎠
∑ ∑                      (10) 

 
Where the ⊕  sign is the binary XOR operation. ( , )originalR x y

 
are the coordinates of 

the real object’s boundary and ( , )estimationR x y
 
are the estimated coordinates of the  
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Greedy Snake GVF Proposed  Algorithm 

   

Fig. 4. Comparison with previous well known algorithms ( 0.01thk = ) 

Table 1. Comparison performances ( 15Ni = ) 

� Greedy Snake GVF Proposed 

T � 0.011s 18.05s 0.079s 

RSD �

0.246 0.000 0.004 

object’s contour. The images of the experimental results are shown by three columns 
as follow: 

In these results, T  represents the processing time with 15 initialized snake points. 
Using Greedy Snake, the detection of the contour is inaccurate, as the initial snake 
points are not enough. The RSD value is too high to describe the correct edges. GVF 
reached a good result, but it took a long time. Therefore, this method can’t be utilized 
into object tracking from a sequence of video frames. Our proposed algorithm needs 
little more time than Greedy Snake, but the results were more successful in all cases 
of the experiment. 

4.2   Performance of Tracking Analysis and Comparison 

First, we simulated the fixed shape object’s contour tracking, we compare the block 
matching algorithm (BMA) based on Greedy snake with our proposed method [5]. 
The results for tracking the objects with boundary concavities are shown in Figure 5 
and Table 2. 

The first column shows the results for the traditional algorithm (BMA) could not 
detect the boundary of the OOI (object of interest) due to poor energy in the boundary 
concavities. Our proposed algorithm, as shown in the second column, the RSD value 
is small enough and the snake falls exactly on the edges of the object. 

Figure 6 shows the results of an experiment on an object with variable shapes. We 
can see the closed snake contour tightly locks on the fist even though the fist is  
rotating. 
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(A)Traditional  
Algorithm 

(A)Proposed     
Algorithm 

(B)Traditional    
Algorithm 

(B)Proposed   
Algorithm 

  
3 frame 4 frame 

  
14 frame 13 frame 

  
25 frame 21 frame 

Fig. 5. Contour tracking fixed shape object ( 0.01thk = ) 

Table 2. Performance evaluation on different frames 

RSD RSD 
Frame 

(A)Traditional  (A)Proposed  
Frame 

(B)Traditional (B)Proposed 
3  0.25 0.018 4 0.32 0.024 

14  0.33 0.014 13 0.29 0.026 
25  0.41 0.015 21 0.34 0.021 

 
 

   
(a) 16frame (b) 42frame (c) 48frame 

Fig. 6. Contour tracking variable shape object ( 0.01thk = ) 
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5   Conclusions   

We have presented a local curvature calculation based on the snake algorithm for 
object contour detection and a scheme for object contour tracking. This snake model 
is efficient in detecting and tracking the targeted contour even if the object has com-
plex concavities. In order to represent the object’s contour accurately, this paper also 
proposes a snake point inserting and deleting method. In the future, comparing with 
the method of setting snake points around the object’s boundaries, our research will 
focused on how to automatically set snake points at the correct location where the 
contour could be detected better and the cost of computation would be minimized.  
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Abstract. In 1953, a functional extension by A. Rènyi to generalize
traditional Shannon’s entropy known as α-entropies was proposed. The
functionalities of α-entropies share the major properties of Shannon’s
entropy. Moreover, these entropies can be easily estimated using a kernel
estimate. This makes their use by many researchers in computer vision
community highly appealing . In this paper, an efficient and fast entropic
method for noisy cell image segmentation is presented. The method
utilizes generalized α-entropy to measure the maximum structural in-
formation of image and to locate the optimal threshold desired by seg-
mentation. To speed up the proposed method, computations are carried
out on 1D histograms of image. Experimental results show that the pro-
posed method is efficient and much more tolerant to noise than other
state-of-the-art segmentation techniques.

Keywords: α-entropy, Cell image, Entropic image segmentation.

1 Introduction

The recent developments in Digital Mammography (DM), Magnetic Resonance
Imaging (MRI), Computed Tomography (CT), and other diagnostic imaging
techniques provide physicians with high resolution images which have signif-
icantly assisted the clinical diagnosis. These up-to-date technologies not only
have a recognizably increased knowledge of normal and diseased anatomy for
medical research but also become a significant part in diagnosis and treatment
planning [1]. Due to the increasing number of medical images, taking advan-
tage of computers to facilitate the processing and analyzing this huge number
of images has become indispensable. Especially, algorithms for the delineation
of anatomical structures and other regions of interest are a key component in
assisting and automating specific radiological tasks. These algorithms, named
image segmentation algorithms, play a fundamental role in many medical imag-
ing applications such as the quantification of tissue volumes [2], diagnosis [3],
localization of pathology [4], study of anatomical structure [5], treatment plan-
ning [6], partial volume correction of functional imaging data [7], and computer
integrated surgery [8],[9]. Techniques for carrying out segmentations vary broadly
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depending on some factors such as specific application, imaging modality, etc.
For instance, the segmentation of brain tissue has different requirements from
the segmentation of the liver [10]. General imaging artifacts such as noise, par-
tial volume effects, and motion can also have significant consequences on the
performance of segmentation algorithms. Additionally, each imaging modality
has its own idiosyncrasies with which to contend. There is currently no single
segmentation technique that gives satisfactory results for each medical image.

Since the pioneering work by Shannon [11] in 1948 , entropy appears as an
attention-grabbing tool in many areas of data processing. In 1953, Rènyi [14]
introduced a wider class of entropies known as α-entropies. The functionalities
of α-entropies share the major properties of Shannon’s entropy. Moreover, the
α-entropies can be easily estimated using a kernel estimate. This makes their
use attractive in many areas of image processing [12]. In this paper we propose
an efficient entropic technique for segmenting cell images which utilizes general-
ized Rènyi entropy. Our work for cell image segmentation has a relatively good
performance in comparison to other related state-of-the-art techniques [13].

The outline of this paper is as follows. The next section discusses the gen-
eralized form of α-entropies especially generalized Rényi entropy. The proposed
entropic segmentation method is explained in section 3. Section 4 is to present
the simulation results that validate the use of the proposed method. Advantages
of our method and concluding remarks are outlined in Section 5.

2 Entropy of Generalized Distributions

Entropy has first appeared in thermodynamics as an information theoretical
concept which is intimately related to the internal energy of the system. Then it
has applied across physics, information theory, mathematics and other branches
of science and engineering. When given a system whose exact description is not
precisely known, the entropy is defined as the expected amount of information
needed to exactly specify the state of the system, given what we know about the
system.

Suppose P = {p1, p2, ..., pn} be a finite discrete probability distribution that
satisfies these conditions pk ≥ 0, k = 1, 2, ..., n and

∑n
k=1 pk = 1. The amount

of uncertainty of the distribution P , is called the entropy of the distribution,
P . The Shannon entropy of the distribution, P , a measure of uncertainty and
denoted by H(P )), is defined as

H(P ) = −
n∑

k=1

pk log2 pk (1)

It should be noted that the Shannon entropy given by Eq. (1) is additive, i.e., it
satisfies the following

H(A + B) = H(A) + H(B) (2)
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for any two distributions A and B. Eq.(2) states one of the most important prop-
erties of entropy, namely, its additivity: the entropy of a combined experiment
consisting of the performance of two independent experiments is equal to the
sum of the entropies of these two experiments. The formalism defined by Eq.
(1) has been shown to be restricted to the Boltzmann-Gibbs-Shannon (BGS)
statistics. However, for nonextensive systems, some kind of extension appears to
become necessary. Rènyi entropy, which is useful for describing the nonextensive
systems, is defined as

Hα(P ) =
1

1− α
log2

n∑

k=1

pα
k (3)

where α ≥ 0 and α �= 1. The real number α is called an entropic order that
characterizes the degree of nonextensivity. This expression reduces to Shannon
entropy in the limit α −→ 1. We shall see that in order to get the fine character-
ization of Rànyi entropy, it is advantageous to extend the notion of a probability
distribution, and define entropy for the generalized distributions. The charac-
terization of measures of entropy (and information) becomes much simpler if
we consider these quantities as defined on the set of generalized probability
distributions.

Suppose [Ω, P ] be a probability space that is, Ω an arbitrary nonempty set,
called the set of elementary events, and P a probability measure, that is, a
nonnegative and additive set function for which P (Ω). Let us call a function
ξ = ξ(ω) which is defined for ω ∈ Ω1 , where Ω1 ⊂ Ω. If P (Ω1) = 1 we call ξ
an ordinary (or complete) random variable, while if 0 < P (Ω1) ≤ 1 we call ξ an
incomplete random variable. Evidently, an incomplete random variable can be
interpreted as a quantity describing the result of an experiment depending on
chance which is not always observable, only with probability P (Ω1) < 1. The
distribution of a generalized random variable is called a generalized probability
distribution. Thus a finite discrete generalized probability distribution is simply
a sequence p1, p2, ..., pn of nonnegative numbers such that setting P = {pk}nk=1

and taking

�(P ) =
n∑

k=1

pk (4)

where �(P ) is the weight of the distribution and 0 < �(P ) ≤ 1. A distribution
that has a weight less than 1 will be called an incomplete distribution. Now,
using Eq. (3) and Eq. (4), the Rànyi entropy for the generalized distribution can
be written as

Hα(P ) =
1

1− α
log2[

∑n
k=1 pα

k∑n
k=1 pk

] (5)

Note that Rànyi entropy has a nonextensive property for statistical independent
systems, defined by the following pseudo additivity entropic formula

Hα(A + B) = Hα(A) + Hα(B) + (α− 1) ·Hα(A) ·Hα(B) (6)
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3 Proposed Segmentation Method

Image segmentation problem is considered to be one of the most holy grail chal-
lenges of computer vision field especially when done for noisy images. Conse-
quently it has received considerable attention by many researchers in computer
vision community. There are many approach for image segmentation, however,
these approach are still inadequate. In this work, we propose an entropic method
that achieves the task of segmentation in a novel way. This method not only over-
comes image noise, but also utilizes time and memory optimally. This wisely hap-
pens by the advantage of using the Rànyi entropy of generalized distributions to
measure the structural information of image and then locate the optimal thresh-
old depending on the postulation that the optimal threshold corresponds to the
segmentation with maximum structure (i.e., maximum information content of
the distribution). In the following subsections, we show how our segmentation
method is realized.

3.1 Preprocessing

Preprocessing ultimately aims at improving the image in ways that increase the
opportunity for success of the other ulterior processes. In this step, we apply a
Gaussian filter to the input image prior to any process in order to reduce the
amount of noise in an image.

3.2 Entropies Calculation

Suppose {pi}ni=1 be the probability distribution for the image. At the threshold,
t this distribution is divided into two sub distributions; one for the foreground
(class f) and the other for the background (class b) given by P f = {pi}ti=1 and
P b = {pi}ni=t+1 respectively. Thus, the generalized Rànyi entropies for the two
distributions as functions of t are given as

Hf
α(t) =

1
α− 1

log2[
∑t

k=1 pα
k∑t

k=1 pk

] (7)

Hb
α(t) =

1
α− 1

log2[

∑n
k=t+1 pα

k∑n
k=t+1 pk

] (8)

3.3 Image Thresholding

Thresholding is the most often used technique to distinguish objects from back-
ground. In this step an input image is converted by threshed into a binary image
so that the objects in the input image can be easily separated from the back-
ground. To get the desired optimum threshold value t∗, we have to maximize the
total entropy,Hf+b

α (t). When the function Hf+b
α (t) is maximized, the value of pa-

rameter t that maximizes the function is believed to be the optimum threshold
value[18]. Mathematically, the problem can be formulated as

t∗ = argmax[Hf+b
α (t)] = argmax[Hf

α(t) + Hb
α(t) + (1− α) ·Hf

α(t) ·Hb
α(t)] (9)
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3.4 Morphology-Based Operations

In image processing, dilation, erosion, closing and opening are all well-known as
morphological operations. In this step we aim at improving the results of the
previous thresholding step. Due to the inconsistency within the color of objects,
the resulting binary image perhaps includes some holes inside. By applying the
closing morphological operation, we can get rid of the holes form the binary
image. Furthermore Opening operation with small structure element can be used
to separate some objects that are still connected in small number of pixels [19].

3.5 Overlapping Cancelation

In this step we attempt to remove the overlapping between objects that perhaps
happened through extensively applying the previous morphological operations.
To perform this, we first get the Euclidean Distance Transform (EDT) of the
binary image. Then we apply the well-known watershed algorithm [20] on the
resulting EDT image. The EDT ultimately converts the binary image into one
where each pixel has a value equal to its distance to the nearest foreground
pixel. The distances are measured in Euclidean distance metric. The peaks of
the distance transform are assumed to be in the centers of the objects. Then the
overlapping objects can be yet easily separated.

3.6 Non-objects Removal

This step helps in removing incorrect objects according to the object size. Sizes
of objects are measured in comparison to the total size of image. Each tiny
noise object of size less than a predefined minimum threshold can be discarded.
Also each object whose size is greater than the maximum threshold size can be
removed as well. Note that thresholds of size used herein are often dependent on
the application, and so they are considered as user-defined data. The preceding
steps of the proposed entropic segmentation approach are depicted by the block
diagram shown in Fig. 1.

4 Experimental Results

In this section, the results of the proposed approach are presented. First to
investigate the proposed approach for image segmentation we began by differ-
ent image histograms. Each of these histograms describes the ”objects” and the
”background”. Additionally, to verify the benefit of using the generalized Rènyi
entropy, we have tried using another formula of entropy(e.g. Tsallis entropy)
which is given by

Hα =
1−∑n

k=1 pα
k

α− 1
(10)

The results of segmentation have testified to the higher efficiency of our entropic
segmentation approach especially when generalized Rènyi entropy is used.
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Source 
image

Preprocessing Thresholding
Entropies calculation:

H(A), H(B)

Segmented 
image

Morphological 
filtering

Non-objects removal
Overlapping 
Cancelation

Fig. 1. Block diagram of the proposed segmentation method

In Fig. 2, an image of a mammogram showing breast cancer with a bright
region (tumefaction) surrounded by a noisy region. The histogram roughly ex-
emplifies an unimodal distribution of the graylevel values. The proposed entropic
method will look for regions with uniform distribution in order to find the max-
imum entropy. This will regularly take place at the peak limit. It is well-known
that segmenting this type of images is typically a challenging task. However the
proposed method could performed well when applied on this type of images. Ad-
ditionally, segmentation results in the figure show that using generalized Rènyi
entropy is better than using Tsallis entropy.

Fig. 3 shows another example of our segmentation method. We present an
image of a medical domain with a spatial background scattering noise; a stained
brain cell that shows branching of cell dendrites-fibers that receive input from
other brain cells. Several values of α are experimented. But the superior segmen-
tation results has been obtained at α = 0.9 .

In Fig. 4, we show the segmentation results of the proposed method on a
sample of color medical images. In this example the images are segmented with
α equal to 0.8.

Source image Histogram Tsallis entropy method, t = 139   Proposed method, t =147    

Fig. 2. Entropic segmentation for noisy mammography image
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Fig. 3. Entropic segmentation for a brain cell image with a spatial noise around

Fig. 4. Results of the proposed segmentation method for a sample of test images

5 Conclusion

In this paper, an efficient method for cell image segmentation based on gener-
alized α-entropy has been presented . The proposed method has achieved the
task of segmentation in a novel way. This method could give good results in
many cases and perform well when applied to noisy cell images. The simulation
results of the proposed method illustrate that using generalized Rènyi formalism
of entropy is more viable than using Tsallis counterpart in segmentating cell
image. The chief advantages of the proposed method are its high rapidity, and
its tolerance to image noise.
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14. Rényi, A.: On a theorem of P. Erdős and its application in information theory,
Mathematica 1, 341–344 (1959)

15. Strza�lka, D., Grabowski, F.: Towards possible q-generalizations of the Malthus and
Verhulst growth models. Physica A 387(11), 2511–2518 (2008)

16. Singh, B., Partap, A.: Edge Detection in Gray Level Images based on the Shannon
Entropy. Journal. of Computer Sci. 4(3), 186–191 (2008)

17. Tsallis, C., Albuquerque, M.P.: Are citations of scientific paper a case of nonexten-
sivity? Euro. Phys. J. B 13, 777–780 (2000)

18. Tatsuaki, W., Takeshi, S.: When nonextensive entropy becomes extensive. Physica
A 301, 284–290 (2001)

19. Gonzalez, R.C., Woods, R.E.: Digital Image Processing Using Matlab, 2nd edn.
Prentice Hall, Inc., Upper Saddle River (2003)

20. Levner, l., Zhang, H.: Classification-Driven Watershed Segmentation. IEEE Trans-
actions on Image Processing 16(5), 1437–1445 (2007)



D. Ślęzak et al. (Eds.): SIP 2009, CCIS 61, pp. 41–47, 2009. 
© Springer-Verlag Berlin Heidelberg 2009 

An Algorithm for Moving Multi-target Prediction in a 
Celestial Background 

Lu Zhang1,2,* , Bingliang Hu 1, Yun Li1,2, and Weiwei Yu1,2 

1 Xi’an Institute of Optics and Precision Mechanics of Chinese Academy Sciences, 
Xi’an 710119, China 

2 Graduate University of Chinese Academy Sciences, 
Beijing 100049, China 

Abstract. Nowadays, there are thousands of in-orbit spacecrafts. It is of strategic 
significance to identify, track the space targets, and calculate their orbits and 
coverage area. In the celestial space observation of space targets on a micro 
spacecraft detector, it is difficult to observe and track targets because of their 
small size, unobvious geometric shape, and the complex movements relative to 
observed targets, background and detectors. The prediction algorithm of space 
targets must satisfy the demands of high reliability, low computation, real-time 
processing and so on. Based on multi-thread image processing and the Kalman 
algorithm, a new algorithm is proposed for multi-target prediction. Using this 
approach, the coordinates of targets can be predicted in real-time and precisely. 
Through theoretical calculation and computer simulation, this algorithm has 
shown that it is simple, effective and can satisfy the requirement of working 
conditions of the micro spacecraft detector well. 

Keywords: Multi-target prediction; Kalman filter; Image block processing. 

1   Introduction 

Generally, based on a space platform, the optical observation and other methods are 
used to monitor space targets on space target monitoring. However, the images, 
obtained from the remote star field observation, are often small, with low luminance 
and unobvious geometric shape. Besides, there are a great number of stars in the 
observation background, the size and appearance of targets and these stars are similar, 
they can be hardly distinguished from each other. In addition, space targets as well as 
micro spacecraft are moving all the time, especially to the micro spacecraft, which is 
whirling itself; these two kinds of movement mingled together really add to the 
difficulties of multi-target capture and prediction [1] [2]. 

The prediction algorithm of space targets must satisfy the demands of high 
reliability, low computation, real-time processing and so on. To achieve this goal, an 
algorithm has been proposed and discussed in this paper.  
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2   Prediction of Moving Multi-targets 

A new algorithm is introduced for multi-target prediction, which includes targets 
capture, coordinates calculation, image block processing and targets prediction. 

2.1   Targets Capture 

In this paper, the targets are captured by three image differences method, the flow chart 
is as Fig. 1. Fig. 2 shows the image of multi-target capture. 

 

Fig. 1. The algorithm of multi-target capture 

 

  
(a) (b) 

Fig. 2. The image of multi-target capture: (a) Original image of frame No.9; (b) Final image of 
frame No.9 after processing 

Here, it is important to consider the impact of noise. The noise in celestial space mainly 
comes from three aspects: 1. Space radiation noise: high-energy particles from outer 
space may hit on the focal plane array, and a particle can affect several pixels in this 
situation. 2. Dark current noise from detector: usually there is single-pixel location of a 
fixed point in image, and it can be removed by determine if there is a fixed point in the 
same location from several frames. 3. Deep space background noise; usually, this kind 
of noise is negligible. 

2.2   Calculation of Targets Number and Coordinates 

As the paper mentioned before, the targets size, that ranges from several to more than 
twenty pixels, are so small in the images, and some of them are not even a connected 
domain. Based on these characters, a method is proposed to obtain the number and 
coordinates of the targets; its steps are as follows: 
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Step 1. To search the left feature points (x11, y11), (x12, y12)… (x1n, y1n,) of all the 
targets in the image, where n is the number of targets. The values of left lower pixels of 
them are 0. The distances of these points are more than a certain threshold value (40 
pixels in this paper). 

Step 2. To search the right feature points of all the targets in the image, their 
coordinates (x21, y21), (x22, y22)… (x2n, y2n) will be recorded. 

Step 3. To calculate the feature points of the targets (x1, y1), (x2, y2)… (xn, yn). For 
the first target, the coordinates of its feature pixel are as follows: x1=0.5*(x11+x2n), y1= 
0.5*(y11+y2n). 

Using this method, all the targets can be identified and calculated simply and stably, 
and the miscounting of the targets number can be avoided in this method. 

2.3   Image Block Processing 

In order to reduce the process time, every image is divided into several image blocks for 
separate calculation in the same time. Image block processing can be achieved by four 
steps as follows: 

Step 1. To calculate the targets numbers n and their coordinates Pi(x, y) in an image, 
where x, y∈[0, 1023], i∈[0,n]. 

Step 2. To find dividing points in the X axis. List x value of the targets coordinates 
by small to large order in every image like (x1, x2, ..., xi), if the distance of two targets 
are larger than threshold value, find their dividing points, for example: x'1=(x1 + x2)/2. 
Then we get the dividing points array (x'1, x'2, ..., x'p),where m is the number of the 
dividing points in X axis and p <n. 

Step 3. To find dividing points in the Y axis in the same way, and get the dividing 
points array (y'1, y'2, ..., y'q), where q is the number of the dividing points in Y axis and 
q <n. 

Step 4. To divide the image into several blocks. Based on the X axis and the Y axis 
dividing points, generate horizontal dividing lines x= x'j, j∈[1, p], and vertical lines y= 
y'k, k∈[1, q]. 

Fig. 3 is an example of the division of the image, dividing points are x'1 and y'1 so there 
are two lines x= x'1 and y= y'1, that divide this image into four image blocks. 

  

Fig. 3. The block division of image 
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Experiments have shown that we can process the next twenty or thirty images based 
on the division of the present image. In practice, there may be some image blocks 
which do not contain a target, thus there is no need to deal with these blocks and the 
quantity of calculation will be cut down directly. The rest of the image blocks can be 
processed in multi-threads, and the time of calculation will be reduced greatly. 

2.4   Target Prediction 

In this paper, the Kalman filter was used to predict the coordinate position of targets in 
the next image by processing the former five frames of adjacent images.  

Kalman Filter 
Kalman filters are the statistically optimal sequential estimation procedure for dynamic 
systems. Observations are recursively combined with recent forecasts with weights that 
minimize the corresponding biases [3]. The system of Kalman filter can be described 
by using the dynamic system equation and observation equation, which are as follows: 

xk = Φk, k-1 xk-1 + Wk-1 . (1)

Yk = Hk xk + Vk . (2)

In the application of the Kalman filter, a first estimate of xk and Pk based on the 
previous time step values is given by: 

xk,k-1 =Φk, k-1 xk-1 . (3)

Pk,k-1 =Φk, k-1 Pk-1Φk, k-1′+ Qk . (4)

After knowing the new observation value Yk, the estimate of x at time k becomes 

xk = Φk, k-1 xk-1 +Kk ( Yk - HkΦk, k-1 xk-1 ) . (5)

Where 

Kk = Pk, k-1 Hk′( Hk Pk, k-1 Hk′+Vk )
-1 . (6)

Kk, gain coefficient matrix of Kalman, determines how easily the filter adjusts to 
possible new conditions. 

The final estimate of Pk is 

Pk = ( 1 - Kk Hk ) Pk,k-1 . (7)

The status of system from time k-1 to k is updates by Eqs. (3)–(7). 

Parameter Definition 
The system status of the Kalman filter that is defined as xk. xk is a four-dimensional 
array (x1, x2, x3, x4), where x1 stands for X coordinate component, x2 stands for X 
velocity component, x3 stands for Y coordinate component, and x4 stands for Y velocity 
component. Because the measured value of the target is a two-dimensional coordinate 
position in the image, the observational status vector Yk is a two-dimensional 
coordinate vector (y1, y2). 
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Due to the related short time interval, the movement of target can be regarded as 
uniform motion and its state transition matrix. Φk, k-1 is as follows: 

, 1

1 0 0

0 1 0 0

0 0 1

0 0 0 1

k k

t

t−

Δ⎡ ⎤
⎢ ⎥
⎢ ⎥Φ =
⎢ ⎥Δ
⎢ ⎥
⎣ ⎦  

(8)

Where, Δt is the time interval between tk-1 and tk from the relationship between system 
state and observation state, the observation matrix is as follows: 

1 0 0 0

0 0 1 0kH
⎡ ⎤= ⎢ ⎥
⎣ ⎦  

(9)

Based on the approach above for the single target prediction, the multi-target 
movement prediction is implemented separately by using the Kalman filter, while there 
are some problems need be settled in the prediction of multi-target movement: 

1. Dynamic change of targets. When the new targets flies into the field of view, the 
position and velocity of the new target should be calculated in real time, and when the 
target flies out of the field of view, its record should be deleted immediately.  

2. The possible blank of the observation target. It requires that the prediction of the 
moving target can be continued until the end of the blank. 

3. Targets re-capturing after blank time. It is a problem to ensure that the moving 
target can be predicted and re-captured accurately after the blank. 

The target number and coordinates play a very important role in the multi-target 
movement prediction. As we know, the coordinates of a target in two adjacent frames 
are much closed; usually the distance of them is usually shorter than 5 pixels, and they 
can be judged as a pair. Then the problems mentioned above can be settled by the 
following analysis. 

1. If a target in the present frame is not closed enough without any pair in the 
previous frame, or the total number of the targets in the present frame is more than that 
of the last frame, it is evident that new targets appear in this situation. At this time the 
system will predict these new ones immediately and record the coordinates of them at 
the same time. 

2. If a target in the last frame cannot make a pair with anyone in the present frame, it 
is evident that this target has moved out of the image. In this case, there is no need to 
track it any more, unless you want to keep tracking. 

3. If two or more pairs of targets are closed enough, and meanwhile the target 
number in this area is less than last frame, it is considered that some targets has been 
blanked by other targets. In this case, the predicted coordinates of these blanked targets 
can seem to be the real coordinates of them until they appear again. 

3   Algorithm Simulation 

To simulate and test this algorithm, the Satellite Tool Kit (STK) was used to get the 
video flow of multi targets movement in the simulated star background. Fig 4 shows the  
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(a) (b) (c) 

   
(d) (e) (f) 

Fig. 4. The image of multi-target capture: (a) raw frame 9;(b) raw frame 10; (c) raw frame 11; (d) 
raw frame 12; (e) raw frame 13; (f) prediction of raw frame 14 

prediction results of multi movement targets using multi-thread image processing and 
the Kalman filter algorithm, and targets acquisition were shown in Fig 4(a) – Fig 4(e). 
The algorithm introduced in the paper is shown to be reliable and precise. 

Compared with the algorithm of single thread image processing, multi thread image 
processing can greatly reduce the processing time, and by about 60% in a simulation of 
three groups of 1024*1024 video flows, which is shown in Table 1. 

Table 1. Process time comparison of multi thread and single thread 

 Process time (ms) 
 Multi Thread Single Thread 

Capture 38 93 Group 1 
Prediction 43 109 
Capture 40 102 

Group 2 
Prediction 51 115 
Capture 37 110 

Group 3 
Prediction 44 109 

4   Conclusion 

To satisfy the special requirements of space targets observation in the micro spacecraft, 
a prediction algorithm for moving multi-targets is proposed based on multi-thread 
image processing and the Kalman filter method. This algorithm has shown the 
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capabilities of background suppression, precise prediction, high reliability, low 
complexities. 
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Abstract. CCD cameras monitoring a moving object generally operate under 
fixed view point or a defined pattern. So a free moving object goes out of the 
CCD camera's sight in a short time and automatic control is required to observe 
it continuously. This paper proposes a signal generation algorithm for the 
automatic control of the CCD camera. The proposed algorithm computes 
horizontal and vertical displacements between the detected object position and 
the image center and coverts them into angles. Finally pan/tilt data are 
generated from the angles. To estimate the proposed algorithm, we compare the 
generated data in the automatic control with the measured data in manual 
control and carry out the object tracking using a simple object. The experiment 
results show that the difference between the generated and measured data is a 
negligible quantity and the object, which is moving in ±52o/±40o of pan/tilt, is 
kept in about ±13o/±10o. 

Keywords: CCD camera, moving object, pan/tilt, automatic control. 

1   Introduction 

As science, technologies and networks develop, CCD cameras are actively being 
utilized in diverse areas as a core element of systems intended to monitor moving 
objects. Since the objects that are monitored are moving whereas CCD cameras’ 
fields of view (FOV) are limited, the objects can go out of the FOV of CCD cameras 
in a short time. Therefore, most CCD cameras move along defined patterns but that is 
not enough. Methods to solve this problem would be installing more CCD cameras or 
controlling CCD cameras when the object of interest is found to continuously track 
the objects thereby keeping the object of interest located always in the center of the 
image. In general, the former case will required additional manpower and equipment 
and the latter case will require monitoring persons to permanently stay in order to 
manually control the cameras following the movements of the object. If the latter case 
can be handled by just processing images, that must be a more efficient method. 
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Monitoring systems using image processing techniques should obtain images 
through CCD cameras, detect the positions of the moving object of interest and create 
camera control signals based on the positions of the object in order to track the object 
[1,2]. This paper suggests a method to appropriately create CCD camera controlling 
signals including pan and tilt information based on the positions of objects using 
image processing techniques in order to continuously monitor moving objects. In 
general, pan/tilt modules for CCD camera control provide information necessary to 
control cameras but when the modules are applied to actual systems, the information 
is often insufficient or not quite accurate. Therefore, this paper describes methods to 
calculate information necessary to control given controllable CCD cameras through 
image processing techniques and compares the results of the calculation with results 
of actual measurements thereby demonstrating that the information is useful for CCD 
camera control. In addition, a tracking experiment is conducted with a simple object 
using the control signals created by the method suggested in this paper to show that 
the created control signals are valid. 

2   Signal to Control CCD Cameras 

In general, signals to control CCD cameras include pan, tilt and zoom signals and pan 
and tilt signals are mainly used to track objects. Pan signals are to move cameras 
horizontally as shown in Fig. 1(a). They are the camera control signals that make it 
possible to effectively track objects moving horizontally in images. Tilt signals are to 
move cameras vertically as shown in Fig. 1(b). They are the camera control signals 
that make it possible to effectively track objects moving vertically in images. The 
dome cameras DMP23 from Daiwa used in this study provides pan signals ranging 
from 0o to 360o and tilt signals ranging from -5o to 90o. 

0o
  360 o 

hImageA 

A1
o A2

o 

Image FOV 

              
    (a) Pan signal                                        (b) Tilt signal 

Fig. 1. CCD camera control signals 

3   Creation of CCD Camera Control Signals 

In this paper, the purpose of CCD camera control is to detect moving objects from 
inputted images and make the objects located at the center of the images. This chapter 
presents methods to create pan/tilt signals based on object positions. 
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3.1   Creation of Pan Signals 

To create pan signals, the object of interest should be detected from the inputted 
images, the horizontal movements should be shown as positions of picture elements 
and the positions should be converted into relative angles to the horizontal center and 
then changed into pan data suitable to the characteristics of the camera. To this end, 
the horizontal image angle (hImageA) should be calculated using Equation (1). As 
shown in Fig. 1(a), this is the ratio of the pan data required to move the object from 
one end of the horizontal axis of the image to the other end to the pan data (PanDx) 
required to pan the camera by 360o. 

][360
3600

21 o×
−

−
=

PanDPanD

PanDPanD
mageAhI

AA  (1)

As shown in Fig. 2, by applying the horizontal image angle and the image size 
(hImSize) to the trigonometric function, the virtual distance between the camera and 
the image (CamtoImL) can be obtained using Equation (2). 

)2/tan(

2/
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mSizehI
mLCamtoI =  
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Fig. 2. Structural relationships between the camera and the image in the top view 

The horizontal angle (hPixA) of an object based on its horizontal position (hPixPos) 
can be calculated using the virtual distance between the camera and the image 
utilizing Equation (3). 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −= −

mLCamtoI

hPixCenhPixPos
hPixA 1tan  (3)

The pan signal (PanD) of the CCD camera based on the horizontal position of the 
object can be calculated using the horizontal angle and the pan signal (PanDp1) 
intended to pan the CCD camera by 1o in the horizontal direction by Equation (4). 

hPixAPanDpPanDhPixA ×= 1  (4)
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3.2   Creation of Tilt Signals 

The creation of tilt signals is similar to the creation of pan signals except that it 
considers the horizontal movements of objects instead of vertical movements. 
Therefore, the movements of the object of interest in the inputted image should be 
shown as the positions of picture elements, the positions should be expressed as 
vertical angles and then converted into tilt data suitable to the characteristics of the 
camera. First, under the assumption that picture elements consist squares, the virtual 
distance between the camera and the image as calculated in Equation (2) can be 
applied as it is and the relative vertical angle (vPixA) based on the vertical position 
(vPixPos) of an object as shown in Fig. 3 can be calculated using Equation (5). 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −= −

mLCamtoI

vPixCenvPixPos
vPixA 1tan  (5)

The tilt signal (TiltD) of the CCD camera based on the vertical position of the object 
can be calculated using the horizontal angle and the tilt signal (TiltDp1) intended to 
pan the camera by 1o in the vertical direction by Equation (6). 

vPixATiltDpTiltDvPixA ×= 1  
(6)
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Fig. 3. Structural relationships between the camera and the image in the side view 

4   Object Tracking Test of the CCD Camera 

In this Section, it performs object tracking tests in order to evaluate the performance 
of the control signal generation algorithm of the proposed CCD camera. Prior to the 
tracking test, appropriate frame frequency and pan/tilt data are selected to track 
objects in the test environment, with the dome camera DMP23, RS 232C 
communication and the PC for image processing having P4 2.4GHz. 
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4.1   Initial Starting and Acceleration of CCD Camera Pan/Tilt 

For the CCD camera to track an object, control signals generated based on the 
location of the object shall be provided to the camera at regular intervals. Therefore, 
for smooth object tracking, the motions of the camera responding to the control 
signals must be analyzed. Fig. 4 shows the location of an object in an image after 
movements of the camera when control signals commanding the camera to move the 
object located away from the center of the image to the center had been sent to the 
camera. From Fig. 4, it can be seen that initial movement distances are very short, 
movement distances are different among different frames and time is required for the 
speed to increase and reach a certain level. Therefore, when controlling the camera by 
the unit of frame, control signals with appropriate frequencies and sizes must be 
generated for normal operation of the camera. 

 

Fig. 4. Changes in the location of an object made through single control signals 

4.2   Effect of Frame Frequency 

Since a certain time is required for a CCD camera to receive control signals and move 
to the designated location and the control signals are produced in the unit of frame, 
frame frequencies must be considered. Under high frame frequencies, smooth object 
movements may be shown but the camera may not perceive control signals due to the 
short time intervals. Under low frame frequencies, the camera will normally receive 
control signals but unnatural object movements may be shown. Fig. 5 shows the effect 
of frame frequencies on camera control when signals are generated to move an object 
located in an outer area of an image to the center of the image. In the case of 15Hz, 
the movements of the object are progressing smoothly and continuously and the 
movements maintain the image quality not repellent to the eyes. On the other hand, in 
the case of 20Hz, one of every two control signals is not received thus there is no 
movement in one of every two frames and the data are accumulated. The accumulated 
data make the next movement larger. Consequently, these are the same movements as 
those made when moving the camera using two times larger data with the frame 
frequency of 10Hz thus the result is that the low frequency produces movements that 
are repellent to the eyes. In this test, 15Hz is used as a basic frequency to control the 
CCD camera. 
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Fig. 5. Object movements depending on frame frequencies 

4.3   Effect of the Size of Pan/Tilt Signals 

As mentioned above, the distance to be moved at a time is limited when moving the 
camera by the unit of frame due to the limited initial movements of the CCD, thus this 
should be analyzed. If signal data are small, the movements of the camera are not 
affected but the speed to track objects is reduced thus objects may disappear from the 
field of vision of the camera if the objects move fast. On the other hand, if control 
signals are large, objects may be tracked fast but data that are not moved within a 
cycle are generated and accumulated. When the accumulated data grow to a size 
larger than a certain size, then the camera will perform abnormal movements. 

In object tracking, control signals are generated sent to the camera in the unit of 
frame and the camera moves only one time per cycle unless the frame frequency is 
very low. These are important data to generate effective pan/tilt data for continuous 
object tracking. Although there are some differences depending on the location, the 
average numbers of pixels of the movements are maintained at the similar values of 
12.2/7.6 and if these are converted into pan/tilt data, the values are 39.9/42.2. Based 
on this, the pan/tilt data were assumed to be 40/40 in order to track objects. Fig. 6 
shows the movement distances in the unit of frame when moving an object located 
away from the center to the center of an image with pan data. The movements are 
stable to some extent with the pan data of 30 and 40 but with the pan data 50, it is 
shown that the data that could not be moved in a frame are accumulated and produce 
movements at a moment. The pan data 30 is limited in tracking fast objects thus the 
pan data 40 is more effective. Similar results were identified in tilt data too. 

Pan/tilt data 40/40 are also limited in tracking fast objects. In this paper, to track 
fast objects, the frame frequency will be maintained and control signals will be 
generated once per 3 frames. If one control signal is generated per two frames, two 
opportunities for movements will be available but these are limited in enhancing the 
speed at the beginning and end of the movement. However, if one control signal is 
generated per three frames, three opportunities are given and the speed may be 
enhanced at the second movement. Consequently, the speed can be doubled in the test 
and this enables fast object tracking. 
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Fig. 6. Movement distances during a frame by pan data 

4.4   Object Tracking of CCD Camera 

This test will detect an object from images obtained through the CCD camera to 
identify the location and will generate pan/tilt data with the proposed algorithm based 
on the location of the object and control the camera to perform object tracking. Since 
this test is interested in generating control signals for the CCD camera for object 
tracking, a simple red square was used as the object. Fig. 7 shows the result of 
tracking of the freely moving object using the frame frequency of 15Hz determined as 
above and the pan/tilt data of 40/40 for maximum movements. With the object 
tracking using the proposed algorithm, even if the object moves in a square consisting 
of (-640,-480) and (640,480), it becomes to exist in the center of the image consisting 
of (-320,-240) and (320,240). On the basis of pan/tilt, this gives the effect of holding 
an object moving in the field of vision of around ±52o/±40o within the field of vision 
of around ±13o/±10o. 
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Fig. 7. Object tracking test 
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5   Conclusion 

CCD cameras that monitor/observe moving objects are fixed or move in certain 
patterns. Therefore, moving objects disappear from the fields of vision of CCD 
cameras within a short time. This paper suggested a method to generate signals to 
automatically control CCD cameras in order to continuously monitor/observe moving 
objects, determined important variables for object tracking and performed tracking 
tests with an object thereby identifying the effectiveness of the proposed algorithm. 
The control signal generation tests were performed by marking a location within an 
image and moving the location to the center of the image by the proposed method and 
by a manual method in order to compare between the methods for evaluation. The 
difference between the two methods was negligibly small thus the effectiveness of the 
proposed method was confirmed. Also, through the object tracking test, it was 
identified that the method was holding the object moving in the field of vision of 
around ±52o/±40o on the basis of pan/tilt within the field of vision of around 
±13o/±10o thus it was confirmed that the proposed algorithm was effective. 
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Abstract. In this paper, a fast and efficient approach for region-based
image classification and retrieval using multi-level neural network model
is proposed. The advantages of this particular model in image classifi-
cation and retrieval domain will be highlighted. The proposed approach
accomplishes its goal in two main steps. First, by aid of a mean-shift
based segmentation algorithm, significant regions of the image are iso-
lated. Then, features of these regions are extracted and then classi-
fied by the multi-level model into five categories, i.e., ”Sky”, ”Building”,
”Sand\Rock”, ”Grass” and ”Water”. Features extraction is done by using
color moments and 2D wavelets decomposition technique. Experimental
results show that the proposed approach can achieve precision of better
than 93% that justifies the viability of the proposed approach compared
with other state-of-the-art classification and retrieval approaches.

Keywords: Multi-level neural networks, Content-based image retrieval,
Feature extraction, Wavelets decomposition.

1 Introduction

With the advent of high powerful digital imaging hardware and software along
with the accessibility of the internet, databases of billions of images are now avail-
able and constitute a dense sampling of the visual world. As a result, efficient
approaches for image databases classification and retrieval are highly needed. Im-
age classification and retrieval have been addressed by many researchers based
on low-level image features such as color, texture, and simple shape proper-
ties. Recently a great deal of work has been done to investigate and develop
techniques for classification and retrieval of large image databases [1],[2],[3].
While the work of many researchers within image classification and retrieval
[4],[5],[6] has focused on more general, consumer-level, semantic classes such as
indoor/outdoor, people/non-people, city, landscape, sunset, forest, etc , there
is another work done by other researchers that is centered on the separation
of computer-generated graphic images, such as presentation slides, from photo-
graphic images [7],[8],[9]. Yet image classifcation and retrieval techniques are still
far from achieving the goal of being a complete, requiring additional research to
improve their effectiveness.
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Machine learning particularly artificial neural networks are increasingly em-
ployed to deal with many tasks of image processing especially image classification
and retrieval. The neural classifier has the advantages of being effortlessly train-
able, highly rapid, and capable to create arbitrary partitions of feature space
[10]. However a neural model, in the standard form, is incompetent to correctly
classify images into more than two classes [11]. This comes out of the fact that
each of the component single neuron makes use of the standard bi-level activa-
tion function. As the bi-level activation function produces only binary responses,
the neurons can generate only binary outputs. So, in order to produce multiple
color responses either an architectural or a functional extension to the existing
neural model is required.

The remainder of the paper is organized as follows. Section 2 highlights multi-
level activation functions used by the multi-level neural model. In section 3, a fast
segmentation technique based on a mean shift algorithm is presented. Color mo-
ments and multi-level wavelet decomposition are discussed in section 4. In
section 5, the proposed image classification and retrieval approach is introduced.
Section 6 presents the simulation results of the proposed approach and Section 7
closes the paper with some concluding remarks.

2 Multi-level Neural Networks

Multi-level neural model utilizes an activation function, named multi-level acti-
vation function. A multi-level activation function is originally a functional ex-
tension of the standard activation functions. Several multi-level forms belonging
to several standard activation functions can be defined. This section is to show
how to obtain the multilevel form of an activation function from its standard
form. Suppose the standard sigmoidal activation function is given by

f(x) =
1

1 + e−βx
(1)

where, β is the steepness factor of the function. Thus the multi-level form of the
sigmoidal functions can be derived from the previous standard form given by
Eq. (1) as follows:

ϕ(x) = f(x) + (λ− 1)f(c) (2)

where (λ− 1)c ≤ x ≤ λc and 1 ≤ λ ≤ n.
In Eq. (2), λ represents the color index, n is the number of categories, and

c represents the color scale contribution. Note that the learning method of the
MSNN model does not considerably differ from the other learning methods used
in training artificial neural networks. It is employing some form of gradient de-
scent. This is done by taking the derivative of the cost function with respect to
the network parameters and then altering those parameters in a gradient-related
direction [12].
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3 Image Segmentation

In this section, a fast segmentation technique based on a mean shift algorithm;
a simple nonparametric procedure for estimating density gradients is used to
recover significant image features (for more details see [13],[14]). Mean shift
algorithm is really a tool required for feature space analysis. We randomly choose
an initial location of the search window to allow the unimodality condition to be
settled down. The algorithm then converges to the closest high density region.
The steps of the color image segmentation method are outlined as follows

1. Initially, define the segmentation parameters (e.g. radius of the search win-
dow, smallest number of elements required for a significant color, and small-
est number of contiguous pixels required for significant image regions).

2. Map the image domain into the feature space.
3. Define an appropriate number of search windows at random locations in the

feature space.
4. Apply the mean shift algorithm to each window to find the high density

regions centers.
5. Verify the centers with image domain constraints to get the feature palette.
6. Assign all the feature vectors to the feature palette using the information of

image domain.
7. Finally, remove small connected components of size < predefined threshold.

It should be noticed that the preceding procedure is universal and valid for
applying with any feature space. Furthermore, all feature space computations
mentioned above are performed in HSV space. An example of image segmenta-
tion by the previous mean shift based algorithm is shown in Fig. 1.

Fig. 1. Example of image segmentation based on mean shift algorithm
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4 Feature Extraction

Image classification and retrieval are regularly using some image features that
characterize the image. In the existing content-based image classification and
retrieval systems the most common features are color, shape, and texture. Color
histograms are commonly used in image classification and retrieval. In this paper,
we use both color moments and approximation coefficients of multi-level wavelet
decomposition to extract features from each image region.

4.1 Wavelet Decomposition

Discrete Wavelet Transform (DWT) captures image features and localizes them
in both time and frequency content accurately. DWT employs two sets of func-
tions called scaling functions and wavelet functions, which are related to low-pass
and high-pass filters, respectively. The decomposition of the signal into the dif-
ferent frequency bands is merely obtained by consecutive high-pass and low-pass
filtering of the time domain signal. The procedure of multi-resolution decom-
position of a signal x[n] is schematically. Each stage of this scheme consists of
two digital filters and two down-samplers by 2. The first filter H0 is the discrete
mother wavelet; high pass in nature, and the second, H1 is its mirror version,
low-pass in nature. The down-sampled outputs of first high-pass and low-pass
filters provide the detail, D1 and the approximation, A1, respectively. The first
approximation, A1 is further decomposed and this process is continued as shown
in Fig. 2.

H0

H1

2

2
H0

H1

2

2

H0

H1

2

2

D3

D1

D2

A1

A2
A3 ....

x[n]

Fig. 2. Multi-level wavelets decomposition

4.2 Color Moments

The basis of color moments lays in the assumption that the distribution of color
in an image can be interpreted as a probability distribution [15]. Probability
distributions are characterized by a number of unique moments (e.g. normal dis-
tributions are differentiated by their mean and variance). It therefore follows that
if the color in an image follows a certain probability distribution, the moments
of that distribution can then be used as features to identify that image based on
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color. The three central moments (Mean, Standard deviation, and Skewness) of
an image’s color distribution can be defined as

μk =
1
n

n∑

i=1

pk
i , σk =

√√√√ 1
n

n∑

i=1

(pk
i − μk)2, sk = 3

√√√√ 1
n

n∑

i=1

(pk
i − μk)3 (3)

where pk
i is the value of the k’th color channel for the i’th pixel, and n is the size

of the image.

5 Proposed Approach

The prime difficulty with any image retrieval process is that the unit of infor-
mation in image is the pixel and each pixel has properties of position and color
value; however, by itself, the knowledge of the position and value of a particu-
lar pixel should generally convey all information related to the image contents
[16],[17]. To surmount this difficulty, features are extracted using two-way. The
extracted features consist of two folds: color moments and approximate coeffi-
cients of multi-level wavelet decomposition. This allows us to extract from an
image a set of numerical features, expressed as coded characteristics of the se-
lected object, and used to differentiate one class of objects from another. The
main steps of the proposed approach are depicted in Fig. 3.

Pre-processing Segmentation

Feature 
Normalization

ROI 
Classifaction

Feature 
Extraction

query

Fig. 3. Block diagram of the proposed approach

In the following subsections, the main steps of the proposed approach depicted
in Fig. 3 are described.

5.1 Preprocessing

In image processing, preprocessing mainly purpose to enhance the image in ways
that raise the opportunity for success of the other succeeding processes (i.e.
segmentation, features extraction, classification, etc). Preprocessing character-
istically deals with techniques for enhancing contrast, segregating regions, and
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eliminating or suppressing noise. Preprocessing herein includes normalizing the
images by bringing them to a common resolution, performing histogram equal-
ization and applying the Gaussian filter to remove small distortions without
reducing the sharpness of the image.

5.2 Segmentation

In this step the fast mean shift based segmentation technique described above
in section 2 is used to segment the image into distinct regions. To get rid of
the segmentation errors, regions of small area (i.e. less than predefined thresh-
old,t=0.05) are discarded. The significant regions (i.e. regions of areas greater
than or equal 0.05 of the image area) are the candidates where the feature vectors
are extracted from.

5.3 Feature Extraction

In this step, we utilize 2D multi-level wavelets transform to decompose image
regions. Each level of decomposition gives two categories of coefficients, i.e.,
approximate coefficients and details coefficients. Both approximate coefficients
and color moments are considered as the features for our retrieval problem.

5.4 Feature Normalization

To prevent singular features from dominating the others and to obtain com-
parable value ranges, we do feature normalization by transforming the feature
component, x to a random variable with zero mean and one variance as follows

x̄ =
x− μ

σ
(4)

where μ and σ are the mean and the standard deviation of the sample respec-
tively. If we assume that each feature is normally distributed, the probability of
x̄ to be in the [-1,1] is 0.68.

5.5 Classification of Image Regions

As a matter of fact, it should be stated that the neural classifier can accomplish
better classification if each region belongs to only one of the predefined cate-
gories. Therefore, it is hard to build up a full trustworthy classifier due to the
truth that different categories may have similar visual features (such as Water
and Sky categories). Before doing any classification process, categories that re-
flect the semantics in the image regions are first defined. Then multi-level neural
classifier has to learn the semantics of each category via the ”training” process.
So it is possible now to classify a specific region into one of the predefined se-
mantic categories which humans easily understand. To do so, extracted features
of the region are fed into the trained multi-level classifier and then it directly
predicts the category of that region.
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6 Experimental Results

In this section classification and retrieval results of the proposed approach are
presented. First, to train the multi-level classifier, we have manually prepared a
training set comprising of 200 regions; on the average, 40 training samples per
category. o verify the ability of the proposed approach in image classification and
retrieval, we have used a test set containing about 500 regions covering 5 cate-
gories, ”Sky”, ”Building”, ”Sand \Rock”, ”Grass” and ”Water. Table 1 tabulates
the classification results done by the proposed approach.

Table 1. Classification results of image regions of dataset collections

Category Precision
Sky 96%
Building 91%
Sand\Rock 89%
Water 98%
Grass 95%
Average 93.8%

It should be noted that the raw figures tabulated in table 1 are considered
as a quite quantitative measure for the performance of the proposed approach,
indicating to the high performance of the proposed approach compared with
other classification approaches, specifically that has been proposed in [18].

Once the semantic classification of image regions is successfully done, in this
case, an image can be represented by the categories in which the image regions
are classified. That is, each image can be characterized by a set of keywords (i.e.,
categories’ indices) which allows for things such as a highly intuitive query to be
possible. Therefore, by using one or more keywords, image databases can easily
be searched. In a query of such type, all images in the database that contain the
selected keywords will be retrieved. For instance, if the keyword ”Sky”is selected.

Fig. 4. Result of image retrieval for the query: keyword =”sky”
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The purpose of this query is to retrieve all images that include a region of sky.
The retrieval results of such query are shown in Fig.4.

7 Conclusion

In this paper, we have proposed a fast and efficient approach for region-based
image classification and retrieval. The proposed approach makes use of a neural
model called multi-level neural Network. The main property of this model is
the low computational complexity as well as the easiness of implementation.
The simulation results on image classification and retrieval show that the multi-
level model is very effective in terms of learning capabilities and classification
accuracies. This allows the proposed approach to be comparable to the other
state-of-the-art classification approaches. Although our approach has dealt with
still images, it can be straightforwardly extended to handle motion scenes.
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Abstract. Digital audio effect is a digital signal processing technique used to 
modify or modulate an audio signal to make it have some special hearing effect 
such as reverberation and flanging. Starting from a discussion of the general 
model for the generation of digital flanging effect, this paper presents an 
improved model for flanging effect generation. Simulation experiments are 
done and the performances of the two models are compared. The results show 
that the new model can enrich the harmonic components and enhance the 
flanging effect. The new flanging model is also examined for different 
modulation waveforms.  

Keywords: Digital Audio Processing; Audio Effect; Flanging. 

1   Introduction 

Audio effects, such as echo, reverberation, flanging, chorusing and pitching are 
indispensable in movie, television, broadcast and music production and performance. 
They play an important role for the tone beautification of music, song and voice, and 
the generation of special sound effects. Traditionally, audio effects are produced using 
artificial methods or analogy technology. With the development of digital signal 
processing (DSP) technology, they are now mostly realized using digital signal 
processing systems. In a digital audio effect system, the sampled audio signal is 
processed or modified with a specific DSP algorithm which usually involves the basic 
operations of delay, filtering and modulation. The understanding of the generation 
mechanism and the building of the basic model for a specific digital audio effect is 
very important for the design of the corresponding DSP algorithm. This paper focuses 
on the generation of digital audio effect of flanging, the one of the most often used 
audio effects. Based on the basic principle and the general model of digital flanging 
effect, a modified model is proposed, which proves to be with an enhanced tone 
inflection effect. 

2   Generation of Flanging Effect 

Flanging is an audio effect that is created by smoothly modulating the duration of a 
delay line with a very low frequency. This effect can circularly and repeatedly 
exaggerate the odd or even harmonic components of an audio signal, making its 
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frequency harmonics vary periodically and producing the sound effects with 
hallucinogenic coloring like the amphoric, spouting, and alternating, as if the original 
sound is mounted with a peculiar sound edge.  

2.1   The General Model  

The general model of digital flanging effect that is often used in practice is shown in 
Figure 1.  

⊕
Variable

Delay

x(n) y(n)

a2

a1

 
Fig. 1. General model of flanging effect 

The input audio signal x(n) goes through a variable or dynamic delay unit and 
generate a dynamically delayed signal s(n)=x(n-d(n)), where d(n) is a dynamic delay 
modulation waveform. Controlled by an attenuation coefficient a2, the dynamically 
delayed signal is mixed with the direct signal a1 x(n) (a1 is an attenuation coefficient of 
x(n) with 0 < a1 < 1) to form the output signal: 

y(n) = a1 x(n) + a2 x(n-d(n)) . (1)

When the dynamic delay modulation waveform d(n) is a low-frequency signal with a 
frequency of less than 1 Hz and the maximum delay of d(n) is less than 10 msec, the 
output signal will produce a flanging effect. 

The generation of flanging effect involves the waveform of modulation signal, the 
frequency of modulation signal, and the attenuation coefficients. Different modulation 
waveforms, different modulation frequencies and different attenuation coefficients 
would produce different flanging effects. 

2.2   The Modified Model 

The general model in Figure 1 is a simple addition of the dynamically delayed signal 
to the original signal. Such a structure acts as a comb filter. The slight changes of the 
dynamic delay produce different comb filtering effects, which hence form the 
flanging effect. By increasing the depth of the notches and the selectivity of the comb 
filter, the flanging effect can be enhanced. The depth of the notches of a comb filter 
can be increased with a feedback. Introducing a feedback link to the general model in 
Figure 1, we propose a modified model as shown in Figure 2. 
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Fig. 2. Modified model for flanging effect 

In this new model, the dynamic delay unit has the same function as in the original 
model in Figure 1, which performs a dynamic delay operation to the input signal. A 
feedback unit is added to increase the depth of the notches of comb filtering. The 
output signal of the modified model is as follows. 

y(n) = a1 x(n) + a2 z(n) . (2)

z(n) = x(n-d(n)) + a3 z(n-d(n)) . (3)

The generation of flanging effect with the new model in Figure 2 also involves the 
waveform and the frequency of modulation signal, and the attenuation coefficients. 
Generally, the values of the attenuation coefficients a1、a2 and a3 are between 0 and 
1. The frequency of the modulation waveform should also be less than 1 Hz. The 
modulation waveform may be of four kinds: (a) Sinusoidal, (b) Triangle, (c) 
Logarithmic, and (d) Exponential. 

3   Simulation Experiments and Result Analysis 

Simulation experiments of the two models are conducted using Matlab. The digitized 
sampling rate is 44.1 KHz. The precision of sampled data is 16 bits. 

3.1   Comparison of Modified Model with General Model 

For both the modified model and the original model in Figure 2 and Figure 1, use a 
sinusoidal wave as the modulation waveform: 

))2cos(1(
2

)( nF
D

nd dπ−= . (4)

Here Fd =0.01 cycles/sample, and the maximum delay D=20 samples. A single-
frequency sinusoidal wave is used as the input signal. Its frequency is F=0.05 
cycles/sample. For the general model in Figure 1, select a1=a2=0.5. For the modified 
model in Figure 2, select a1=0.5 and a2=a3=0.8. Let y1(n) and y2(n) represent the  
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output signals of the two models in Figure 1 and Figure 2, respectively. Figure 3 
shows the waveforms of input signal x(n) and output signals y1(n) and y2(n). It can be 
seen from Figure 3 that the time domain output waveform of the modified model has 
a greater amplitude variation.  

Figure 4 shows the frequency spectrum diagrams of the input x(n) and outputs y1(n) 
and y2(n). As shown in Figure 4, the output signal of the modified model has richer 
harmonic components, which indicates an enhancement of the flanging effect. 

 

Fig. 3. Comparison of output waveforms of two models  

  

Fig. 4. Comparison of frequency spectrums of output waveforms 
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Using the WAVPLAY function of Matlab, we can obtain and listen to the audio 
outputs of the two models. An enhanced flanging effect can be perceived for the 
modified model.  

3.2   Performances of Modified Model for Different Modulation Waveforms 

For the modified model, we use four different modulation waveforms to compare the 
output flanging effects. Figure 5 shows the waveforms of four kinds of modulation 
signals which are sinusoidal wave, triangle wave, exponential wave and logarithmic 
wave, respectively. The modulation frequency is set at Fd=0.01 cycles/sample, and 
the maximum delay is D=20 samples.  The input x(n) is a single-frequency sinusoidal 
signal with a frequency of F=0.05 cycles/sample. The attenuation coefficients are 
a1=0.5, a2=a3=0.8.  

 

Fig. 5. Waveforms of four kinds of modulation signals 

Figure 6(a), (b), (c) and (d) show the waveforms of output signals y1(n), y2(n), y3(n) 
and y4(n), which correspond to the four modulation signals of the sinusoidal, triangle, 
exponential and logarithmic, respectively. As can be seen from Figure 6, the 
amplitude of the output signal varies slowly and smoothly with the sinusoidal 
modulation waveform. The amplitude varies faster with the triangle modulation 
waveform. For the exponential and logarithmic waveforms, the output amplitude 
varies the fastest.  

Similarly, using the WAVPLAY function of Matlab, we can obtain and listen to 
the audio outputs of the above four kinds of flanging effects. Assessing by the 
subjective hearing, for the sinusoidal modulation waveform the output has a smooth 
tone inflection effect. The triangle modulation waveform produces a flanging effect of 
linear tone inflection that has a rapid tonic rise and fall in the vicinity of the turning 
point. The tone inflection effects produced by the exponential and the logarithmic 
waveforms are similar and sound the best.  
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Fig. 6. Output waveforms corresponding to four modulation signals                                            

4   Conclusion 

The generation of digital audio effect of flanging is studied. The general model of 
flanging effect is modified to create a new model, in which a feedback unit is added to 
enhance the tone inflection effect. Simulation experiments and comparison are made 
for the two models. The results show that the modified model enriches the harmonic 
components and improves the flanging effect. For the modified model, further 
simulation experiments are conducted using different modulation waveforms 
including the sinusoidal, the triangle, the exponential and the logarithmic. The 
sinusoidal modulation wave produces a smooth tone inflection. The tone inflection 
produced by the triangle modulation wave has a rapid tonic rise and fall in the vicinity 
of the turning point. The exponential and the logarithmic modulation waves produce 
similar flanging effects that sound the best. 
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Abstract. In this paper we propose an algorithm for estimating noise in highly 
non-stationary noisy environments, which is a challenging problem in speech 
enhancement. This method is based on minima-controlled recursive averaging 
(MCRA) whereby an accurate, robust and efficient noise power spectrum 
estimation is demonstrated. We propose a two-stage technique to prevent the 
appearance of musical noise after enhancement. This algorithm filters the noisy 
speech to achieve a robust signal with minimum distortion in the first stage. 
Subsequently, it estimates the residual noise using MCRA and removes it with 
spectral subtraction. The proposed Filtered MCRA (FMCRA) performance is 
evaluated using objective tests on the Aurora database under various noisy 
environments. These measures indicate the higher output SNR and lower output 
residual noise and distortion.  

Keywords: speech enhancement, noise estimation, musical noise, spectral 
subtraction. 

1   Introduction 

In all speech enhancement systems, noise power spectrum estimation has been a 
principal component, as it has a major impact on the quality of the enhanced signal. 
Overestimation causes distortion in intelligibility and underestimation yields residual 
noise audibility. A common approach is to average the noisy signal during the silent 
intervals using voice activity detection (VAD), which makes a binary decision on a 
frame of the captured signal to represent silence or speech regions. This decision 
mostly depends on the energy level and causes a weak performance in high-level 
noises. Additionally, in the presence of nonstationary noises wherein we have a rapid 
change in the spectral characteristics of the noise, insufficient silent sections prevent 
having an accurate and adaptive noise estimation. Alternatively, some algorithms 
estimate and update the noise spectrum continuously even during the speech sections 
[1]-[3]. These noise estimation algorithms are based on the fact that, during the 
speech-presence periods, there are some segments wherein the spectral energy 
approaches zero. These silent segments not only can be detected in the stop closures, 
but also they can occur during unvoiced fricatives at low frequencies and during 
vowels or generally voiced sounds, at high frequencies. Thus, due to this nature of 
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speech, different frequency bands in the spectrum will be corrupted nonuniformly and 
will have different signal-to-noise ratios (SNR). This remark has led to recursive 
averaging-based noise estimation algorithms in which the noise spectrum is estimated 
and updated more reliably due to the extra information [4] (chapter 9). In [1] Martin 
has presented a noise estimation algorithm based on tracking the minimum of the 
noisy signal power spectral density (PSD). This method is sensitive to outliers with a 
large variance due to its tardy update rate. 

In [2] Cohen introduces a minima-controlled recursive averaging (MCRA) 
approach in which the noise spectrum is updated recursively. The choice of using 
MCRA is motivated by its performance that combines the robustness of the minimum 
tracking with the simplicity of the recursive averaging. However, the domination of 
the minima over the weak speech components results in speech leakage in the noise 
spectrum. This overestimation of the noise spectrum introduces speech distortion to 
the system after the denoising process. Furthermore, in the original MCRA, 
misclassification of noise-only intervals in the within-speech and inter-speech/silent 
segments results in underestimation of the noise spectrum. Therefore, in the enhanced 
signal, some artifacts appear randomly in the time and frequency domains and have 
some audible dominant peaks in spectral sub-bands. These fluctuations in the residual 
noise are called musical noise.  

In this work, we have proposed a two-stage noise enhancement method to address 
the inefficiency of VAD and to remedy the inadequacies of MCRA. The motivation is 
to jointly reduce the distortion and residual noise caused by spectral filtering.  

The layout of this paper is as follows. In section 2 we introduce the pre-processing 
step. In Section 3 we review the general concept behind original MCRA and its 
application as the main part of the second stage. Evaluations are depicted in Section 4, 
and in Section 5 the work is concluded. 

2   Overview of the Filtering Stage 

The overall block diagram of the proposed method is depicted in Fig. 1. The first 
stage of this speech enhancement system is composed of the following blocks: 

• A VAD is applied to estimate the noise power spectrum during speech pauses. 
• The a priori SNR, which depends on the a posterior SNR, and the speech spectrum 

estimated from the previous frame. 
• The gain function of our proposed filter produces the first-level enhanced speech. 

The output of this stage then will be the input of MCRA in the second stage instead of 
the original noisy speech. 

2.1   Concept of Pre-processing 

We consider a speech signal  corrupted by uncorrelated additive noise  , 
where  is a discrete-time index. The observed signal,  

 

          ,              (1) 
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is divided into  overlapping frames by windowing  and then computing the -
point FFT of the windowed signal. The distorted signal in the transformed domain is 

 
         , , , ,                                         (2) 

 
where , and represent the spectra of  ,  and 

, respectively. An estimation of the clean speech is obtained as follows: 
 

   , , , ,           (3) 
 

where ,  is the gain function of  pre-processing filter. 

 

Fig. 1. Block diagram of the overall proposed two-stage enhancement algorithm 

This gain function and other steps of the first stage are designed in order to 
ameliorate the drawbacks of the original MCRA, owing to the following observations: 

• One of the drawbacks of MCRA is in classifying the transition frames between 
speech and non-speech segments. Specifically, when shifting from speech to 
silence, the momentum inherited from the recursive averaging noise estimation will 
influence the performance of the estimator in a few frames following the speech 
transition. Since this transition happens in some stop closures, unvoiced fricatives 
and voiced sounds as well, addressing the problem will probably have a big effect 
on the results. The suggested refinement has been done applying a VAD in first 
stage and eliminating the power of noise during the noise-only intervals. 

• The pre-processing filter needs to smooth the input of the MCRA by excluding the 
relatively strong speech components with a view to lowering the voice component 
influence. This smoothing prevents the information from leaking out of noisy 
intervals to clean parts of the speech, where the noise magnitude is erroneously 
produced from the masking voice components. The required attenuation was applied 
on high SNR regions by a smoothing factor, , in (4) and the lower SNR regions 
were amplified in the pre-processing filter. 
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• The filtered speech signal has a lower noise level compared to the original noisy 
speech and this improvement will be reflected in the accuracy of the noise estimator 
in the second stage, which yields more residual noise reduction and less distortion. 

2.2   Spectral Gain Calculation 

Let ,  be defined as below, 

     , , ,             , 1                                                            (4) 

where , the smoothing/damping factor in higher SNRs, is set to 1, and  (the shifting 
factor) is set experimentally in order to minimize the speech leakage. We have used a 
modified version of the Wiener principle [5] [6] to filter the noisy speech in the first 
stage. ,  in (4) is a function of a priori SNR  and a posteriori SNR given by 

 

    , ,,  ,                            (5) 
 

where Λ ,  is the a priori SNR which is estimated as follows, 
 

                 Λ , 1 D Γ , | , , |,  ,          (6) 
 

where  is a real constant and 
| |

 . In equation (6), the ,  is the 

estimated noise PSD in the th sub-band,  
 

                 , | , | ,                  (7) 
 

wherein ,  is the noise power spectrum estimated during the speech pauses. As 
we just demonstrated in (5) and (6) the ,  is a function of the a posteriori 
SNR, Γ , , as well that represented by 

 

    Γ , | , | , 1.        (8) 

 
After computing the filter’s parameters, the gain function can be simply derived from 
(4) and then we have the output of our first stage enhancement, i.e., , . 

3   Enhancement Using FMCRA 

In the recursive averaging algorithms not only the individual frequency bands of the 
noise spectrum are estimated and updated from the non-speech intervals, they also can 
be extracted whenever the effective SNR or the probability of speech being present is 
extremely low during the speech activity. Therefore, in the second stage of the proposed 
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method we used MCRA noise estimation to cover the VAD problems in lower SNRs, 
particularly when the noise is nonstationary and changes abruptly estimation. 

3.1   Validation of the Two-Stage Progress 

In order to be able to feed the output signal of the proposed filter, , , to the 
MCRA block, we need to satisfy the condition of having an uncorrelated additive 
noise. From what we had in (3) we can derive that 

 , , , , , , , .      (9) 
 

Thus, the first term in (9), i.e., , ,  must be uncorrelated with the 
second term , , . Therefore, in Equation (4) we define the  to be 
just a function of noise in silence regions and be a constant value in the presence of 
both clean and noise signals.  

3.2   Noise Estimation 

Let ,  be the noisy input to the MCRA as illustrated in Fig. 1. The presence or 
absence of speech in the th frame of the th sub-band is defined using the following 
two hypotheses: 

             :   , , ,    

   : , , , ,      (10) 

where and represent the spectra of the residual noise and the final 
clean signal, respectively. The noise PSD in the th sub-band is given by ,| , |  and ,  is the optimum PSD in terms of minimum mean square 
error. 

The original MCRA [2] uses the temporal modified hypotheses to obtain an 
estimate for ,  as follows: 

 
        ,  1, 1 ,  , 

   , 1, ,                                                     (11) 
 

where  (0 1) is the smoothing factor that is updated based on the 
conditional probability of speech being absent. Let , | ,  indicate 
the conditional probability of speech presence. Then using [3] we can 
express ,  as follows: 

  , 1, , 1, 1 , 1 ,                          , 1, 1 , , ,                          (12) 
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where 
 

                             , 1 , .                          (13) 
 

The required probability in (13) can be calculated by the ratio between the 
instantaneous and minimum power spectra of the noisy speech. The above ratio is 
then formed as: 

 

    , , , ,       (14) 
 

where the smoothed noisy speech PSD, , , is estimated as 
 

                              , 1, 1 , ,                       (15)  
and the local minimum ,  is found over a fixed window by sample-wise 
comparison of past values of , . In (15)  is a smoothing factor and ,  is 
the smoothed (over frequency) noisy speech PSD. 

The ratio obtained in (14) is compared against a threshold to verify the speech 
presence/absence regions in the spectrum; thus, when the ratio exceeds this threshold, 
the period is labeled as speech presence. Afterwards, a temporal smoothing is 
required on the presence probability over time to lower the fluctuations between 
speech and non-speech segments. The smoothed speech presence probability ̂ ,  is calculated using a smoothing factor, , i.e., 

 ̂ ,  = ̂ 1, 1 , .                      (16) 
 

In the end, using the obtained ̂ , , a time-frequency dependent smoothing 
factor, , , can be determined from (13) and subsequently we will have the 
updated noise PSD, , , using (12). 

The process of obtaining the noise spectrum is usually followed by a denoising 
phase, in order to extract the clean signal from the degraded one. Here a typical 
spectral subtraction (SS) [9] is used. 

4   Experiments 

In this section we analyze the performance of the FMCRA (Filtered-MCRA), 
comparing to other algorithms in terms of extensive objective quality tests under 
various noisy environments. These measurements are used in standard forms from [4] 
(chapter 10) as listed below: 

• SegSNR: Segmental SNR 
• WSS: Weighted Spectral Slope distance, (smaller reflects less distortion). 
• PESQ: Perceptual Evaluation of Speech Quality [7], (the larger the better). 

To evaluate and compare the performance of different methods, we carried out 
computer simulations with the Aurora 2 database [8] ( 8 . The speech 
signals in TESTA and TESTB of the Aurora database were corrupted by eight types 
of noise at different global SNR levels, from 5  to 15 : 
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Test A:   Subway noise,   Babble noise,   Car noise,   Exhibition hall 
noise 

Test B:   Restaurant noise,  Street noise,  Airport noise,  Train station 
noise 

In the segmentation process, the frame length was chosen to be 30 ms with 50% 
overlap and a hamming window was applied. The shifting factor, , is set to 0.35, 
and    is heuristically set to 0.98. Also in the MCRA implementation the ratio 
threshold of 5,  of 0.95,  of 0.8 and  of 0.2 are used. 

We have proved the efficiency of our method (FMCRA), as opposed to  

• (MCRA): The original MCRA [2] noise estimation 
• (IMCRA): The Improved MCRA [10], in which Cohen proposed a different 

formula to improve the estimation of the speech absence/presence probability. 
• (SS-VAD): A VAD-based spectral subtraction [9]. 
 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. SegSNR improvements in different noisy conditions: (a) : Subway noise, (b) : 
Babble noise, (c) : Car noise, (d) : Exhibition hall noise: (e) : Restaurant noise, (f) : 
Street noise, (g) : Airport noise, (h) : Train station noise 
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In Fig. 2 and Fig. 3, respectively, the SegSNRs and PESQ scores achieved by each 
method are shown and as we can see, FMCRA outperforms the other estimators. Fig. 4 
depicts the WSS of all methods and the results report the minimum distance from the 
original speech in FMCRA, among all other algorithms. 

5   Conclusions 

In this paper we have developed an algorithm to enhance noisy speech in highly noisy 
environments and non-stationary conditions. Our approach is a two-stage enhancing 
method to improve the accuracy of the estimated noise spectrum with a view to 
reduce the speech leakage and also to remedy the musical noise effects and speech 
distortion in the enhanced signal. The drawbacks of MCRA were addressed and 
reduced in this work. The FMCRA seems to be a very effective algorithm based on 
subjective evaluations such as SegSNR, PESQ score and WSS distance. 

 

 

 
 

Fig. 3. PESQ score improvements in different noisy conditions: (a) : Subway noise, (b) : 
Babble noise, (c) : Car noise, (d) : Exhibition hall noise, (e) : Restaurant noise, (f) : 
Street noise, (g) : Airport noise, (h) : Train station noise 
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Fig. 4. WSS distance in different noisy conditions: (a) : Subway noise, (b) : Babble noise, 
(c) : Car noise, (d) : Exhibition hall noise, (e) : Restaurant noise, (f) : Street noise, 
(g) : Airport noise, (h) : Train station noise 
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Abstract. Electronic colon cleansing (ECC) is an alternative method
that can be used to remove remaining tagged fecal material from colon
during polyp detection in virtual colonoscopy (VC). This paper presents
a new method for automatic electronic colon cleansing using gradient
magnitude and similarity measure to detect and remove tagged material
from colon in CTC images. First, Canny edge detection and 8-adjacency
are used to generate closed boundary for low density (air) and high den-
sity regions (tagged material and bone). Then similarity measure is used
to classify pixels into high density regions, and all the pixels that are clas-
sified as high density materials are removed. Finally, gradient magnitude
and thresholding are used to detect AT and ATT layers. The proposed
method was evaluated on four pilot dadasets from two patients and the
experimental results reveal that the proposed method can perform colon
cleansing effectively.

Keywords: Electronic colon cleansing, virtual colonoscopy, similarity
measure, edge detection.

1 Introduction

Colorectal cancer is the forth leading cause of cancer-related deaths in the world,
affecting approximately 665,000 deaths per year. Colonoscopy is an endoscopic
technique that allows for inspection and therapeutic operations of the entire
colon through insertion of the endoscope (with the camera at the tip of the
scope) via the anus into the colon, however, it is invasive, time consuming, and
expensive. Computer Tomography Colonography (CTC) or virtual colonoscopy
is a rapidly emerging technique for polyp detection. Patients undergo a bowel
preparation process and take oral contrast agent prior to coming for CTC. The
patient is then placed in the supine or prone position and CT scanning is per-
formed. The effectiveness of CTC for polyp detection depends on several factors
such as quality of bowel preparation, bowel distention, and CTC interpretation
� Corresponding author.
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by radiologists. Computer-aided detection of polyps along with new 3D viewing
methods beyond the current fly-through and fly-back may significantly reduce
the time taken for radiologists to view and interpret CTC data. Several methods
have been proposed [1]-[9] but improvements of these methods are still possible.
Most of the existing techniques cannot determine whether a pixel is on an AT
layer or on an ATT layer. This is considered to be a crucial problem because
a pixel on an ATT layer should be identified as soft-tissue and must be kept
while a pixel on an AT layer should be identified as an artifact and should be
removed. Thus, the main objective of this paper is to introduce a new method for
electronic colon cleansing without prior-knowledge of intensity value and differ-
entiate AT layer from ATT layer [9]. The method was evaluated on CTC image
datasets in supine and prone positions obtained from Chulalongkorn hospital.

The rest of the paper is organized as follows: section 2 presents the proposed
method. Section 3 describes the experimental results, and section 4 presents
discussion and conclusions.

2 Proposed Method

The proposed method consists of four steps: preprocessing, edge detection, region
classification using histogram peak and artifact removal, and reconstruction.

2.1 Preprocessing

The first step in colon cleansing is to prepare image data for electronic colon
cleansing by finding the boundary of a patient’s body using Canny edge detection
and then filling in the outer boundary of the body to generate a body mask
as shown in Fig. 1(b). Next, the body mask is eroded in order to remove the
boundary of the body as shown in Fig. 1(c). Then we perform logical AND
operation between the original image and the mask. The result image is shown
in Fig. 1(d).

(a) (b) (c) (d) (e) (f)

Fig. 1. (a) An edge image, (b) a body mask (white position), (c) an eroded image of
(b), (d) a result image of (a)AND(c). (e) Part of Canny edge image, (f) an edge image
after interpolation (white arrow points to successful connection, whereas, yellow arrow
shows incorrect interpolation).

The next problem that must be solved before electronic cleansing can be
performed is to close the boundary of colons. This problem is solved by using
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8-adjecency to connect between two end points of any opened-connected com-
ponents as shown in Fig. 1(e)and Fig.1(f). The process starts from generating a
mask of size 3 × 3 pixels and placing the center of the mask at one end of the
edge. Then any pixels that are 8-adjecency is assumed to be another end and
they are connected together to form a closed boundary.

The last step in preprocessing is to fill the regions within all closed boundaries
as shown in Fig. 2.

(a) (b) (c) (d)

Fig. 2. (a) An image with filled regions,(b) a close-up image of (a),(c) a result image
from subtraction of a filled-region image from an edge image,(d) a close-up of (c).

2.2 Histogram Peak Classification

In this step, each region is classified as either air region or tagged material region.
First, we select the highest peak from the histogram of a body as shown in
Fig. 3(b) (without background intensity). This peak represents tissue intensities
and it is called the max frequency intensity. Thus any region that its average
intensity is higher than the max frequency intensity is classified as a high density
region(tagged material and bone). Any region that its average intensity is lower
than the max frequency intensity is classified as a low density region(air).

(a) (b)

Fig. 3. (a) The histogram of all pixels in a CT scan image, (b) the histogram
of pixels within the body of CT scan image: red arrow points to the peak and
black arrow points to intensity value corresponding to the histogram peak, called
max frequency intensity.
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2.3 Similarity Measure Classification

The purpose of similarity measure is to classify any pixel, Iri, whose intensity is
higher than the max frequency intensity and is located outside of high density
regions as shown in Fig. 4(a). The similarity can be measured by calculating the
sum of the differences between Iri and all pixels in a group of high density re-
gions, s1, and the sum of the differences between Iri and a group of tissue regions,
s2, whose intensities are higher than or equal to the max frequency intensity
and do not belong to high density regions. For the second measurement of
s2, we first initialize a region of tissue pixels to contain only pixels with the
max frequency intensity. if s1 is greater than s2 then Iri is classified as a pixel
in a high density region, otherwise, it is classified as a pixel in a tissue region.
The process can be expressed as follows:

s1 =
1
m

m∑

j=1

| (Iri − ej) | (1)

s2 =
1
n

n∑

j=1

| (Iri − tj) | (2)

where Iri is the ith pixel whose intensity value is higher than the max frequency
intensity and is not in any region, s1 is the difference between Iri and all pixels

in a group of high density regions, s2 is the difference between Iri and all pixels
in a group of tissue regions, m is the number of pixels in a high density group,
n is the number of pixels in a tissue group, ej is the jth pixel in a group of high
density regions, and tj is the jth pixel in a group of tissue regions.

After the classification, all pixels that belong to high density regions are re-
moved from an image.

(a) (b)

Fig. 4. (a) An image shows pixels whose intensity values are higher than
max frequency intensity and are located outside of high density regions, (b) an im-
age shows a high density group which are tagged material and bone
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2.4 AT vs. ATT Layers

In order to distinguish AT from ATT, we use the magnitude of gradient which
corresponds to the rate of change in intensities to detect the layers. These layers
are located between air and tagged material which have high intensity change
rate.

The magnitude of gradient is normalized to [0,1] and the location of edges in
an image is shown in Fig. 5(c). Then we perform logical AND operation between
the magnitude image in Fig. 5(b) and an eroded body mask (Fig. 1(c)) in order
to extract the boundary of the body from an image as shown in Fig. 5(d).

AT and ATT are the layers that lie between air and high density components.
This layer could be the layer between air and tagged material, which is called AT,
or could be the tissue layer between air and tagged material, which is called ATT.
The AT and ATT layers are extracted from gradient magnitude image by using
thresholding with the threshold value, threshold mag, that can be computed
from:

threshold mag = mean +
3
4
median (3)

where mean is the average of the gradient magnitude of edges(Fig. 5(d)) and
median is the median of the gradient magnitude of edges(Fig. 5(d)). Any edge
pixels whose gradient magnitudes are higher than threshold mag, are identified
as pixels in AT or ATT layer as shown in Fig.5 (e) where yellow arrows point to
AT layer and white arrow points to ATT layer.

Next, we have to seperate AT from ATT layer by using a combination of
two techniques: thresholding and patient’s posture. Firstly, the threshold value,
threshold AT , is computed from:

threshold AT =
4
3
mean + median (4)

where mean and median are defined as above. Any layer that one of its pix-
els has gradient magnitude higher than the threshold AT is identified as AT
layer(yellow arrows in Fig. 5(e)).

Secondly, we also use patient’s posture to identify AT layer. If the patient is
scanned with supine position, the AT layer must lie between air on the top and
tagged material on the bottom, otherwise, this layer is not an AT layer. If the

(a) (b) (c) (d) (e)

Fig. 5. (a) An original image, (b) a gradient magnitude image,(c) edge positions,(d) a
result image of (c) AND Fig. 1(c), (e) the gray-scale gradient magnitude of AT (yellow
arrow) and ATT (white arrow) layers
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patient is scanned with prone position, the AT layer must lie between tagged
material on the top and air on the bottom.

Finally, the results from two techniques are unioned in order to idetify all
AT layers in an image. Fig. 6 shows a case when the image was taken in prone
position but the tagged material is located in up-side-down position as pointed
by the down arrow on the left image, thus our method has to use both the
thresholding and the patient’s posture to remove tagged material.

(a)

Fig. 6. ((Left) An image with tagged material (white arrow) in prone position, (right)
an image after tagged materials were remvoed (white arrow)
.

2.5 Reconstruction

After all high density regions are removed, the reconstruction is the process that
enhances colon border by blurring the sharp edges(Fig. 7(b)) along the border
using Gaussian filter and average filter.

(a) (b) (c)

Fig. 7. (a) An image with tagged material.(b) an image without tagged material. (c)
reconstruction of edges.

3 Experimental Results

The experimental results were evaluated by the physician under two criteria:
percentage of cleansing and confidence score on accuracy. The percentage of
cleansing is divided into 5 levels of completeness where level 1 means 0-25%, level
2 means 26-50%, level 3 means 51-75%, level 4 means 75-99%, and level 5 means
100%. The confidence score on accuracy is divided into 4 levels of confidence on
the results where level 0 means no confidence, level 1 means low confidence, level
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2 means moderate confidence, and level 3 means high confidence. Tabel 1 shows
percentage of cleansing and table 2 shows confidence score on accuracy on four
datasets of two patients. Fig. 8(b) and (d) illustrate how complete our method
can clean tagged material from colon regardless of its location and size.

Table 1. Percentage of cleansing

case level 1 level 2 level 3 level 4 level 5
case#1 prone 9.94 % 0 % 0 % 1.84 % 88.21 %
case#1 supine 12.68 % 1.87 % 0.72 % 0.43 % 84.29 %
case#2 prone 17.91 % 2.09 % 2.39 % 4.78 % 72.84 %
case#2 supine 11.07 % 0 % 0 % 6.56 % 82.38 %
average 12.9 % 0.99 % 0.78 % 3.4 % 81.93 %

Table 2. Confidence score on accuracy

case level 0 level 1 level 2 level 3
case#1 prone 7 % 0 % 0.74 % 92.27 %
case#1 supine 14.84 % 0.29 % 0.58 % 84.44 %
case#2 prone 14.93 % 7.46 % 5.07 % 72.54 %
case#2 supine 11.46 % 0 % 11.07 % 77.45 %
average 12.06 % 1.94 % 4.37 % 81.68 %

(a) (b) (c) (d) (e) (f)

Fig. 8. (a) The area of tagged or enhanced material region. (b) the removed tagged area
and red arrow points to ATT. (c) shows the small tagged area of prone patient pose.
(d) shows the removed small tagged area.(e) The area of tagged material region.(f) the
removed tagged material area.

4 Discussion and Conclusions

From the experimental results on four datasets from two patients in supine and
prone positions where each dataset consists of CT-scan images of size
512x512x400. Fig.8(b) shows that tagged materials located at normal position
can be cleaned efficiently, especially at the position pointed by the red arrow
at the lower right corner where tagged materials are removed while colonic
walls are kept untouched. As a summary, we propose a new method for elec-
tronic colon cleansing that can effectively remove tagged materials and AT layers
while preserving the thin tissue layer that is located next to the tagged regions.
Fig. 8(e)and Fig. 8(f) shows that removal of tagged materials allows virtual
colonoscopy to fly through this section of colon lumen.
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Abstract. This paper presents a new method for detecting scale and rotation 
invariant interest points. The method is based on a representation of the image 
that involves both spatial and spatial-frequency variables in its description. The 
method is based on two main conclusions: 1) Interest points can be extracted 
based on the local maxima of the normalized local energy maps. 2) Local 
extrema over scale of a new established Gabor scale-space indicate the presence 
of characteristic local structures. Our method first extract interest points at 
multi-scales from the local energy map constructed by Gabor filter responses, 
and then select points at which a local measure is maximal over scales. This 
allows a selection of distinctive points for which the characteristic scale is 
known. The interest points are invariant to scale and rotation and give 
repeatable results (geometric stable). Comparative evaluation using the 
repeatability criteria shows the good performance of our approach. 

Keywords: interest points, scale invariance, rotation invariance, Gabor filter, 
Gabor scale-space. 

1   Introduction 

Interest points are characteristic points in an image where the signal changes 
bidimensionally. Interest points characterized with local descriptors can be well 
adapted to geometric and photometric deformations, therefore have been widely used 
in obtaining image to image correspondence for 3D reconstruction [1-2] , searching 
databases of photographs [3] and as an early stage in object recognition [4] and image 
retrieval [5]. In a typical scenario, an interest point detector is used to select 
matchable points in an image. The output of a detector is a bunch of interesting 
locations which are expected to be stable under various image distortions.  

There are numerous approaches for interest point detection and the points extracted 
by these algorithms differ in localization, scale and structure (corners, blobs, multi-
junctions). In the literature, blob-like structures have been presented by [6-8],  



 A Scale and Rotation Invariant Interest Points Detector Based on Gabor Filters 91 

corner-like structures by [3, 9-11], and edge-based structures by [8, 12], among which 
rotation invariants have been presented by [11-13], rotation and scale invariants by [3, 
6, 14-16], and affine invariants by [8, 10].  

Lindeberg [7] adopt different expression of Gaussian derivatives to capture 
different types of image structures such as blobs, corners, ridges and edges, and then 
searches for 3D maxima of the scale normalized Laplacian-of-Gaussian (LoG) 
function for automatic scale selection. Lowe [6, 14] proposed an efficient algorithm 
for detecting blob-like features and its characteristic scale based on local 3D extrema 
in the scale-space pyramid built with Difference-of-Gaussian (DoG) filters. This 
method has achieved great success in object recognition and image registration. Since 
then a lot of work has been done based on the method [15-16]. Mikolajczyk and 
Schmid [3] detect corner-like features based on Harris corner detector and obtain the 
characteristic scale using the Laplacian measure, which is referred as the Harris-
Laplacian method. Schmid and Mohr [11] extract a set of interest points and 
characterize each of the points by rotational invariant descriptors which are 
combination of Gaussian derivative. Robustness to scale change is obtained by 
computing Gaussian derivatives at several scales. Furthermore, affine invariant 
features are presented in [8, 10], which start with various kinds of interest points like 
Harris corner [10] or intensity extrema [8]etc. 

In this paper we proposed a new method which detects perceptually significant 
features based on the local energy map constructed by Gabor filter responses, and 
together with our proposal of detecting the local characteristic scale based on Gabor 
scale-space, it can achieves scale invariance as well as rotation invariance. The 
detected points are invariant to scale, rotation and translation as well as robust to 
illumination changes and limited changes of viewpoint. Experiment results show that 
its repeatability is better than some of the approaches proposed in the literature. 

This paper is organized as follows. Section 2 reviews the basic properties of Gabor 
function. In section 3 the rotation invariant interest point detection method based on 
Gabor filter responses is introduced, and in section 4 the scale selection technique 
based on Gabor scale-space is presented. Section 5 presents the scale and rotation 
interest point detection algorithm integrally, and experiment results are given in 
section 6. Conclusion and future work are presented in section 7. 

2   Gabor Functions 

The 2D Gabor functions are local spatial bandpass filters that achieve the theoretical 
limit for conjoint resolution of information in the 2D spatial and 2D Fourier domains. 
They now play an important role in image representation because of their increasing 
importance in many computer vision applications and also in modeling biological 
vision, since recent neurophysiological evidence from the visual cortex of mammalian 
brains suggests that the filter response profiles of the main class of linearly-
responding cortical neurons (called simple cells) are best modeled as a family of  
self-similar 2D Gabor wavelets [17]. 

Gabor functions are Gaussians modulated by complex sinusoids. A 2D complex 
Gabor function that models the responses of simple cells is denoted by [18]: 
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where σ  denotes the width of the Gaussian envelope in space domain, and θ  is the 
preferred orientation. Gabor wavelets have the optimal energy concentration in the 
time and frequency plane. Furthermore, they provide multi-scale and multi-orientation 
information of the input image. 

3   Rotation Invariant Interest Points Detection 

What kinds of features in an image seem to draw the observer’s attention and thus 
become interesting? A great deal of biological vision research has addressed such a 
problem [19-20]. Fdez-Valdivia et al. [19] present a method for identifying features 
based on the local maxima of energy maps for a few active sensors for a multichannel 
partition of the reference image. The local energy map, for each active channel, is 
defined as the sum of the squared response of the even-symmetric and odd-symmetric 
Gabor filters, which defines the reasonable candidates for locations where the visual 
system perceives something of interest. 

Given an image I(x, y), let ),(, yxW θσ  be the image filtered by a complex 2D 

Gabor filter, as given in equation: 

),(*),(),( ,, yxgyxIyxW θσθσ =  (2)

where * denotes the convolution operator. 

Then the local energy map from viewpoint of sensor ),( θσ , noted 

as ),(, yxLem θσ , is defined by: 

),(*),(),(),( ,,, yxgyxIyxWyxLem θσθσθσ ==  (3)

where ⋅  denotes modulus and is equal to the sum of the squared quadrature pair of 

sine and cosine part of the complex value.  
To detect features at all orientations, a bank of filters is designed so that they tile 

the frequency plane uniformly. The important issue here is to ensure that features at 
all possible orientations are treated equally and all possible conjunctions of features 
are treated uniformly. That is, to obtain rotation invariance in feature detection. 
Therefore, instead of treating the local energy map from different channels, we 

eliminate the influence of parameterθ  by summing energies over all orientations to 
obtain rotation invariance.  

The approach that has been adopted is as follows. In the frequency plane, the 
orientation range [0, π] is divided into N intervals. At each scaleσ , we calculate the 

energy at each location of the image, denoted as ),(, yxLem θσ , in each orientation, 
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and then sum the values over all orientations. This sum of energies is then normalized 
by dividing the number of orientations. So the normalized local energy map at 

scaleσ , denoted as ),( yxQσ , is obtained by the following equation: 
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where { }Nk ,...1= , Nkk /πθ = . 

To detect the peaks of the local energy map, non-maximum suppression is applied 
to the result obtained above. And to suppress false detection, a threshold T is applied 

to the results. Then a point at location ),( ΔΔ yx  in the image is identified as a 

candidate interest point if: 
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where xy
N  represents a local neighborhood of (x,y) within which the search is 

conducted. 

4   Scale Selection in Gabor Scale-Space 

In this section, we establish a new Gabor scale-space and show how to select the 
characteristic scale in the Gabor scale-space.  

The scale-space representation of an image is a set of representations created by 
convolving with the scale-space kernel at different levels of scale. Here we define a 
Gabor scale-space kernel as: 
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where N has the same meaning as in formula (4), and { }Nk ,...1= , Nkk /πθ = . 

Then the Gabor scale-space representation of image I(x, y) is denoted as: 

),,(),(),,( ker σσ yxGSSyxIyxGSS nel∗=  (7)

The characteristic scale (denoted as charσ ) of a point (x0, y0) in the image can be 

obtained by searching for the local extrema over scales in Gabor scale-space, which 
can be expressed as: 

),,(maxarg 00 σσ
σ

yxGSSchar =  (8)
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Given a point in an image, we compute the Gabor scale-space responses for a lot of 
scale factorσ , see Figure 1. The characteristic scale is the one at which the function 
achieves the local maximum (peaks of the curves), which is also indicated by the size 
of the circles in the left column images. It can be seen that the characteristic scale 
indicates the size of the image structure around the interest point and is independent 
of the image resolution. Furthermore, the ratio of the scales, at which the extrema 
were found for corresponding points in two rescaled images, is equal to the scale 
factor between the images.  

The new established scale-space kernel is built on very well localized time-
frequency Gabor atoms, so it has better frequency characteristics and nice selectivity 
of the energy spectrum than the LoG kernel. That makes it more applicable and 
reliable than the LoG method in characteristic scale selection. 
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Fig. 1. The left column shows two images taken from different distance. The right column 
shows the response of GSS(x,y,σ) over scales. The extrema of the two curves are at 26.5 and 14 
respectively, which corresponds to the scale factor (2.0) between the two images. 

5   Scale Invariant Interest Points Detection 

In the following section we present our scale invariant interest points in detail. Our 
detection algorithm works as follows: 
Step 1. First we build a scale-space representation for the input image.  

),(*),(),( ,, yxgyxIyxW
knkn θσθσ =  (9)
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where { }17,...3=n , { }8,...1=k , 8/πθ kk = , 0σασ n
n =  with 2.1=α  and 

6.10 =σ . 

Step 2. At each level of the scale-space we detect candidate points using the method 
proposed in section 3.  
Step 3. In order to select the characteristic scale of the points, we verify for each of 
the candidate points found on different levels if it forms a maximum in the scale 

dimension. We reject the points for which the ),,( nyxGSS σΔΔ  function attains no 

extrema. So a candidate is kept as an interest point if: 

),,(),,(

),,(),,(

1

1

+
ΔΔΔΔ

−
ΔΔΔΔ

>

>

nn

nn

yxGSSyxGSS

andyxGSSyxGSS

σσ

σσ
 (10)

and its characteristic scale is recorded as nσ . Else the candidate point is rejected. 

Figure 2 shows the interest points detected by our approach for two scaled images. 
Each point is circled with the radius equal to its characteristic scale. It can be seen that 
there are many point-to-point correspondences between the two images, and the 
characteristic scale indicates the size of the local structure of the feature. In two 
images, corresponding points cover the same surface content. 

       

Fig. 2. Detected points of image pair at different resolutions with their characteristic scale. 

Circles are drawn with radius equal to charσ  of the detected point. 

6   Comparative Evaluation 

In this section, we first compare our approach with the traditional Harris detector for 
rotation invariance, since the Harris detector was evaluated as superior to other 
methods under rotation changes [13]. Then we compare our approach with several 
scale invariant interest points detectors in the literature, including the approaches of 
Lindeberg (Laplacian and gradient) [7], Lowe (SIFT) [6] as well as the  
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Harris-Laplace detector [3]. The stability of detectors is evaluated using the 
repeatability criteria introduced in [13]. The repeatability score is computed as a ratio 
between the number of point-to-point correspondences that can be established for 
detected points and the mean number of points detected in two images. Two points 
are taken to correspond if the error in relative location does not exceed 1.5 pixels in 
the coarse image and the ratio of detected scales for these points does not differ from 
the real scale ratio by more than 20%. 

Figure 3 presents the repeatability score for the compared methods. The 
experiments were done on two sequences of real images. One sequence consist of 
rotated images for which the rotation degrees varies from 0 to 180 at interval of 15 
degrees, and the other sequence consist of scaled images for which the scale factor 
varies from 1.2 up to 4.5. It can be seen that the proposed method has better rotation 
repeatability than the original Harris detector. The scale repeatability is a little smaller 
than Harris-Laplacian [3] method but better than the Laplacian method and SIFT 
method proposed by Lindeberg and Lowe respectively. And it should be cleared that 
our approach detected more features than the Harris-Laplacian method. 
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Fig. 3.  Repeatability of interest point detectors with respect to rotation changes (left) and scale 
changes (right) 

7   Conclusion and Future Work 

In this paper, we have presented a new algorithm for interest points detection which is 
invariant to rotation and scale changes based on Gabor filters. The main content of the 
paper includes: 1) A rotation invariant interest point detector based on local energy 
map is presented. 2) A new Gabor scale-space is established, and the characteristic 
scale can be obtained by searching for the extrema in the scale-space. 3) A multi-scale 
interest points detector which is invariant to rotation and scale changes is developed 
base on the two results above. 

The evaluation using repeatable criteria shows that our detector gives good 
stability under rotation and scale changes. Furthermore, our approach is robust to 
illumination changes as well. A comparison with some interest points detectors shows  
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that our detector gives better results. In our future research, we intend to focus on the 
problem of local descriptor based on the Gabor representation. 
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Abstract. Signatures continue to be an important biometric trait be-
cause it remains widely used primarily for authenticating the identity of
human beings. This paper presents an efficient text-based directional sig-
nature recognition algorithm which verifies signatures, even when they
are composed of special unconstrained cursive characters which are su-
perimposed and embellished. This algorithm extends the character-based
signature verification technique. The experiments carried out on the
GPDS signature database and an additional database created from sig-
natures captured using the ePadInk tablet, show that the approach is
effective and efficient, with a positive verification rate of 94.95%.

Keywords: Signature Recognition, Direction Feature, Feature
Normalization.

1 Introduction

Signature verification has received an extensive research attention in recent years.
Signatures are still widely used as the primary method for the identification and
verification of human beings, and for authentication and authorization in legal
transaction. In fact, it is the most widely accepted biometric trait that has been
used for enforcing binding contracts in paper based documents for centuries.
Handwriting recognition has reached its maturity level; especially for the recog-
nition of isolated characters recognition, hand printed words recognition, auto-
matic address processing, etc. Signatures are composed of special unconstrained
cursive characters. In most cases they are superimposed and embellished, as a
result are not readable.

The intrapersonal variations and interpersonal differences in signing make it
necessary to analyse signatures absolutely as images instead of applying charac-
ter and word recognition [3]. The other challenge of signature verification is that
a signature is termed a behavioral biometric trait so it may change depending
on behavioral characteristics such as mood, fatigue, etc [2]. Hence innovative
and accurate approaches need to be employed to improve the recognition and
verification rates.
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1.1 Related Work

There has been substantial research work carried out in the area of signature
recognition and verification. Justino et al [6], proposed an off-line signature veri-
fication system using Hidden Markov Model. In [7] a handwritten signature ver-
ification system, based on Neural ’Gas’ Vector Quantization is proposed. Other
recent approaches to signature recognition and verification include: the use of
Modified Direction Feature (MDF) which generated encouraging results, reach-
ing an accuracy rate of 81.58% for cursive handwritten character recognition [1];
a Support Vector Machine approach based on the geometrical properties of the
signature is proposed by Ozgunduz et al [3]; and an Enhanced Modified Direction
Feature with Single and Multi-classifier approaches [2]. Various classifiers have
been successful in off-line signature verification, with Support Vector Machines
(SVMs) providing an overall better result than all others such as Hidden Markov
Models. SVMs have achieved a true classification ratio of 0.95 [2].

In this paper, a new approach that improves of the Modified Direction Fea-
ture is proposed. It adopts the whole text recognition rather character or word
recognition for signature recognition and verification.

The rest of the paper is structured as follows: Section 2 describes an overall
signature recognition system, including image preprocessing, feature extraction,
feature normalization and signature verification; Section 3 presents experimental
results; and Section 4 draws the conclusions and future work.

2 Signature Recognition System

The basic modules for a signature recognition system: capture the signature,
preprocessing, feature extraction, feature vector, and classification are depicted
in Fig.1, and presented in the following subsections.

2.1 Preprocessing

The preprocessing module is applied to both training and testing phases. It
includes noise reduction and skeletonization. Hilditch’s thinning algorithm was
adopted as the skeletonization technique [9].

2.2 Feature Extraction

The choice of a meaningful set of features is crucial in any signature verification
system. Different feature methods have been studied to capture various struc-
tural and geometric properties of the signatures. The extracted features for this
system are mask features and grid features. Mask features provide information
about directions of the segments of the signature, while grid features give an
overall signature appearance [3]. The extracted mask features are direction and
transition features, and the grid features are trifold and sixfold features.
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Fig. 1. Signature Recognition System

Direction Features

The direction feature technique was originally designed to simplify each char-
acter’s boundary or thinned representation through identification of individual
stroke or line segments in the image [5]. Signatures are composed of special
unconstrained cursive characters which are in most of the cases superimposed
and embellished. This makes it impossible to apply character recognition to all
the signatures. For the latter reason, we have chosen to use direction feature
technique for handwritten text recognition, instead of the segmented character
recognition. The proposed text-based signature recognition approach explained
below, is an extension of the character-based direction feature technique.

The line segments which give the direction transitions are determined for
the whole text image rather than on each character image, and categorized as
Vertical, Horizontal, Right diagonal and Left diagonal. The intersection points
between types of lines are located. The techniques for locating the starting point
and intersection points, and labelling the line segments are discussed in [2], [5],
[11]. The direction transitions are coded as shown in Table 1.

Line Segments Categorization. As mentioned above, four types of line seg-
ments are distinguished by following neighbouring pixels along the thinned signa-
ture from the starting point. A semi 8-neighbourhood1 based algorithm
determines the beginning and end of individual line segments. This algorithm is
described below.

1 In our context semi 8-neighbourhood of a pixel (i,j) is made of (i-1,j-1), (i,j-1), (i+1,j-
1) and (i+1,j).
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Table 1. Direction Transition Codes

Direction Transition Code

Vertical 2
Right Diagonal 3
Horizontal 4
Left Diagonal 5
Intersection 9

Algorithm 1. Line Segments Categorization
1: if pixel[i, j] == INTERSECTION then
2: pixel[i, j]← 9
3: else
4: if SOUTH(pixel[i, j]) == FOREGROUND then
5: pixel[i, j]← 2
6: end if
7: else
8: if SOUTHWEST (pixel[i, j]) == FOREGROUND then
9: pixel[i, j]← 3

10: end if
11: else
12: if WEST (pixel[i, j]) == FOREGROUND then
13: pixel[i, j]← 4
14: end if
15: else
16: if NORTHWEST (pixel[i, j]) == FOREGROUND then
17: pixel[i, j]← 5
18: end if
19: end if

In Algorithm 1, NORTHWEST, WEST, SOUTHWEST and SOUTH give
semi 8-neighbourhood values. After labelling the whole thinned signature, the
algorithm for extracting and storing line segment information first locates the
starting point and then extracts the number of intersection points (see equation
(3)), the number and lengths of line segments resulting in a set of nine feature
values. The number and lengths features of line segments are extracted using
equations (1) and (2) respectively.

Number =
Number of segments in a particular direction

Area of signature bounding box
(1)

Length =
Number of pixels in a particular direction

Area of signature bounding box
(2)

Intersection =
Number of intersection points

Area of signature bounding box
(3)
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(a) Original Signature (b) Labelled Signature

Fig. 2. Original Signature and its corresponding Labelled Signature.
(Black=Horizontal, Yellow=Vertical, Red=Intersection, Blue=Right Diagonal,
Cyan=Left Diagonal).

Transition Features

Transition feature (TF) extraction technique records the locations of the tran-
sitions between foreground and background pixels in the vertical and horizontal
directions of binary images. The image is traversed in the following four direc-
tions: left to right, right to left, top to bottom and bottom to top. Each time
there is a change from background to foreground or vice versa, then the ratio
between the locations of the transition and the length/width of the image tra-
versed is recorded as a feature [1], [2], [4]. The average ratios of the x and y
positions of the transitions for each of the four directions are recorded, resulting
in eight features. In addition, the total number of transitions is also recorded,
resulting in two more features.

Grid Features

1. TriSurface Feature -The trisurface area was implemented in an attempt to
increase the accuracy of a feature describing the surface area of a signature
[2],[11]. This is achieved by splitting up vertically the signature into three
equal parts and calculating the proportion of the signature surface of each
part over the total surface area of the image using equation (4). This results
in a set of three feature values.

2. Sixfold -The concept of sixfold feature is similar to the concept of the trisur-
face feature. The signature image is split up vertically into three equal parts.
Then the center of gravity is calculated for each of the three parts, and the
signature surface above and below the horizontal line of the center of gravity
is calculated [2], [11]. The result is a set of six feature values corresponding
to the proportion of the signature surface of each of the six parts over the
total surface area of the entire signature image.

Ratio =
Area of signature

Area of bounding box
(4)
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2.3 Feature Normalization

The extracted feature vector −→v of 28 dimensions is defined as follows:

−→v = (v0, v1, ..., v27) (5)

where −→v is composed of 3 trisurface, 6 sixfold-surface, 10 transitional, and 9
directional features. The scales of these individual features extracted are com-
pletely different. Firstly, this disparity can be due to the fact that each feature is
computed using a formula that can produce various range of values. Secondly, the
features may have the same approximate scale, but the distribution of their val-
ues has different means and standard deviations [12]. A statistical normalization
technique is used to transform each feature in such a way that each transformed
feature distribution has means equal to 0 and variance of 1.

Let n be the number of features and m the size of the distribution, features
matrix X is defined in (6):

X =

⎡

⎢⎢⎢⎣

x11 x12 ... x1n

x21 x22 ... x2n

...
. . .

...
xm1 xm2 ... xmn

⎤

⎥⎥⎥⎦ (6)

where Xij is the jth feature of the ith candidate for (i = 1, 2, ..., m) and (j =
1, 2, ..., n), the corresponding value is newXij and is defined as (7):

newXij =
Xij −Xj

σj
(7)

where Xj is the mean defined in equation (8) and σj is the standard deviation
defined in equation (9)

Xj =
1
m

m∑

i=1

Xij (8)

σj =

√√√√ 1
m− 1

m∑

i=1

(Xij −Xj)2 (9)

2.4 Signature Verification

To verify the similarity of two signatures, Mahalanobis Distance (MD) based
on correlations between signatures is used. It differs from Euclidean distance in
that it takes into account the correlations of the data set and is scale-invariant.
The smaller the MD, the higher the similarity of the compared signatures, and
is defined in equation (10).
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MD(−→x ,−→y ) =
√

(−→x −−→y )T S−1(−→x −−→y ) (10)

where −→x and −→y denote the enrolled feature vector and the new signature feature
vector to be verified, with the covariance matrix S.

3 Experimental Results and Discussions

Our experiments were carried out using two data sets: the GPDS signature
database [10], and a database created from signatures captured using the
ePadInk tablet. The results obtained were based on a total of 2106 signatures
from GPDS database, and 400 signatures captured using ePadInk tablet. The
2106 signatures comprise of 39 individuals, 24 genuine signatures for each indi-
vidual, and 39 samples of forgeries per each genuine signature.

Table 2 shows the results obtained by directional features alone, and the
combination of directional features with one or more of the following features:
transitional, sixfold and trifold. The overall verification rate is exceptionally
positive.

Table 3 shows that the proposed approach using the text-based directional
signature recognition algorithm outperforms the character-based directional sig-
nature recognition. The statistical normalization applied to the features as de-
scribed in section 2.3, also enhanced the verification rate since it takes into
account the correlations of the data set verified by Mahalanobis Distance.

Table 2. Verification Rates. (D=Directional, T=Transitional, S=Sixfold, Tr=Trifold)

Verification Rate (%)

GPDS Database ePadInk Signatures Avg.
D 94.76 95.14 94.95

DT 95.28 97.43 96.36

DTS 93.77 98.01 95.89

DTSTr 90.79 94.14 92.47

Table 3. Comparison of Directional Feature Extraction Algorithms. (O=Original,
D=Directional, F=Feature, M=Modified, E=Enhanced)

Verification Rate (%)

GPDS Database ePadInk Signatures Avg.
ODF 83.65 80.02 81.84

MDF 84.57 85.50 85.04

EMDF 89.61 86.64 88.13

Our Approach 94.76 95.14 94.95
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4 Conclusions

An effective approach for signature recognition and verification based on text
recognition has been presented. The proposed algorithm improves the character-
based directional feature extraction algorithm. Experimental results show that
the proposed approach has an improved of true positive rate of 94.95%. Further
investigation of the effect of the proposed approach with other different signature
databases is envisioned.
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Abstract. Normalized Information Distance, based on Kolmogorov
complexity, is an emerging metric for image similarity. It is approximated
by the Normalized Compression Distance (NCD) which generates the
relative distance between two strings by using standard compression
algorithms to compare linear strings of information. This relative dis-
tance quantifies the degree of similarity between the two objects. NCD
has been shown to measure similarity effectively on information which
is already a string: genomic string comparisons have created accurate
phylogeny trees and NCD has also been used to classify music. Currently,
to find a similarity measure using NCD for images, the images must
first be linearized into a string, and then compared. To understand how
linearization of a 2D image affects the similarity measure, we perform
four types of linearization on a subset of the Corel image database and
compare each for a variety of image transformations. Our experiment
shows that different linearization techniques produce statistically signif-
icant differences in NCD for identical spatial transformations.

Keywords: Kolmogorov Complexity, Image Similarity, Linearization,
Normalized Compression Distance, Normalized Information Distance.

1 Introduction

First proposed by M. Li et al., Normalized Compression Distance (NCD), a
derivation of Kolmogorov complexity (K(x)), quantifies object similarity by
calculating the compressed sizes of two strings and their concatenation [10].
NCD has been applied as a measure for image similarity because it is a universal
distance measure. A successful model for image similarity will have applications
in fields such as medical image retrieval, security, and intellectual property. This
paper analyzes some of NCD’s underlying assumptions and their effects on its
resulting similarity measure between images.

D. Śl
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In [10], [11], [4], normalized compression distance (NCD) has been shown to
yield promising results in constructing phylogeny trees, detecting plagiarism,
clustering music, and performing handwriting recognition. These results demon-
strate the generality and robustness of NCD when comparing one dimensional
data. The simplicity of NCD presents an automatic way of grouping related
objects without the complicated task of feature selection and segmentation.

In [7] the compressed size of the concatenation of x and y is used to estimate
K(xy) as well as K(yx). Compressors search for sequences shared between x and
y in order to reduce the redundancy in the concatenated sequences. Therefore,
if the result of this compression is much smaller than the compression of x and
y separately, it implies that much of the information contained in x can be also
used to describe y.

To approximate the NCD between two images, image linearization, ac-
companied with a variety of compression algorithms, has been applied[7].
Kolmogorov complexity is not computable but it can be approximated by
using compression[10]. Image compression is the notion that given a group of
neighboring pixels with the same properties, it is more efficient to use a single
description for the entire region. Thus, if image x is more complex than image y,
the Kolmogorov complexity of x, which is approximated by the size of compressed
x, will be larger than that of y. With lossy compression, a group of pixels can
be replaced with an average color to create a more compact description of the
region, at the expense of slight distortions[7]. To make the best approximation
of Kolmogorov complexity, the ŞbestŤ possible compression must be used.
The approximation of Kolmogorov complexity is limited by the fact that it
is not possible to design the ŞbestŤ system of image compression: whichever
compression we use, there is always a possibility for improvement.

NCD determines image similarity based on the theory that the visual content
of an image is encoded into its raw data. Theoretically, this makes NCD a suitable
metric for Content-Based Image Retrieval (CBIR) which attempts to find similar
images based on a query image’s content. The application of NCD for CBIR in [7]
has shown to produce statistically significant dissimilarity measures when tested
against a null hypothesis of random retrieval. The NCD between images was used
as a metric to search the visual content encoded in the raw data directly, thus
bypassing feature selection and weighting. This approach performed well even
when compared against several feature based methods. Although the approach
in [7] uses a variety of real-world data sets, different compressors were used for
each experiment and the method of linearization was unclear. In particular, the
ability of a string to represent a 2D image is not clear. This paper expects to
determine the effects of different methods of linearization on NCD.

Similarly, [13] investigates the parameters of visual similarity and verifies
that NCD can be used as a predictor for image similarity as experienced by
the human visual system. While NCD performs well as a model for similarities
involving addition or subtraction of parts, it fails to determine similarity among
objects that involve distortions involving form, material, and structure. Results
also imply that when two images are very similar, this similarity may be better
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approximated by other similarity measures, such as the pixel-by-pixel difference
of two images. Although [13] determined that the use of different compression
algorithms and transformations has varying effects on NCD, only one photograph
and one type of linearization (Row-Major) were used for NCD calculations.
Therefore, it is unclear whether the results are universally applicable to images
of different content. We present an experiment to illustrate the effects of different
methods of linearization and transformations on a database of 100 images.

Due to the compression approximation of Kolmogorov complexity, all of the
above examples create a linear string from a 2D image and then find its relative
similarity to other strings and therefore other images. Each string was created
with a linearization technique; however, an effective formal analysis was not
conducted to evaluate the impact of the linearization method. Each linearization
produces a distinctly different string and it is important to understand how
the 2D signal (image) is converted to a 1D string. Thus, a question is still left
standing: Can a string effectively represent a 2D image? This paper explores four
different linearization techniques and their impact on the similarity measure of
spatially transformed images, and tests the null hypothesis that all linearizations
result in the same NCD across several transformations. Section 2 describes the
basis of Kolmogorov Complexity, presents the methodology behind the four
linearization techniques: Row-Major, Column-Major, Hilbert-Peano, and Self-
Describing Context Based Pixel Ordering (SCPO) and presents the methodology
of producing the dataset; Section 3 shows results of measuring image similarity
distance between an image and a spatially transformation version of an image;
and Section 4 contains discussion along with comments on future work.

2 Methodology

2.1 Kolmogorov Complexity and Derivations

To understand the necessity of linearization, a short derivation of Kolmogorov
complexity is helpful. Kolmogorov complexity describes the smallest number of
bits used to represent an object x [12]. K(x) is the length of the shortest program,
denoted string x*, to produce x. Therefore, x* is the smallest representation of
x. Furthermore, conditional Kolmogorov complexity, K(x|y), is the length of
the shortest program to compute x given y. The conditional complexity of two
objects begins the notion of similarity. Building upon conditional complexity,
information distance, E(x, y), is the max{K(x|y), K(y|x)} and describes the
absolute bit change needed to convert one object into another. E(x, y) is not
normalized. Normalization provides the Normalized Information Distance (NID),

NID(x, y) =
max{K(y|x∗), K(x|y∗)}

max{K(y), K(x)} . (1)

NID describes the theoretical conception of object similarity. It is shown by
[10] that this measure is universal, in that it captures all other semi-computable
normalized distance measures. However, because this measure is also upper semi-
computable, the complexity of an object, K(x), is approximated using modern
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compression algorithms, denoted by C(x). This is referred to as the Normalized
Compression Distance,

NCD(x, y) =
C(xy)−min{C(x), C(y)}

max{C(x), C(y)} . (2)

This is the standard formula applied to most applications of Kolmogorov com-
plexity similarity measures and also the basic algorithm used in the CompLearn
toolkit[2]. Because this approximation uses compression, and compression
techniques currently depend on string inputs, the images must be transformed
into linear strings [10]. We present four common linearization methods.

2.2 Linearization Methods

The scan-line is a standard scanning method that traverses an image line by
line. There are two main scan-line methods: Row-Major and Column-Major.
Row-Major concatenates pixel intensities to a string, row by row, starting with
the upper left pixel and then continuing across the row, before proceeding to the
next row. Column-Major follows much the same, but begins in lower left pixel
and continues up the first column, before moving toward the right, proceeding
column by column. There are variations to this, but all are in a linear fashion.

The Hilbert-Peano curve traverses all pixels in a quadrant of an image before
it linearizes the next quadrant and as a result, this method of linearization
has an inherently strong locality property [9]. The Hilbert-Peano space-filing
curve guides the exploration of a two dimensional array and linearizes it into
a continuous one dimensional string that contains information from all pixels
in the plane while respecting neighborhood properties. As described by [9], a
Hilbert-Peano curve subdivides a unit square into four sub-parts and after a finite
number of well adapted iterations, every pixel is captured by the Hilbert-Peano
curve. The Hilbert-Peano Curve can be approximated by self similar polygons
and grows recursively following the same rotation and reflection at each vertex of
the curve. The self similarity of polygons allows efficient computation of discrete
versions of curves while preserving locality. Therefore, a search along a space-
filling linearization will result in points that are also close in the original space.
This type of linearization is simple and requires no contextual knowledge of the
data set. In [5], the fixed space-filling curve approach has been shown to use
much less computational resources compared to clustering and other context-
based image linearizations. The entropy of a pixel-sequence obtained by Hilbert-
Peano curves converges asymptotically to the two-dimensional entropy of the
image, resulting in a compression scheme that is optimal with encoders that
take advantage of redundant data [6].

[6] also proposes the use of a context-based space filling curve to exploit
the inherent coherence in an image. Ideally, an adaptive context-based curve
would find and merge multiple Hamiltonian circuits to generate a context-based
Hamiltonian path that would traverse every pixel. [8] proposes a self-describing
context-based pixel ordering for images that uniquely adapts to each image at
hand and is inherently reversible. SCPO uses pixel values to guide the exploration
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of the two-dimensional image space, in contrast to universal scans where the
traversal is based solely on the pixel position [8]. SCPO incrementally explores
the region by exploring sections with pixel intensities most similar to a current
pixel and by maintaining a frontier of pixels that has already been explored.
Neighboring pixels around the current pixel are added to the frontier and are
concatenated to a string. Then, the pixel in the frontier with the closest intensity
to the starting point is chosen as the next point about which to explore and is
also removed from the frontier. The outcome is a one-dimensional representation
of an image with enhanced autocorrelation. Empirical results in [8] show that this
method of linearization, on average, improves the compression rate by 11.56%
and 5.23% compared to raster-scans and Hilbert-Peano space-filling curve scans,
respectively.

Fig. 1. Linearization of four images. Beginning in upper left, Row-Major, Column-
Major, Hilbert, SCPO.

2.3 Null Hypothesis Test

To gain an understanding of the effects of linearization on an image, a similarity
test is chosen in which theoretically, linearization should not affect results.
Although different methods of linearizations produce distinct strings, identical
spatial transformations to the image would theoretically result in the same NCD.
In this experiment, a battery of spatial transformations is applied to a large
standard image library. The resulting image transformations are then compared
to the original and the relative similarity distance is calculated. This process
is done for each of the described linearization techniques from Section 2.2. Our
null hypothesis, Eq. 3, states that each linearization technique produces the
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same relative distance for each transformation. This would demonstrate that
linearization can effectively represent a 2D image.

Our null hypothesis Ho states that different types of linearizations will produce
the same NCD values across identical spatial transformations of images. Our
alternative hypothesis states that at least one of the linearizations will produce
a different NCD across identical spatial transformations. Formally, the null
hypothesis and alternative hypothesis are presented as follows:

Ho : ∀s, t NCDs(x, y) = NCDt(x, y) s �= t (3)
Ha : ∃s, t NCDs(x, y) �= NCDt(x, y) s �= t (4)

where s,t denote any of the 4 different linearizations, x denotes the original image
and y denotes one of the 7 spatial transformation comparisons.

2.4 Dataset and Transformations

In this experiment, we selected 100 images from the Corel image database[14]
and converted the color images to grayscale by calculating a weighted sum of R,
G, and B components using the following equation:

I = 0.2989× R + 0.5870×G + 0.1140× B (5)

To measure the effect of linearizations on different spatial transformations,
we employed 7 different types of transformations. The original bitmap image
has 8 different versions: original, left shifted, down shifted, 90◦, 180◦, 270◦

rotation clockwise, and reflections across the x and y axis. All transformations
were automated for 100 original images in Photoshop 7.0, thus creating an
experimental test set of 100 originals x 8 versions = 800 images. Shifted versions
were translated 35 pixels. It should be noted that the empty space created by
these shifts were replaced by white (255, 255, 255) pixels in Photoshop 7.0.

Using Matlab, we linearized the 800 bitmap images into text files by extracting
gray level intensities from each pixel in four different fashions. Row-Major
(from left to right) and Column-Major (from bottom to the top) linearizations
were performed by concatenating pixel intensities to a string. Column-Major
linearization, the image is flipped 90◦ clockwise and then linearized using the
Row-Major methodology. The image is also linearized using a Hilbert-Peano
space-filling curve which grows incrementally, but is always bounded by a square
with finite area. The mathmatical deconstruction of the Hilbert-Peano curve
can be found in [9]. For each image, a position p(j) is computed along each
step in a Hilbert-Peano traversal of space. Then, our algorithm incrementally
reads gray-level values from an image at these coordinates. Thus, in order for
a Hilbert-Peano space-filling curve to traverse every pixel within the image, the
image is resized to 128x128 pixels, potentially distorting the image. Similarly,
SCPO images are reduced to 35% of its size, preserving the aspect ratio, in
order to expedite the computationally-heavy SCPO process. All distorted and
reduced images were compared to images with the same distortion, removing
any comparison problems. In total, 800 images x 4 linearizations = 3200 text
files were compared within their respective linearization groups.
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Fig. 2. Spatial Transforms of an image. From left to right: Original, Left-Shift, Ref-Y,
Down-Shift, 90◦, 270◦, Ref-X,180◦.

2.5 CompLearn

For this experiment, we used NCD(x,y) and a block sorting compression algo-
rithm (bzip2) built into Complearn, a data analysis toolkit that provides relative
compression ratios. Bzip2 exploits frequently recurring character sequences to
compress data and detects patterns within a 900 kilobyte window [1]. Since this
compression algorithm takes advantage of redundancy in an image to shrink
its representation, it approximates the semicomputable Kolmogorov complexity
of a string. The NCD(x,y) between two images is calculated using Complearn.
Complearn takes several text files and compresses them, noting the bit length
each and applies Eq. 2 to find the NCD between two images. Complearn
ultimately creates a data set that reflects normalized compression distances
between all permutations of two files. The smaller the difference or the closer
the NCD is to 0, the more similar the text files. Likewise, the less redundancy
between text files, the closer the NCD is to 1. Although a majority of the
distances collected were between 0 and 1, some distances were slightly above 1.
In [10], [4], and [3] this is not uncommon; when comparing files that share very
little information, sometimes NCD can reach values greater than 1. Theoretically,
this can be explained by the region in which C(xy)−min{c(x), c(y)} is greater
than max{c(x), c(y)}.

The NCD between JPEG compressed images was also calculated to provide a
reference for the bzip2 compression algorithm. To measure the NCD between
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JPEGs, the Complearn toolkit was not used as JPEG compression is not
integrated. Instead, Eq. 2 was determined with bc (Linux). First, two images
were concatenated side by side in Matlab. Next, the concatenated image and the
two originals were compressed to JPEG losslessly in Matlab with 100% quality.
To find NCD(x, y), bc (Linux) was used with the file bit lengths of the resulting
files as inputs to Eq. 2. Comparisons between 90◦ and 270◦ rotations could not
be made because two images of differing dimensions could not be concatenated.

2.6 Statistical Analysis

The NCD between each of the transformations and the original image were
averaged for 100 images to find the overall effect of each spatial transformation
on NCD. To determine if different linearizations produced statistically different
NCD values, an analysis of variance (ANOVA) test was performed. ANOVA
is a well-known statistical test that compares mean square differences between
groups and within groups to determine whether groups of data are statistically
different from each other.

3 Results

The results are presented in Table 1, which shows the average NCD for each
linearization from the original image to each transformation. This was done for
100 different images chosen from the food subset located in the Corel Image
Database[14]. There are several interesting averages to note. Although Row
and Column-Major linearization could not easily recognize the transformed
image when it is rotated, these methods of linearization produced significantly
lower NCDs when the original image was compared to the down shifted, left
shifted image. In addition, Hilbert-Peano and SCPO linearizations produced
NCDs consistently over 0.96 when comparing the original image to its shifted
copies. With respect to transformations across the y and x axis, for Row-Major
linearization, when the original was compared to itself reflected across the x
axis, the mean NCD was 0.383669. For Column-Major linearization, when the
original was compared to its itself reflected across the y axis, the mean NCD was
0.382232 . For 90◦ and 270◦ rotations, Hilbert-Peano linearizations produced
the lowest average NCDs at 0.949334 and 0.935854 respectively, while SCPO
produced average NCDs around 0.96 consistently across all transformations. For
JPEG compression, nearly all NCD values are over 1, which indicated that JPEG
compression found little or no redundancies between the concatenation of two
images.

The ANOVA test results are shown in Table 2. The standard p-value threshold
of 0.05 was used to test if the type of linearization significantly affected
the NCD measure across transformations. ANOVA results show that different
types of linearizations produce statistically significant differences in NCD for
identical spatial transformations. Therefore, we can reject the null hypothesis
that different types of linearizations will produce the same NCD values for spatial
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Table 1. Mean Normalized Compression Distance (NCD)

Transform Row Column Hilbert SCPO JPEG
Original 0 0 0 0 1.0011
Down-Shift 0.4661 0.4811 0.9697 0.9629 1.0072
Left-Shift 0.4676 0.4594 0.9683 0.9607 1.0050
90◦ 0.9726 0.9725 0.9493 0.9640 N/A
180◦ 0.9634 0.9698 0.9664 0.9658 1.0011
270◦ 0.9727 0.9726 0.9358 0.9630 N/A
Ref-X 0.3836 0.9697 0.9638 0.9640 1.0013
Ref-Y 0.963 0.3822 0.9353 0.9625 0.9976

Table 2. ANOVA Normalized Compression Distance (NCD)

Transform Grouping Sum of Sq. df Mean Square F Sig.

Down-Shift
Between Groups 24.29344 3 8.09781 13063.1 0*
Within Groups 0.24547 396 0.0006198
Total 24.5389 399

Left-Shift
Between Groups 25.1020 3 8.36735 14643.3 0*
Within Groups 0.226278 396 0.0005714
Total 25.32834 399

90◦
Between Groups 0.036090 3 0.01203 49.1997 4.78458E-27
Within Groups 0.096828 396 0.0002445
Total 0.132918 399

180◦
Between Groups 0.002070 3 0.0006 7.51982 6.62437E-05
Within Groups 0.036336 396 9.17588E-05
Total 0.038406 399

270◦
Between Groups 0.090856 3 0.03028 128.202 4.90716E-58
Within Groups 0.093547 396 0.0002362
Total 0.184404 399

Ref-X
Between Groups 25.42660 3 8.475535 55040.8 0*
Within Groups 0.060978 396 0.0001539
Total 25.48758 399

Ref-Y
Between Groups 24.561154 3 8.187051 27445.8 0*
Within Groups 0.118125 396 0.0002982
Total 24.67928 399

*Approximates to 0

transformations. This suggests that images may not be fully expressible as a
string, at least using current compression algorithms. It certainly indicates that
the method of linearization does matter.

4 Discussion and Conclusion

It is shown that linearization techniques affect the measured relative distance
between two images. Nearby pixels in one linearization may not be near to
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the same pixel in another. Thus, when applying Kolmogorov complexity as a
similarity metric, careful consideration of linearization technique must used, a
topic which has not been explained or explored. Also, our data suggest that
the use of multiple linearizations for one comparison pair may be effective.
Using Row-Major and Column-Major linearization to calculate NCD may be
better at capturing similar information between shifted copies. Our results are
consistent with [13], which show that Row-Major calculations of NCD can easily
capitalize on shared information among shifted copies. Additionally, Row-Major
linearization may best recognize images that share characteristics across the x
axis while Column-Major linearization may best capture likeness among images
similar across the y axis.

In addition, Hilbert-Peano and SCPO linearizations produced NCDs consis-
tently over 0.96 when comparing the original to its shifted copies, showing that
these types of linearizations may not easily capture similarity among images
that are strongly shifted. Statistically significant values of NCD created by
Hilbert-Peano linearization show that Hilbert-Peano linearization may capture
similarity among rotated copies better than other forms of linearizations in this
experiment. Although SCPO has been shown to enhance the autocorrelation
and compression ratio within a single image[8], in this study it does not seem to
effectively capture similarities between two images. Other conversion methods
may need to be sought out to find types of linearizations that are robust to
spatial transformations.

Also, JPEG compression, a standard image compression algorithm, produces
large values of NCD, indicating dissimilarity, and is shown in this study to be
ineffective for finding image similarity. Image compression algorithms may not
yet approximate Kolmogorov complexity and future work for image compression
algorithms may need to be done to bypass the potentially flawed linearization
process. Nonetheless, because linearization affects the NCD, clearly a string does
not fully or totally represent a 2D image. More consideration on this topic must
be taken.

4.1 Future Work

Further investigation will include linearization’s effect on similarity distance with
regard to intensity transformations, such as intensity shifts, introduction of noise,
and watermarking. The degree of a transformational change and its correlation
to the degree of NCD change will also be measured. Additionally, compression
algorithms need to be more rigorously compared, and as [13] demonstrated,
there is a qualitative difference between the performance of different compression
algorithms. [2] also mentions file size limitations to compression algorithms that
may limit the sizes of files compared. We expect that efficiently linearizing
an image would lead to greater compression ratio, which in turn would lead
to more meaningful values of NCD if similarity exists between two images.
We also expect that certain linearizations will generate NCDs that are more
consistent with similarity measured by the human visual system and thus be
more robust to spatial transformations. Furthermore, linearizing an image into
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a one dimensional string may not be the best method to represent an image.
To accurately approximate the Normalized Information Distance between two
images, other forms of image compression will need to be investigated.
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Abstract. In this paper we report the results of a comparative study on blind 
speech signal separation approaches. Three algorithms, Oriented Principal 
Component Analysis (OPCA), High Order Statistics (HOS), and Fast 
Independent Component Analysis (Fast-ICA), are objectively compared in 
terms of signal-to-interference ratio criteria. The results of experiments carried 
out using the TIMIT and AURORA speech databases show that OPCA 
outperforms the other techniques. It turns out that OPCA can be used for 
blindly separating temporal signals from their linear mixtures without need for a 
pre-whitening step.  

Keywords: Blind source separation, speech signals, second-order statistics, 
Oriented Principal Component Analysis. 

1   Introduction 

During recent decades, much attention has been given to the separation of mixed 
sources, in particular for the blind case where both the sources and the mixing process 
are unknown and only recordings of the mixtures are available. In several situations, it 
is desirable to recover all sources from the recorded mixtures, or at least to segregate 
a particular source. Furthermore, it may be useful to identify the mixing process itself 
to reveal information about the physical mixing system. 

The objective of Blind Source Separation (BSS) is to extract the original source 
signals from their mixtures and possibly to estimate the unknown mixing channel 
using only the information of the observed signal with no, or very limited, knowledge 
about the source signals and the mixing channel. BSS techniques can be typically 
divided into methods using second-order [1] or higher-order statistics [2], the 
Kullback-Liebler distance [3], PCA methods, non-linear PCA [4] and ICA methods 
[5]. Most approaches to BSS assume the sources are statistically independent and thus 
often seek solutions with separation criteria using higher order statistical information 
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[2] or using only second-order statistical information in the case where the sources 
have temporal coherency, are non-stationary [3], or eventually are cyclo-stationary. It 
is worth noting that second-order methods do not actually replace higher-order ones 
since each approach is based on different assumptions. For example, second-order 
methods assume that the sources are temporally coloured, whereas higher-order 
methods assume white sources. Another difference is that higher-order methods do 
not apply to Gaussian signals but second-order methods do not have any such 
constraint. 

This paper is organized as follows: in Section 2, we briefly present the Independent 
Component Analysis (ICA) model. In Section 3, we present the Higher Order 
Statistics (HOS) approach we have developed for blind speech signal separation. In 
Section 4, we describe the implementation of the OPCA method that we propose for 
the separation of mixed speech signals. Section 5 presents the experimental results 
and discusses them. Finally, Section 6 concludes and gives a perspective of our work. 

2   ICA Model 

We simultaneously record N conversations with N microphones. Each recording is a 
superposition of all conversations. The problem lies in isolating each speech signal to 
understand what was said. One can solve this problem merely by considering that 
different people produce independent speech signals. It does not take into account the 
semantics of these signals or even acoustics, but considers them as random signals, 
statistically independent. ICA is one tool for this, whose goal is to reveal factors that 
are independent in the full sense and not only in the sense of decorrelation. The model 
is usually stated as follows.  

Let X denote the random vector whose elements are the mixtures x1.,…,xn, and 
likewise by S the random vector with elements s1.,…, sn. Let us denote by A a matrix 
with elements aij. Using vector-matrix notation, the above mixing model becomes:  

ASX = , (1)

where A is a square invertible matrix and S is a latent random variable whose 
components are mutually independent. One tries to estimate A to obtain S={s1.,…,.sn}, 
given a set {x1.,..,.xn}, randomly distributed according to the law of X, which consists 
in the fact that xi is independent of xj for j≠i. 

The problem of BSS is now to estimate both the source signals si(t) and the mixing 
matrix A, based on observations of the xi(t) alone. In most methods, the source signals 
are assumed statistically independent. First, we assume all the components (except 
perhaps one) have non-Gaussian distributions. Second, if the components are non-
stationary, smoothly changing variances and the model can be estimated as well. 
Therefore, ICA only considers linear superposition of independent signals, resulting 
from the mixing with A. This is often a legitimate restriction. For instance, 
transmission systems are linear media where signals act as if they were present 
independently of each other. For simplicity, we are assuming that the unknown 
mixing matrix is square. Then, after estimating the matrix A, we can compute its 
inverse, say W, and obtain the independent component merely by: 
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WXS = . (2)

A very effective ICA algorithm, called Fast-ICA, was developed in 1997 by Oja and 
Hyvarinen [5]. It is also the most commonly used ICA algorithm for the separation of 
instantaneous mixtures of sources. In this paper, Fast-ICA is used as a reference to 
perform objective and qualitative assessments. 

3   Blind Speech Separation Using High-Order Statistics 

We have previously proposed this approach in the biomedical field [6]. The goal was 
to separate real Electrocardiological signals from power interference and other 
artefacts. Then, we implemented it for separation of two speech signals [7].  

Consider an instantaneous mixture of a two-speaker-two-sensor system with the 
mixing matrix A = [a11 a12; a21 a22]. ICA works for estimating the desired de-mixing 
Matrix W = [w11 w12; w21 w22], such that the separated outputs ŝi represent two 
separated signals that are as independent from each other as possible. 

+

+
S1(n)

c12(n)

c21(n)

a12

a21

Estimated signal1

Estimated signal2

1 (n)

2 (n)

Observed signal1 

Observed signal2

+-

-+

a11

a22S2(n)

x1(n)

X2(n)  

Fig. 1. Block diagram of two-source separation 

In this case, the equations of the mixture at the moment n are: 

)()()( 2121111 nsansanx += , (3)

)()()( 2221212 nsansanx += , (4)

and the output equations are: 

)(ˆ)()(ˆ 21211 nscnxns −= , (5)

)(ˆ)()(ˆ 121212 nscnxns −= . (6)

However, both sources si and mixture coefficients are unknown; from relations of ŝ1 
and ŝ2, we cannot find the solution. These coefficients cij must therefore be adjusted 
by an adaptive algorithm. The coefficients cij, at each time index n, are adjusted by a 
rule having the following form: 

))(())(()()1( nsgnsfncnc jiijij μ+=+ , (7)

where the two functions f and g are different, non-linear and odd, and μ is the gain of 

adaptation. In our method, we choose: f= )(3 nsi  and g= )(ns j , µ =0.9, cij (0) = 0 and 

we get the rule adaptation as follows: 
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)().(.)()1( 3 nsnsncnc jijiij μ+=+ . (8)

4   Separation of Mixed Speech Signals by OPCA 

This algorithm was previously proposed by K. I. Diamantaras and al. [8], specifically 
for separating four multilevel PAM (Pulse Amplitude Modulation) signals filtered by 
an ARMA (Auto-Regressive Moving Average) coloring filter. As a generalization of 
PCA, OPCA corresponds to the generalized eigenvalue decomposition of a pair of 
covariance matrices in the same way that PCA corresponds to the eigenvalue 
decomposition of a single covariance matrix. Oriented PCA describes an extension of 
PCA involving two signals u(k) and v(k). The aim is to identify the so-called oriented 
principal directions e1., ...,.en, that maximize the signal-to-signal power ratio 
E(ei

Tu)2/E(ei
Tv)2 under the orthogonality constraint: ei

TRuej=0, i≠j. OPCA is a second-
order statistics method, which is reduced to standard PCA if the second signal is 
spatially white (Rv = I). The solution of OPCA is shown to be the Generalized 
Eigenvalue Decomposition of the matrix pencil [Ru, Rv]. Subsequently, we shall relate 
the instantaneous BSS problem with the OPCA of the observed signal x and almost 
any filtered version of it. Some assumptions must be done as sources are pair-wise 
uncorrelated, with zero mean and unit variance and there exist positive time lags 
l1.,...,. lM such that: 

RS(lM) = diagonal ≠ 0, (9)

where Rs represents the covariance matrix. Note that the 0-lag covariance matrix of 
x(k) is: 

TT
sx AAAARR == )0()0( . (10)

Now, consider a scalar, linear temporal filter h = [h0.,…,.hM] operating on x(k): 

∑
=

−=
M

m
mlkxmhky

0
)()( . (11)

The 0-lag covariance matrix of y is expressed as: 

{ } ∑ −==
M

qp
qlplRxqhphTkykyEyR

,
)()()()0( . (12)

From Eq. (1) and Eq. (5) it results: 

∑
=

−=
M

qp
qpsqp llRhhD

0,

)( . (13)

Note that according to the previous assumptions, D is diagonal. Considering A square 
and invertible, we find: 
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.)0()0( DARAR T
x

T
x

−− =  (14)

Eq. (14) expresses a Generalized Eigenvalue Decomposition problem for the matrix 
pencil [Ry(0), Rx(0)]. This is equivalent to the OPCA problem for the pair of signals 
[y(k), x( k )]. The generalized eigenvalues for this problem are the diagonal elements 
of D. The columns of the matrix A-T are the generalized eigenvectors. The 
eigenvectors are unique up to permutation and scale. Therefore, the eigenvalues are 
distinct. In this case, for any generalized eigenmatrix W, we have W = A-TP with P 
being a scaled permutation matrix. Then, the sources can be estimated as: 

)()(ˆ kxWks T= , (15)

which can be written as: 

).()()(ˆ 1 ksPkAsAPks TT == −  (16)

It yields that the estimated sources are equal to the true ones except for the 
(unobservable) arbitrary order and scale. Note that a standard PCA can be used 
instead of OPCA but a spatial pre-whitening (sphering) module should be added. The 
OPCA method has not been applied previously for separating speech signals. 

5   Experiments and Results 

The source and observation data dimension is n=2, and the mixing matrix is chosen 
randomly to be: 

⎥
⎦

⎤
⎢
⎣

⎡
=

0.3922    0.7577 
0.7431    0.6787

A
 

In the following experiments the TIMIT database was used. The TIMIT corpus 
contains broadband recordings of a total of 6300 sentences, 10 sentences spoken by 
each of 630 speakers from 8 major dialect regions of the United States, each reading 
10 phonetically rich sentences [9]. Some sentences of the TIMIT database were 
chosen to evaluate our BSS methods. We tested OPCA using a filter of order 3, as 
mentioned in [8]. The use of more correlation matrices increases the information input 
in the estimation process and then it will improve the separation quality. We mixed 
instantly two signals: s1(n) and s2(n) that are respectively uttered by a man and a 
woman. 

The principle of the performance measure is to decompose a given estimate ŝ(n) of 
a source si(n) as the following sum: 

)()()(ˆ intarg nensns erfett += , (17)

where starget(n) is an allowed deformation of the target source si(n) and einterf(n) is an 
allowed deformation of the sources that accounts for the interference of the unwanted 
sources. Given such decomposition, one can compute the performance criteria 
provided by the Signal-to-Interference-Ratio (SIR): 
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.log10
2

int

2
arg

erf

ett

e

s
SIR =  (18)

To evaluate this approach in the instantaneous case, we compared it with the well-
known Fast-ICA algorithm and HOS method.  

 

Fig. 2. Original signals, female sentence: “She had your dark suit in greasy wash water all 
year”. Male sentence: “This brings us to the question of accreditation of art schools in general”. 

 

Fig. 3. Mixed signals 

a)     b)   c)  

Fig. 4. Estimated signals by: a) OPCA method, b) by HOS method, c) by Fast-ICA method 

In comparison with HOS and Fast-ICA, the OPCA method is effective, as can be 
seen in the time domain, where we note that the original signals (Fig. 2) and estimated 
signals (Fig. 4) are very close. In Table 1, SIRin and SIRout represent respectively input 
Signal-to-Interference-Ratio before separation and output Signal-to-Interference-Ratio 
after separation, when Starget in eq. (18) is the original speech signal and the 
interference einterf , the difference between the original and estimated speech signals. 

As shown in Table 1, the ratio SIRout of the OPCA method is larger than the SIRout 
of the Fast-ICA and HOS algorithms. The improvement in the SIRout ratio for male 
speech for example, was 6 dB for Fast-ICA and 12.45 dB for HOS and by 23 dB 
against the OPCA approach. 
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Note that Fast-ICA makes a good separation with a fast calculation, but the signals 
are corrupted by noise when the utterances are listened in the contexts of subjective 
evaluation only. In the OPCA method, that is fast too, no noise is perceptible. HOS 
was achieved with no fast calculation. For objective evaluation, HOS was better than 
Fast-ICA but not as good as OPCA, which we can see in Table 1. 

Table 1. Comparison of SIR for the Fast-ICA, HOS and OPCA methods 

SIR SIRin
SIRout

male speech
SIRout

female
Fast-ICA -2.9 dB 3 dB -3 dB 

HOS -2.9 dB 11 dB 8 dB
OPCA -2.9 dB 20 dB 17.2 dB  

A subjective method was carried out too by listening to the original signals, mixed 
and separated signals. A common subjective benchmark for quantifying the 
performance of the speech is the Mean Opinion Score (MOS) because voice quality in 
general is subjective to listeners. MOS is a subjective quality score that ranges from 1 
(worst) to 5 (best). In our experiments, MOS tests were conducted with a group of 
seven listeners. The results for the three methods are close and they are summarised in 
Table 2. 

Table 2. Comparison of MOS for the Fast-ICA, HOS and OPCA methods 

Methods Fast-ICA HOS OPCA
MOS 4.6 4.25 4.1 

6   Conclusion 

This paper reported the results of a comparative study of three blind speech separation 
methods of instantaneous mixtures, namely the ICA, HOS and OPCA methods. 
OPCA has the advantage that no pre-processing step is required. In addition OPCA is 
very effective to blindly estimate sources, as shown by the signal plots in both time 
and frequency domains. Subjective evaluation is performed through listening to 
estimated signals before and after mixing and after separation was used. The results 
are very satisfactory. OPCA has never been used before to separate speech signals 
from their linear mixture. We are continuing our research efforts by implementing 
OPCA in a mobile communication framework. 
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Abstract. This paper presents a non-intrusive fatigue detection system based on 
the video analysis of drivers. The focus of the paper is on how to detect yawn-
ing which is an important cue for determining driver’s fatigue. Initially, the face 
is located through Viola-Jones face detection method in a video frame. Then, a 
mouth window is extracted from the face region, in which lips are searched 
through spatial fuzzy c-means (s-FCM) clustering. The degree of mouth open-
ness is extracted on the basis of mouth features, to determine driver’s yawning 
state. If the yawning state of the driver persists for several consecutive frames, 
the system concludes that the driver is non-vigilant due to fatigue and is thus 
warned through an alarm. The system reinitializes when occlusion or misdetec-
tion occurs. Experiments were carried out using real data, recorded in day and 
night lighting conditions, and with users belonging to different race and gender.  

Keywords: Driver Fatigue, Yawning State, Lip Detection, Mouth Openness. 

1   Introduction 

The increasing number of road accidents due to fatigue or low vigilance level has 
become a serious problem for the society. Statistics reveal that from 10% to 20% of 
all the traffic accidents are due to drivers with a diminished vigilance level [1]. This 
problem has increased the need of developing active safety systems that can prevent 
road accidents by warning the drivers of their poor driving condition. Drivers with a 
diminished vigilance level and fatigue suffer from a marked decline in their abilities 
of perception, recognition, vehicle control, and therefore pose serious danger to their 
own life and to the lives of other people. Fatigue of the driver is defined as a mental 
or physical exhaustion due to which he/she either feels drowsy or cannot respond to 
the situation. The prevention of such accidents is a major focus of effort in the field 
of active safety research. 

Most of the previous research focuses on the collection of ocular parameters to 
detect the fatigue level of driver [1], [2], [3]. In most of them, the system initializes 
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with the detection of eyes to gather the ocular parameters like blinking frequency, 
PERCLOS, eye state etc. These systems may fail to predict the drivers true state if 
the eyes are not detected due to varying lighting conditions or vibrations experienced 
in real driving scenario. It happens because of their reliance on merely ocular pa-
rameters. Hence, it cannot be denied that an approach depending on different visual 
facial features will work more effectively than the one depending on just one feature. 
Yawning is another feature that helps in determining the fatigue level of driver. 
Yawning detection is intractable because of inter-person difference of appearance, variant 
illumination, and especially complex expression and widely varying pattern of mouth. 
Due to the space and time constraint, only the yawning part is described comprehensively 
in this paper. 

This paper describes the idea of a non-intrusive system for monitoring fatigue of a 
driver based on yawning analysis. The yawning is measured by determining the 
mouth state of drivers. The computational overhead is reduced by decreasing the 
search area for the mouth and pupils. The mouth region is also detected by an im-
proved Fuzzy C-Means clustering technique that deploys spatial as well as spectral 
information along with an optimal number of cluster statistics to segment the lips 
accurately. Other constraints imposed further increase the reliability of mouth region 
detection for yawning analysis. 

The paper is arranged as follows: In Section 2, a review of previous studies in this 
line is presented. Section 3 describes the overall system architecture, explaining its 
main parts. The experimental results are shown in Section 4 and finally we present the 
conclusion and future studies in Section 5.  

2   Literature Review 

Different authors have adopted different procedures and combination of parameters to 
solve the vigilance and fatigue detection problem. The most accurate techniques are 
based on physiological measures like brain waves, heart rate, pulse rate, respiration, 
etc.[1].But these techniques are intrusive in nature as they require the drivers to wear 
sensors on their body. In comparison, the methods based on directly observable visual 
behaviors are less intrusive, but they face the challenge of choosing the right number 
and combination of parameters for accurate detection [1]. Notable work has been 
done in this stream by combining visual parameters like eye closure duration, blinking 
frequency, nodding frequency, face position, fixed gaze and yawning to monitor the 
fatigue and vigilance level [1], [2], [3], [4], [5]. The systems using right number and 
combination of parameters along with early detection power show more success. 
There also exists another hybrid approach for detecting fatigue which combines 
driver’s state and vehicle’s performance to predict the driver’s fatigue [6]. Vehicle 
performance is judged through vehicle’s lateral position, steering wheel movements 
and time-to-line crossings. Although these techniques are not intrusive, they are sub-
ject to several limitations such as vehicle type, driver experience, geometric character-
istics, condition of the road, etc. 
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3   Proposed Approach 

We present an algorithm that detects driver fatigue by analyzing changes in the mouth 
state. The method proposed can be divided into these phases: Image Acquisition, Face 
Detection and Tracking, Mouth Detection and Pupil Detection, Yawning Analy-
sis/Mouth State Analysis and Driver State Analysis. 

The outline of the proposed approach is shown in figure.1. In the following sec-
tions, each of the phases will be discussed in detail. 

3.1   Image Acquisition  

The purpose of this stage is to acquire videos of driver’s face so that directly observ-
able visual cues could be calculated for fatigue determination. The image acquisition 
system consists of a low-cost charged coupled device (CCD) micro camera, sensitive 
to near-infrared (NIR). The acquired images should be relatively invariant to chang-
ing light conditions and should facilitate pupil and mouth detection. This purpose is 
served by using near-IR illuminator with CCD camera [1]. 

 

Fig. 1. Block diagram of fatigue detection system 

Many of the eye trackers make use of bright pupil and dark pupil effect to calculate 
the difference image in which pupils are prominent [1], [2], [3]. We do not make use 
of the difference images; rather the data is acquired using NIR just to reduce the am-
bient light effects and to make the system working at night time too. The video data is 
collected in real driving scenarios and is obtained from [1]. 

3.2   Face Detection and Tracking 

In order to collect the yawning information of driver, mouth should be located first. 
However, keeping in view the time complexity of mouth locating task in the whole 
frame; the area of mouth search is reduced to lower part of the face region only. This 
helps us in reducing the computational cost of the system, making it more suitable for 
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use in real time. The face region is extracted using Viola and Jones real time face 
detection scheme based on AdaBoost algorithm [7]. AdaBoost face detection algo-
rithm detects faces in a rapid and robust manner with a high detection rate of 15 
frames per second. The face detector can detect faces that are tilted up to about ±15 
degrees in plane and about ±45 degrees out of plane (toward a profile view). How-
ever, it becomes unreliable with rotation more than this. The system could be modi-
fied in future such that the camera gets rotated to get a frontal view of the driver if 
rotation of more than 15 degrees in plane and 45 degrees out of plane takes place. 

3.3   Mouth Detection and Pupil Detection 

The mouth region is extracted from the lower most part of the face bounding box to 
boost up the speed of fatigue detection system. After the mouth region is extracted as 
a preprocessing step, it is passed to the FCM module for lips segmentation. The block 
diagram of the mouth detection phase is shown in figure.3, whereas the functionality 
of FCM module is illustrated in figure.4. 

Fuzzy c-means (FCM) is a method of clustering which allows one piece of data to 
belong to two or more clusters. It is based on minimization of the following objective 
function: 
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where m is any real number greater than 1, uij is the degree of membership of xi in the 
cluster j, xi is the ith data point of d-dimensional measured data, cj is the d-dimension 
center of the cluster, and ||*|| is any norm expressing the similarity between any meas-
ured data and the center. Fuzzy partitioning is carried out through an iterative optimi-
zation of the objective function shown above, with the update of membership uij and 
the cluster centers cj by equation (2): 
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This iteration will stop when equation (3) is satisfied 

(k+1) (k)
ij ij ijmax {| µ µ |} ξ<  (3)

where ξ  is a termination criterion between 0 and 1 and k is the iteration steps. Thus, 

the FCM algorithm creates a fuzzy partition that properly describes the image, using 
only the pixel intensity feature. This phase involves the calculation of cluster centers 
and membership function in the spectral domain only. 

In order to keep the system totally autonomous, an automatic way to determine the 
right number of clusters, is needed. This was done by iterating the FCM algorithm for  
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Fig. 3. Block diagram of mouth detection and yawning analysis phase 

a range of hypothesized number of clusters and choosing the best option, based on a 
cluster validity measure. After finding out the optimal number of clusters, we pass 
this information to spatial FCM. Spatial FCM also consider the neighboring informa-
tion of each pixel along with its spectral information, and returns fuzzy membership 
matrix. Spatial information incorporated by FCM helps us to remove noise in the 
image. A 3x3 window centered at pixel xj was used while implementing this tech-
nique. The spatial function of a pixel xj for a cluster j is large if the bulk of its 
neighborhood belongs to the same cluster. In a homogenous region, the spatial func-
tion simply fortifies the original membership, and the clustering result remains un-
changed. However, for a noisy pixel, this formula reduces the weighting of a noisy 
cluster by the labels of its neighboring pixels. As a result, misclassified pixels from 
noisy regions or spurious blobs can easily be corrected. The FCM iteration proceeds 
with the new membership that is incorporated with the spatial function.  

The iteration is stopped when the maximum difference between two cluster cen-
ters, at two successive iterations, is less than an optimal threshold. The optimal 
threshold is calculated through fuzzy entropy that dynamically checks the clusters 
found out by fuzzy c-mean. The point where maximum entropy is observed is the 
optimal threshold [8]. The fuzzy entropy based error function used is known as loga-
rithmic entropy. 

After the convergence, defuzzification is applied to assign each pixel to a specific 
cluster for which the membership is maximal. Thus, the output of FCM module is a 
segmented lip image in binary form [8] shown in figure.5. 

The image further goes under two tests to verify that mouth has been detected suc-
cessfully. The first test is based on eccentricity analysis. Since, the lips in mouth re-
gion look more like an ellipsoid making its eccentricity closer to 1, hence a check is 
made on the eccentricity of detected lip region; if it is closer to 1, it is checked further 
for the second test, other wise the next consecutive video frame is grabbed to segment  
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Fig. 4. Block diagram showing lip segmentation through s-FCM 

  

 

Fig. 5. Simultaneous detection of pupils and 
mouth in a video frame. The plus sign indicates 
the mouth and eye centroids, whereas the center of 
inter-pupil distance is indicated by red a dot.  

 

 
 

Fig. 6. Mouth centroid angle range with 
inter-pupil centroid 

 

the true lips region. The second test checks if the centroid of the detected lip region is 
within a specific angle range with the inter-pupil centroid.  In a frontal face pose, the 
centroid of the lip region should be perpendicular to the point which is the centre of 
inter-pupil distance, as shown in figure.6. But if the whole lip region is not detected 
successfully, then the centroid might be misplaced; in that case the flexibility pro-
vided by angle range ensures the true presence of lip region. The pupils’ locations and 
their centroids are calculated on the basis of radii, inter-pupil distance and the angle 
between the two bright blobs in upper part of the face region [1]. The formula for 
calculating the angle ϑ  between centroids is given in equation (4) as:  

121

2 1

| |
t a n

| |

y y

x x
ϑ − −

=
−

 (4) ,
*cos

w
DoO

h θ
=  (5) 

The centroid point passing the two tests is a true representative of lips. We then calcu-
late the height and width of the lip region to determine the degree of mouth openness 
in different frames. To avoid scaling of mouth in different frames and the variations 



 Automatic Fatigue Detection of Drivers through Yawning Analysis 131 

 

between subjects, we use the aspect ratio of mouth bounding rectangle to represent 
degree of mouth openness. The degree of mouth openness is defined as DoO in equa-
tion (5), where w is the width of mouth bounding rectangle, which is the distance 
between the two lip corners, and h is the height of mouth bounding rectangle, which is 
measured by the distance between two lines running through the upper and lower lip 
boundaries. 

3.4   Yawning Analysis and Driver Fatigue Monitoring 

The degree of mouth openness is constantly monitored in every fifth frame of the 
video sequence. Unless, the driver yawns, every fifth frame of the video is grabbed  
and is analyzed for the mouth state. However, when a yawning state is observed at 
any instance, consecutive frames in the sequence are checked instead of every fifth to 
see for how long the state persists.   

The fatigue monitoring module looks for the result of yawning analysis at succes-
sive frames to conclude the state of the driver. If the yawning condition of the driver 
persists for several consecutive frames, it is concluded that the driver is fatigued. 
Consequently, an alarm is generated to warn the driver of his poor driving condition; 
otherwise the mouth state is constantly monitored at every fifth frame. 

4   Experimental Results 

The proposed system was implemented on Pentium 4, 1.7 GHz, using the Matlab 
environment. The video data was collected in real driving scenarios with different day 
and night lighting conditions and with drivers belonging to different ethnicity and 
race. The input video format is RGB with 400x320 size images. The frame rate of the 
video acquired from camera is 15 frames per second. 

The system was tested on six different acquired videos and the accuracy found was 
92% on average. The system fails to detect fatigue when the driver rotates his head to 
an extent that mouth or pupils occlusion takes place. The system reinitializes when 
the driver moves his head to the front. The mouth detection results are not affected by 
the exposure of teeth due to the optimal number of cluster check in spatial fuzzy c-
means clustering. Moreover, the selection of dynamic threshold segments the lip re-
gion successfully and is not effected by the lighting conditions unless the brightness is 
so high that no contrast in the image is present. In that case, the frame under consid-
eration is skipped and next consecutive frame is checked for yawning analysis.  
However, if the bad lighting condition persists, the system fails to detect the driver’s 
fatigue.  

5   Conclusion and Future Work 

This paper discusses a real time fatigue detection system that makes use of yawning 
analysis to measure the level of inattentiveness of driver. The system was tested using 
different sequences recorded in real driving scenarios, with different users. The sys-
tem works robustly at night time because of the use of IR illuminator. However, its 
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performance decreases during bright time of the day. A possible solution to this prob-
lem could be the incorporation of IR filters in the car’s glasses.  

There are many future directions for driver’s fatigue detection system. At the mo-
ment, the system does not accurately detect fatigue if the driver puts hand on his 
mouth while yawning (a typical yawning gesture).The mouth cannot be segmented in 
that frame and when the driver puts off his hand, the yawning gesture is over too. 
Hence, some technique must be incorporated to eliminate this shortcoming. We shall 
also be looking for more visual parameters to robustly detect fatigue as just a single 
parameter, mouth state, will require more time to raise an alarm. A combination of 
ocular parameters with mouth state analysis will give more accurate results as the 
system will not generate false positives if the driver is constantly talking. 
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Abstract. In this paper we have proposed a method for lungs nodule detection 
from computed tomography (CT) scanned images by using Genetic Algorithms 
(GA) and morphological techniques. First of all, GA has been used for auto-
mated segmentation of lungs. Region of interests (ROIs) have been extracted by 
using 8 directional searches slice by slice and then features extraction have been 
performed. Finally SVM have been used to classify ROI that contain nodule. 
The proposed system is capable to perform fully automatic segmentation and 
nodule detection from CT Scan Lungs images. The technique was tested against 
the 50 datasets of different patients received from Aga Khan Medical Univer-
sity, Pakistan and Lung Image Database Consortium (LIDC) dataset.  

Keywords: computer aided diagnosis, mathematical morphology, segmenta-
tion, and thresholding. 

1   Introduction 

Lung cancer is the most important and leading cause of deaths in Western Countries. 
In 2004, there were 341.800 lung cancer deaths in Europe [1]. In computer vision, 
segmentation refers to the process of partitioning a digital image into multiple regions 
or sets of pixels. Each of the pixels in a region is similar with respect to some charac-
teristic or computed property, such as color, intensity, or texture. Adjacent regions are 
significantly different with respect to the same characteristics [2].  

In the early and untimely detection of lung abnormalities, Computer Aided Diag-
nosis (CAD) of lung CT image has proved to be an important and innovative devel-
opment. It has been instrumental in supporting the radiologists in their final decisions 
[3]. The accurateness and higher decision confidence value of any lung abnormality 
identification system relies strongly on an efficient lung segmentation technique. 
Therefore it is very important for effective performance of these systems to provide 
them with entire and complete lung part of the image.  
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In this paper, we propose a system capable to perform segmentation of lung images 
in an automatic way. We have integrated GA based optimal and dynamic threshold 
procedure that segment the lung part from the original image. Edge detection is per-
formed by using morphology and thinning is performed by using Susan thinning algo-
rithm. For nodule detection, we have used 8 directional searches on all slices and find 
out ROIs. After then we have pruned ROIs by using location change management of 
ROIs. Then we have constructed 3D ROIs image and convolve with 3D template. 
Main contributions of the proposed technique includes 

• It is completely unsupervised and fully automatic method.  
• Proposed technique finds out optimal and dynamic threshold by using fuzzy 

entropy.  
• Eight directional searches have been used to extract ROIs and FCM have 

been used to classify ROI that contain nodule.   

This proposed method ensures that no nodule information is lost after segmentation. 
This will help us for better classification of nodules.  

The paper is organized as follows. Section II contains a survey on previous re-
search that is most closely related to the present work and finds out problems. This is 
followed by a detailed description of the proposed system follows (Section III). Im-
plementation and relevant results are presented in (Section IV). Finally, Section V 
ends the paper with several conclusions drawn from the design and the work with the 
proposed system. 

2   Related Work  

Shiying et al. [4] have developed an automatic method for identifying lungs by using 
gray-level thresholding for the extraction of lung region from CT-Scan image. Ayman 
El-Baz et al [5] have applied optimal gray-level thresholding to extract thorax area. 
Binsheng et al. [6] have used histogram for threshold selection and this threshold is 
then used to separate the lung from the other anatomical structures on the CT images. 
Michela Antonelli, et al [7] has used iterative gray level thresholding for lungs seg-
mentation. Samuel et al. [8] have used gray level thresh-holding and Ball-Algorithm 
for the segmentation of lungs.  

Some techniques have used iterative gray level thresholding for the extraction tho-
rax and lungs from the CT scan images. These techniques did not perform well, when 
there is overlapping of intensities in lung parenchyma and surrounding chest wall. 
This is very serious shortcoming of these techniques which may lead to inaccurate 
diagnosis of the disease [9]. Some techniques have used morphology and the main 
limitation of these techniques is the size of the ball selected for morphological opera-
tion. It was observed that ball size selected for morphological closing did not work for 
the entire database of a single patient. Some times a ball of specified size worked for 
one patient while it was not sufficient for another patient. Thus we have to vary the 
ball size patient by patient which makes the algorithm semi-automatic. It can also be 
observed that the ball algorithm includes the unnecessary areas as the lung region, 
(not actually the part of the lung) [3], [9]. Thus if such a situation arises, these ap-
proaches are most likely to yield poor results. Thus we can say that these methodolo-
gies only work partially.  
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3   Proposed Method  

The proposed system consists of combination of image processing and genetic algo-
rithm that performs automatic and optimal threshold of the image. A block diagram of 
the proposed algorithm is depicted in Figure 4. 

3.1   Threshold Block  

In an ideal case, for images having two classes, the histogram has a sharp and deep 
valley between two peaks representing two different objects. Thus the threshold can 
be chosen at the bottom of this valley [10]. CT scanned lung images have also two 
objects. Background and lungs is considered as a single object because both have 
similar grey levels while other object is the middle portion of images. When we draw 
histogram and normalize it, then there are two clearly peaks and a single valley can be 
seen as shown in Fig.  To find out these two peaks and valley, we have applied GA on 
the normalized histogram.  
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 1. Block diagram of our proposed method 

 

Genetic Algorithms are used for getting the global solution. But in this problem we 
need global as well as local solutions. To implement GA, on image segmentation first 
we create chromosomes using input image.  For this problem 8 bit length chromo-
somes are created due to color range (0-255). Draw histogram on the bases of fre-
quency of color intensity on image. From Fig. 2(a) we clearly show that histogram 
has only two peaks. To find two peaks we implement Genetic Algorithm. To maintain 
two classes peak we use the crowding method in GA. After finding peaks, we select 
specific range to find out valley between two peaks. Then again apply Genetic Algo-
rithm to find out valley. After finding valley, this value is well defined threshold to 
separate out background and object. Details of the algorithm can be found in [10].  

Locate ROI Nodules on 2D Slices 

Prunning of ROI
Nodules

Extraction of ROI Classification of ROI by using SVM 

Input CT scans Lung Image 

Lungs Segmentation by using GA 
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3.2   Background Removal  

By simply applying threshold to the image, we cannot get whole lungs part from 
background because there are high similarity between the gray levels of the lungs and 
the image background as shown in the Fig. 2(c). So there is need a mechanism to 
remove background [9]. For this purpose, we have started an operator that starts from 
the four corners of the image moves along the four directions identifying those pixels 
as background pixels with a gray level within a range and remove that pixels till pix-
els go outside the range or rows or columns ends.  We also traverse the image from 
middle of the top and bottom so that any remaining background pixels remove. The 
image resulting from the application of this operator consists of just the chest and the 
lungs, as shown in Fig. 2(c). 

3.3   Edge Detection and Thinning  

In this step we have done three operations. First, to filter noise an opening-closing 
operation is used as a morphological preprocessing. Second to smooth the image, we 
have used closing followed by dilation. Third, to detect edges, we have found the 
difference between the processed image by above process and the image before dila-
tion. But edges due to this method are thick. So a thinning algorithm is required. We 
have used the Susan thinning algorithm [11] to reduce the borders to the width of one 
pixel as shown in Fig. 2(d).  

3.4   Lungs Border Identification and Reconstruction  

After thinning the borders, the two pulmonary lobes that represent the region of lungs 
part is chosen. The two longest border chains are chosen as lungs. But due to thresh-
olding and edge detection, it is possible that border of lungs part is wrongly elimi-
nated. So we have to reconstruct it [9]. For reconstruction, for each pair of border 
pixels we calculate the ratio of two Euclidean distances. If this ratio is greater than a 
threshold then it is considered for reconstruction otherwise skip that pixel.       

3.5   Filling and Lungs Part Extraction  

To identify the set of pixels belonging to the internal part of the two pulmonary Lobes 
and to restore their initial gray level, we use a region filling technique [10].  Then we 
superimposed the two thinned chains that represent the lung lobes on the original 
image to show the accuracy of our method in identifying the pulmonary regions and 
extract by using that boundary. Extracted part is only lung image that contains all 
information. There is no loss of nodules within the lungs part. The region to examine 
for nodule detection has now been highly reduced. 

3.6   Histogram Based Threshold and Cleaning 

After extracting lungs part, we calculate histogram of lungs part only and calculate 
threshold. We segment the lungs part by using threshold. Nodules are of limited in 
size (3.5 to 7.3 mm) and most of the areas smaller than 3 pixels are false areas. Thus 
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there is need a cleaning process that eliminate objects with area of 1 or 2 pixels. 
Therefore we have used an erosion filter of 3x3.  

 
0 1 0 

1 1 1 

0 1 0 

 
In a typical image, the number of objects after the erosion decreases from 40/130 to 
10/65, and most of the deleted objects are 1 or 2 pixels in area. The filter was set 3 by 
3 because heavier erosion by a larger filter would have deleted too many pixels. The 
diamond shape proved to delete less objects than the square one, so it was chosen for 
precaution. 

 
 

 

 
 

 
(a) Original Image (b) Threshold Image (c) Background Removal  

 

 
(d) Border Detection &    
     Thinning 

(e) Filling (f) Extracted Lung 

Fig. 2. Different steps of our proposed system 

3.7   Extraction of Region of Interests (ROIs) 

To reduce the complexity, we have to extract ROIs.  Instead of scanning the whole 
lung image with the template pixel by pixel, only ROIs were considered in the scan. 
As a result the computation time and the detection time were reduced. To extract 
ROIs, it was considered that pixels which form a ROI must be members of a set of 
adjacent neighbor pixels with suitable intensities. We have used 8 directional  
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searches. It has been observed that diameters of nodules are between the upper and 
lower boundaries. Therefore, to understand whether a pixel was in the center region of 
the ROI, diameter of the ROI was considered initially. In this stage, we introduce two 
more thresholds which form the boundaries, one is the “minimum distance threshold 
minDist” representing the lower boundary and the other is the “maximum distance 
threshold maxDist” representing the upper boundary. These threshold values dealt 
with the resolution of the CT scan image and used to avoid very big or very small 
objects that are not part of lung nodule [12]. We have to count adjacent neighbors of a 
pixel adjCount.  

 
If adjCount < minDist OR adjCount > maxDist then 

that pixel not considered for ROI 
else 

considered for ROI 
  

3.8   Pruning of ROIs 

On serial images, vessels maintain a similar cross-sectional size and their in-plane 
circular appearance changes its location. But the true lung nodules remain at the same 
location from slice to slice. To check whether a ROI is on same location on consecu-
tive slices, we calculate Euclidian distance of current ROI to the all ROIs in the upper 
slice and lower slice. From these distances, we find out the minimum distance from 
upper slice and minimum distance from the lower slice. If these minimum distances 
are less then a threshold then that ROI is considered as a nodule otherwise deleted 
from that image. As a result, we got an image with less number of ROIs in the image. 
Results have been shown in Fig. 3(d).  

3.9   Features Extraction and Classification  

After pruning ROIs, we have extracted features to classify remaining ROI. ROI is 
classified whether ROI is nodule or not. So it is a binary classification. For binary 
classification, we have used Support Vector Machine (SVM) as a binary classifier. 
We have used libsvm with rbf kernel [13].  

Following features have been extracted of all ROIs after prunning. Perimeter, area, 
major axis length, minor axis length, equivalent diameter, circularity, compactness, 
mean Grey Level and standard deviation of Grey Level are the features calculated for 
each ROI nodule.  

4   Experimental Results and Discussion 

We have implemented the proposed system by using the MATLAB environment on 
PENTIUM IV, processor speed 1.7 GHz. We obtained datasets from Aga Khan Medi-
cal University, Pakistan and Lung Image Database Consortium (LIDC) dataset. In this 
work, we have studied the performance of different segmentation techniques that are 
used in Computer Aided Diagnosis (CAD) systems using thorax CT Scans.  
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Figure 2(f) gives the result of our proposed technique that segments the lungs part 
on the test image. It is evident through observation that the proposed system produces 
much smoother results.  Results of our proposed method that are shown in fig 3(d) 
demonstrate the lungs nodule detection. The figure shows that using our method, we 
are able to segment and extract nodules from that segment part is very good and 
promising.  There is also no loss of lung nodules in our proposed method. The essence 
of our segmentation method lies in its ability to fully automatically segment the lungs 
part from whole CT scan image and detect nodules and classify these. We have tested 
on 50 patient’s data set from Aga Khan Medical University. Each patient has 100 
different slices. We have made a features data set of all these patients. We have used 
9 fold cross validation.  Then classify it by using libsvm. We have found 97% ROIs 
contain nodules. 

 

(a) Original (b) Segmented 

(c) ROIs detected (d) Nodule detection 

Fig. 3. Proposed method results on a test image 
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(a) Nodule is represented by circle (b) Nodule is represented by circle 

Fig. 4. Nodule detection by Proposed Method 
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Abstract. The goal of image segmentation is to partition an image into regions 
that are internally homogeneous and heterogeneous with respect to other 
neighbouring regions. An improvement to the regular pyramid image segmenta-
tion scheme is presented here which results in the correct segmentation of  
elongated and large regions. The improvement is in the way child nodes choose 
parents. Each child node considers the neighbours of its candidate parent, and 
the candidate parents of its neighbouring nodes in the same level alongside the 
standard candidate nodes in the layer above. We also modified a tie-breaking 
rule for selecting the parent node. It concentrates around single parent nodes 
when alternatives do not differ significantly. Images were traversed top to bot-
tom, left to right in odd iterations, and bottom to top, right to left in even itera-
tions, which improved the speed at which accurate segmentation was achieved. 
The new algorithm is tested on a set of images. 

Keywords: image segmentation, pattern recognition. 

1   Introduction 

Image segmentation is an important step in many computer vision applications. It 
decomposes an image into homogeneous regions, according to some criteria [6]. It is 
rarely achieved comprehensively for any single application, and algorithms that do 
perform well in one application are not suited for others.  

Pyramid segmentation was proposed in [7, 10], and further elaborated on in [3]. 
Pyramids are hierarchical structures, which offer segmentation algorithms with multi-
ple representations with decreasing resolution. Each representation or level is built by 
computing a set of local operations over the level below (with the original image be-
ing at base level or level 0 in the hierarchy). Level L consists of a mesh of vertices. 
Each vertex at level L is linked to at most one parent node at level L+1. The value of 
the node is derived from the values of all its children nodes at the level below. When 
this is applied to children nodes transitively down to the base level, the value of each 
node at a given level is decided by the set of its descendent pixels at the base level (its 
receptive field). Each node at level L also represents an image component of level L 
segmentation, consisting of pixels belonging to its receptive field (if nonempty).  
Thus each level has its predefined maximum number of components. However its 
minimum number of components is left open and depends on a concrete algorithm.  

Pyramids were roughly classified into regular and irregular. Regular pyramids have 
a well-defined neighbourhood intra-level structure, where only natural neighbours in 



142 M. Stojmenovic, A.S. Montero, and A. Nayak 

 

the mesh that defines a level of a pyramid are considered. Inter-level edges are the 
only relationships that can be changed to adapt the pyramid to the image layout. Lit-
erature also places a condition of a constant reduction factor for regular pyramids [6]. 
Regular pyramids can suffer several problems [1, 5, 6]: non-connectivity of the ob-
tained receptive field, shift variance, or incapability to segment elongated objects.  

To address these problems, irregular pyramids were proposed which vary in struc-
ture, increase the complexity and run time of the algorithms, and/or are dependant on 
prior knowledge of the image domain to be designed successfully. In the irregular 
pyramid framework, the spatial relationships and reduction factors are non-constant. 
Existing irregular pyramid based segmentation algorithms were surveyed in [6, 5]. 
The described methods all appear very complex, have higher time complexities com-
pared to regular pyramids and all consider the connectivity of the receptive field (base 
layer) as a design goal.  

In this research, we first observe that the connectivity of the receptive field (region 
in segmentation) is not always a desirable characteristic. For instance, in forestry ap-
plications, the same type of vegetation could be present in several parts of the image, 
and treating them as single segment may in fact be preferred for further processing. In 
other applications an object that is partially obscured and ‘divided’ by other objects 
may also be more naturally identified as a single object instead of processing it in 
multiple pieces. Our proposed segmentation algorithm allows for non-connectivity of 
receptive fields.  

Our algorithm is inspired by the regular pyramid linked approach (PLA) originally 
proposed by Burt et al. [3]. Their approach differs from previous pyramid structures 
in that nodes from one level may alter their selection of parent at each iteration of the 
segmentation algorithm. Starting from level 0, links between level L and level L+1 
are decided. Each vertex at level L has four fixed candidate parents, and chooses the 
one which is the most similar from the higher level. The local image property value of 
each parent is recalculated by averaging the local image property of its current sons. 
The process continues until the son-parent edges do not vary, or a certain number T of 
iterations is reached. The process then continues at the next higher level. The main 
advantage of this method is that it does not need any threshold to compute similarity 
between nodes. In the original method [3], each node must be linked to one parent 
node. Antonisse [1] removed the need by introducing ‘unforced linking’ which allows 
the exclusion of some vertices from the linking scheme, and the presence of small 
components in the segmented image. This method has two parameters, one for the 
degree of similarity for decision linking, and one for the minimal size of a component 
(that is, from which level unforced linking is permitted). Antonisse [1] also proposed 
path fixing (some arbitrary path from the image level to the top level is fixed). This 
was indirectly applied here by the initial selection of random numbers for each pyra-
mid vertex and the tie breaking rule is applied on them. Antonisse [1] also proposed 
randomized tie-breaking: when potential parent nodes have the same value, the choice 
of the parent is randomized. We have changed this rule in this paper. 

Burt et al [3] however limit the choice of parent to 4 fixed nodes directly above the 
child. This approach has contributed to more successful segmentation, but due to the 
limited selection of parents, elongated and generally large segments that cover a sig-
nificant portion of the image are not considered ‘joined’. Figure 1 below demonstrates 
this weakness in their algorithm, even at the top level of the segmentation process. 
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Since each node can only chose among the parents in its immediate neighbourhood, 
nodes at opposite ends of an image, (or an elongated segment) can never point to the 
same parent node. 

 

Fig. 1. Elongated regions pose challenges for regular pyramid based segmentation 

We strive to design an algorithm that would properly handle elongated objects, 
while not enforcing connectivity of the receptive field and preserving shift invariance 
(the stability when minor shifts occur), having favourable time complexity (receiving 
an answer within seconds, depending on the image size), and overall simplicity, so 
that the algorithm can be easily understood, implemented, and used in practice. 

To achieve our goals, we have made some simple changes in the way parent nodes 
are selected in the regular pyramid framework, which resulted in major improvements 
in their performance, including reduced shift variability and handling elongated ob-
jects. Instead of always comparing and selecting among the same four candidate par-
ent nodes, each vertex at the current level will compare and select the best among the 
current parent, its neighbours, and current parents of its neighbouring vertices at the 
same level. Either of 4- or 8-connectivity neighbours can be used. 

Experiments were conducted on both simple shapes, to validate the proposed meth-
ods, and on several real images. Evaluating segmentation quality in imagery is a  
subjective affair, and not easily done. “The ill-defined nature of the segmentation 
problem” [6] makes subjective judgment the generally adopted method (existing 
quantitative measurements are based on subjective formulas). In general, it is not 
clear what a ‘good’ segmentation is [6].  For this reason, no quantitative evaluation 
measure is applied to verify the results. The quality of the obtained segmentations 
appears visually satisfying for at least one level in each image. 

2   Literature Review 

2.1   Overview 

There exists a vast literature on the segmentation problem, and hundreds of solutions 
were proposed. A list of references and descriptions of basic approaches (thresholding, 
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edge-based, region-based, matching, mean-shift, active contour, fuzzy, 3D graph-based, 
graph cut and surface segmentation) are given in [8]. Marfil et al. [6] present a concise 
overview of existing pyramid segmentation algorithms. Our discussion is concentrated 
to such schemes which, compared to others, offer segmentations with low or no parame-
ters, and flexibility with respect to the output (one answer is given at each level of 
pyramid). 

We found one existing publicly available image segmentation software solution by 
[2], which is used here for comparing our results. It provides segmentation at various 
levels and appears to generally work well. The algorithm itself is sophisticated and 
based on linear algebra and statistics tools. In our opinion it is currently the most 
complete non supervised image segmentation system available.  

2.2   Segmentation Algorithms 

A plethora of segmentation algorithms exists [8]. However, their practicality is often not 
clear. For example, Shi and Malik [9] propose a ‘normalized cut’ that calculates both 
similarities and differences between regions. The normalized cut in an image revolves 
around calculating eigenvalues of matrices of the size n x n, where n is the number of 
pixels in the image. Their results appear to work relatively well only for very small im-
ages, and when segment connectivity is enforced, but are impractical for processing 
images larger than roughly 100 x 100 pixels, which is the size of their test set.  

Pyramid based segmentation algorithms are described in [6], together with the data 
structures and decimation procedures which encode and manage the information in 
the pyramid. Our new algorithm is based on the one originally proposed by Burt et al 
[3]. They further the idea that the original image should be down sampled in succes-
sive steps and that pixels from one level should point to parents in the next. Segmen-
tation can be done on the whole pyramid, and a given segmentation result is achieved 
on each level. Details are given in the next section, together with the changes made by 
our new algorithm. 

2.3   Region Similarity and Unforced Linking 

Antonisse [1] introduced the ‘unforced linking’ concept of holes in the segmentation 
process. This means that a pixel in one level does not necessarily need to select any 
parent in the above level if all of the proposed parents are sufficiently different from it. 
Antonisse uses a 2 step segmentation process, one of which is a clustering step on each 
layer which we do not employ in our work. Let include(u) be m times the standard de-
viation of a 3x3 neighbourhood around the node u (m is a parameter, =2 for 95% con-
fidence and =3 for 99% confidence assuming normal distribution of pixel intensities). 
Find the most similar parent q. If it has the value which differs by at most include(u) of 
from u’s value, u links to q. Otherwise, u fails to link to q and becomes the root of a 
new sub pyramid [1]. The similarity between two regions u and q can be measured also 
directly using their pixel distributions. For example, [4] propose a statistical test that 
analyzes two regions for homogeneity. Their test involved comparing the grey level 
distribution of pixel intensities of the two regions and evaluating the level of overlap of 
the 2 distributions. The test measures the similarity of variances of image intensities of 
two regions. Thus even two regions with the same mean values can be declared as  
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dissimilar only due to different variances in their regions. In our implementation, we 
use a simple threshold for both region similarity and unforced linking.  

3   Pyramid Image Segmentation Algorithm 

Here we describe the proposed pyramid segmentation algorithm. It is nearly identical 
to that of [3], except in the way that children choose their parent nodes. This change 
resulted in major improvements in its performance, while preserving its simplicity. 
Another enhancement includes a tie breaking rule for parent selection. 

The input to the algorithm is a greyscale, single channel image of dimensions 
2Nx2N pixels, for N≥2. Each pixel (at level 0) u has integer value I(u) in interval 
[0,255]. The output is the original image overlaid with the resultant segmentations at 
each level. In the pseudo code and discussion below, L is the level of the pyramid, L = 
0, 1…, N. The bottom level (L = 0) is a matrix 2N x 2N pixels, representing the original 
image. Level L is matrix with 2N-L rows and columns, i, j = 0, 1, 2 … 2N-L-1. Top level 
L=N has one element. 

3.1 Creating the Initial Image Pyramid 

We describe and use the overlapping image pyramid structure from [3]. Initially, the 
children of node [i, j, L] are: [i’,j’,L-1]=[2i+e, 2j+f, L-1], for e,f ∈ {-1,0,1,2}. There 
are a maximum of 16 children. That is, each {2i-1, 2i, 2i+1, 2i+2} can be paired with 
each {2j-1, 2j, 2j+1, 2j+2}. For i=j=0 there are 9 children, and for i=0 and j>0 there 
are 12 children. There are also maximum index values 2N-L+1-1 for any child at level 
L-1 which also restricts the number of children close to the maximum row and col-
umn values. For L=N there are four children of single node [0, 0, N] on the top: [0, 0, 
N-1], [0, 1, N-1], [1, 0, N-1], [1, 1, N-1] since minimum index is 0 and maximum is 1 
at level N-1. Two neighbouring parents have overlapping initial children allocations. 
Conversely, each child [i, j, L] for L<N has 4 candidate parent nodes (if they exist) 
[i”, j”, L+1]=[(i+e)/2, (j+f)/2, L+1], for e,f∈{-1,1}, where integer division is used. 
Pixels at the edges of the image would have fewer parents to choose from. The aver-
age intensity of all possible children is set as the initial intensity value I(v) of the par-
ent v, for nodes at levels L>0. This calculation is relatively slow since almost every 
parent has 16 table lookups to perform; therefore, an improvement was built into the 
system. Integral images were built for every layer in the pyramid, and for each set of 
points that needed to be summed, the number of table lookups was reduced from 16 to 
4. This resulted in a 4x improvement in the construction of the image pyramid. The 
integral image technique first calculates cumulative sums of intensity values of all 
pixels with a first index ≤ i and second index ≤ j. The summary value inside a rectan-
gle is then found easily from these cumulative sums at the four rectangle corners. 

3.2   Testing Similarity of Two Regions, Unforced Linking and Tie-Breaking Rule 

Our algorithm makes use of a procedure for comparing the similarity of two regions, 
namely receptive fields of a vertex u and its candidate parent v. These two vertices are 
similar (similar(u,v)=true) if their intensities are roughly the same. In the current  
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implementation of the algorithm, we use a simple threshold based (the threshold value 
used in algorithm is S=15) algorithm for testing similarity. We also use a test for dis-
similarity of two regions, to decide whether of not the best parent is an acceptable 
link, for the unforced linking option. We use simple threshold based comparison 
against threshold value D=100. 

Each pixel chooses the parent with the closest intensity to itself out of all candidate 
parents for its initial choice. The tie-breaking rule in [BHM] is as follows. When two 
or more ‘distances’ are equally minimal, one is chosen at random (randomization is 
done when needed). However, if one of them was selected parent in the previous it-
eration, it is not then changed. We observed a slow merging process when this rule is 
employed. For example, two neighbouring pixels would not change and merge two 
neighbouring parents when all of them have the same intensities. We have modified 
this rule as follows. Each vertex v is initially assigned a random number r(v) in [0,1] 
which was never changed later on. Also, each vertex v at level L has a counter c(v) 
which contains the number of children that selected that parent in the last iteration. 
Before the first iteration, c(v)=0 for each vertex. Let w be a child node that compares 
parent candidates u and v, and let better(w,u,v) be one of u or v according to the com-
parison. The function is as follows. 

If |I(w)-I(u)| < |I(w)-I(v)| then better=u else better=v; 
If similar(w,u) and similar(w,v) then { 
If c(u)>c(v) then better=u; If c(u)<c(v) then better=v; 
 If c(u)=c(v) then {IF r(u)>r(v) then better=u else better=v}}. 

3.3   Candidate Parents 

Among candidate parents, each vertex selects the one which the closest to it, using a 
tie-breaking rule to decide among them. For the first iteration, each vertex has up to 
four candidate parents, as per initial setup [3] described above. This fixed set of can-
didate parents has been changed (for further iterations) in our algorithm by a dynamic 
flexible set of candidate nodes that revolves around the current parent selection and 
the parent selection of neighbouring vertices at the same level. Suppose node w = [i, j, 
L] is currently linked to parent u = [i”, j”, L+1] in iteration t, which we will denote 
simply by p(w)=u. The full notation would lead to p[i, j, L][t]=[i”, j”, L+1][t], and is 
convenient for easy listing of candidate parents. One set of candidate parents consists 
of the current parent and its 8 neighbours at the same level. Thus, in our notation, the 
candidate parents for the next iteration are: [i”+e, j”+f, L+1], where e, f ∈ {-1,0,1}. 
This produces a maximum of 9 candidate parents, which is a 3x3 grid centered at cur-
rently linked parent. We also added four additional parent candidates, by considering 
the current selection (from the previous iteration) of neighbouring vertices at the same 
level. For w=[i, j, L] and iteration t+1, we also consider p[i+1, j, L][t], p[i-1, j, L][t], 
p[i, j+1, L][t], and p[i, j-1, L][t] as parent candidates, if they exist. Both sets allow us 
to shift the parent further away in the next iteration, and possibly link the current child 
to a remote parent after the iterative process stabilizes (with no more changes in se-
lected parents). This change of parent selection nodes is directly responsible for the 
ability of our new algorithm to handle elongated objects. Note that, alternatively, we  
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could consider 5 candidate parents, or 8 parents of the neighbouring nodes. The  
current selection is an initial option, as a compromise between time complexity, and 
the quality of segmentation. 

3.4   Pyramid Segmentation 

Once the image pyramid and pointer pyramid structures have been initialized, the 
segmentation procedure may begin. The decisions are attained at a given level (start-
ing at layer 0, and working toward the top of the pyramid) after several iterations, 
before the process advances to the next level, where each pixel modifies its selection 
of parent in the next layer until equilibrium is reached. At layer L, each pixel points to 
the parent which has the closest intensity to itself in layer L+1, among the 9+4 candi-
date parents. The intensities of the parents in layer L are recalculated based on the 
average intensity of the pixels in its current receptive field at the end of each iteration. 
Since these averages are calculated from the averages of its children, they must be 
appropriately weighted (by the number of pixels in the receptive fields of the chil-
dren). This cycle of choosing parents, recalculating intensities, and reassigning par-
ents continues for T=5 iterations per pair of layers, or until there is no change in par-
ent selection between layers. Each node u also has an associated random number r(u), 
counter c(u) of the number of children that selected it as unique parent, and n(u), 
number of pixels in its receptive field. Note that n(u) is used in calculating I(u) from 
intensity values of children, e.g. if w1, w2 and w3 are children of u then I(u) = 
(I(w1)n(w1)+I(w2)n(w2)+ I(w3)n(w3))/n(u), n(u) = n(w1) + n(w2) + n(w3). The algorithm 
can be, at the top level, described as follows. 

Create initial image pyramid (section 3.1) 

For levels L = 1 to N Do   
t = 0 (iteration counter) 
      Repeat  t = t+1 
each vertex u at level L selects parent p(u) among the 9+4 candidate ones 
apply unforced linking (however ‘broken’ p(u) is still needed in the next iteration) 
each vertex v at level L+1 recalculates I(v) based on its current receptive field 
      Until t=T or none of links changed in iteration t. 
Endfor; Display segmentation for each level in pyramid. 

We also mention a simple modification in the general parent selection algorithm that 
has secured declaration of elongated shapes as single component at a very early stage. 
Initially, the traversal of pixels was always top to bottom, left to right. Elongated 
shapes along the NW-SE direction were immediately discovered as single compo-
nents; however shapes in the NE-SW direction remained multi-componential for sev-
eral levels. To avoid this problem, pixels were traversed top to bottom, left to right in 
odd iterations, and bottom to top, right to left in even iterations. The elongated com-
ponents were then immediately recognized, at the first level of the process, as illus-
trated in Figure 2. Without this correction in traversal, all of the levels seen below  
(b-h) would have been obtained. However, with this change in traversal pattern, the 
whole shape, as seen in Fig. 2 -h was obtained in the first level of the segmentation. 
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This greatly improved the accuracy of the segmentation algorithm for more complex 
shapes as well.  

 

Fig. 2. [SNH] segmentation results per layer 

4   Experimental Results 

The algorithm presented here was designed to solve the problem of correctly seg-
menting elongated shapes in the framework of regular pyramid segmentation. As 
such, we demonstrate the results of the algorithm on a set of images, containing sim-
ple black shapes on a white background, of size 256x256 pixels. The processing time 
per image is 16 seconds on a single core of a Pentium 1.66 GHz dual core machine, 
implemented in C# on the Windows XP operating system. Our algorithm was also 
applied to several realistic images of size 256x256 pixels and were reduced to single 
channel greyscale representation as input. Although it is relatively easy for us to judge 
whether or not a simple shape laid against a high contrast background is segmented 
properly, it is far more difficult to evaluate the precision of a segmentation of real 
imagery. The judgement of the quality of the segmentation is subjective. 

4.1   Segmentation of Basic Shapes 

The shapes below are listed in 3 columns. The first column shows the original image, 
the second column shows the results of our algorithm proposed here, with segmenta-
tion result outlined in red, and the third column shows the results of the original 
pyramid segmentation algorithm proposed by [3], outlined in green. Since the shapes 
below have few segments, only the highest layer in the resultant segmentation pyra-
mids is displayed, and chosen to represent the segmentation of each image.  

We notice that our algorithm segmented the shapes correctly all of the time when 
considering basic shapes. The [3] algorithm does not work well with elongated shapes 
in images. The shapes listed above all fit into this category, so it is not surprising that 
this algorithm performs poorly on them. The [3] algorithm also has difficulties even 
with some non-elongated shapes. For example, it did not detect a hole in example 8, 
while the other hole, just a bit larger, is divided into several segments. 
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Fig. 3. Comparison of new algorithm with [3] algorithm on simple examples 

4.2   Segmentation of Other Imagery 

The elongated segment finding procedure was applied to some examples of everyday 
imagery. We compared our results with those of a [2], who also employ a type of hi-
erarchical segmentation structure, but take into considerations texture as well as col-
our. Both approaches are relatively parameterless, and form a good comparison basis. 
The images in Figure 4 are all 256x256 pixels, their segmentation pyramids contain 8 
levels in our representation and 13 in that of [2].  

We show only the best level of segmentation of each pyramid since they best re-
flect the desired segmentation results for these images. We see that both methods 
segment relatively well. They segment out the wolf, high grass in the foreground and 
the fence posts. Our algorithm had more success at finding the sheep, the middle 
fencepost, and the sky in the top right corner. Both the teddy bear and the cat are 
equally well isolated by the algorithms, yet [2] does not segment out the cat’s tail, and 
adds 3 other unnecessary segments around the bed sheets. This is due to superior  
texture matching property of [2], which in this example hinders more than helps its 
segmentation ability. The small dog was equally well found by both algorithms, yet 
they equally failed to segment the yellow container the dog sits in. This is because the 
container is round, and as such produces a gradient colour effect: from light yellow to 
dark yellow. Our algorithm fails to pick up on this change in tones, and cuts the seg-
ment into two pieces, while the [2] algorithm fails because there is no texture there to  
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Fig. 4. Sample images and segmentation of [2] and our method 

 
match, and primarily relies on its colour matching ability, which is no better than that 
of our algorithm. The last example was nearly identically segmented by the algo-
rithms except for the large tree in the bottom left corner. This tree is found by the [2] 
algorithm, but not by the one we propose. This once again illustrates the superior tex-
ture matching ability of their solution. However, based on this test set, the algorithms 
are fairly competitive.  
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5   Future Work 

The algorithm shows a promising way forward in the quest for successful image  
segmentation. Since this method relies on colour intensities, it has a tendency of over-
segmenting covered regions that appear homogenous to human observers, yet distin-
guishably heterogeneous to the program, at (the lower layers of the segmentation 
pyramid). It also has the opposite tendency at the higher levels. The selection of the 
proper level appears possible, but is not the same for every picture, and eventually a 
human observer may be needed to select the best outcome for each picture, according 
to its further processing needs.  

To improve the outcome of this segmentation algorithm, one would have to have at 
least some prior knowledge of the scene that is to be segmented. Such knowledge 
includes the minimum possible segment size, and possibly a range of pixel intensities 
within a region that could be considered homogenous. Other solutions may include 
considering more than just greyscale intensities of input data. In the current imple-
mentation, just the RGB layers are considered, and they are combined into just a sin-
gle layer greyscale representation of the original image. By considering the Euclidean 
distance between two 3D points in an RGB space instead of simply considering grey-
scale differences, more accurate parent selection could be achieved at the expense of 
increased computation time. Another point to consider is to include some way of 
grouping similar textures together along with colours, such as the algorithm proposed 
by [2]. We are currently considering such an addition of texture to color in region 
similarity tests. 

We are planning to enhance the similarity and dissimilarity of two regions (to 
avoid using an arbitrary threshold) by using a statistical testing, which is more intui-
tively acceptable than the one described in [4]. It was not done for this version be-
cause this new algorithm will slow down the execution of the program, which at this 
testing stage is also an important consideration. 

We have used and experimented with the overlapping image pyramid structure as 
originally proposed in [3]. This refers to the fact that parent vertices at level 1 have 
overlapping receptive fields. Antonisse [1] already argued that perhaps a non-
overlapping structure could perform better. We left this modification for further study, 
so that we can first investigate the impact of single major change proposed here, the 
use of flexible parent links. We may further experiment with the versions with differ-
ent candidate parent sets, such as 5 candidate parents instead of 9 around current  
parent, or 8 parents of neighbouring nodes instead of 4.  
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Abstract. Computer vision techniques are essential for defect segmentation in 
any automatized fruit-sorting system. Conventional sorting methods employ al-
gorithms that are specific to standard illumination conditions and may produce 
undesirable results if ideal conditions are not maintained. This paper outlines a 
scheme that employs adaptive filters for pre-processing to negate the effect of 
varying illumination followed by defect segmentation using a localized adaptive 
threshold in an apple sorting experimental system based on a reference image. 
This technique has been compared with other methods and the results indicate 
an improved sorting performance. This can also be applied to other fruits with 
curved contours. 

Keywords: Computer Vision, On-line fruit sorting, Surface defect, Adaptive 
thresholding. 

1   Introduction 

Fruit inspection and grading is an indispensable horticultural procedure. Uniformity in 
size, shape and colour are few of the many parameters that are vital in determining 
consumer acceptance. While the task at hand is to develop a machine vision system 
that identifies defective fruits based on odd shapes and surface defects, and to cate-
gorize them depending on consumer acceptability, the objective has to be accom-
plished with certain constraints [1]. Such a system has to be operable at high speeds 
suitable for real-time processing yielding a high throughput, must inspect the entire 
fruit surface, must be adaptable to varying  fruit size, shape etc., and be applicable 
under various physical conditions like brightness, luminance etc. 

Over the past decade, various techniques have been proposed for defect segmenta-
tion and grading. Reference [2] uses flooding algorithm to identify and characterize 
different types of defects based on perimeter, area etc. The snake algorithm discussed 
in [3] can be used to localize the defect and reduce false positives. Reference [4] em-
ploys a raw approach based on colour frequency distribution to associate pixels to a 
specific class while [5] accomplishes the same using ‘Linear discriminant analysis’. 
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Hyper-spectral and multispectral imaging systems have also been proposed for sorting 
various food commodities as discussed in [6]-[7]. 

An inherent limitation in most of the existing techniques is their sensitivity to 
changing illumination conditions. Any flash of external stimulus can result in bright 
patches in the captured image which could result in misclassification. Practical con-
siderations dictate that any technique should be immune to occasional changes in ex-
ternal conditions and deliver acceptable performance. This paper incorporates the use 
of adaptive filters based on the conventional LMS algorithm as a pre-processing step 
prior to segmenting defects using an adaptive threshold. This paper has been organ-
ized as follows. Section 2 explains the components of the practical set-up used to cap-
ture images of the fruit to be sorted. Section 3 discusses the proposed methodology 
for pre-processing and defect segmentation. Results of the experiment have been 
tabulated and discussed towards the end. 

2   Experimental Set-Up 

The prototype system[8] used for testing apples comprises of individually designed and 
integrated sub-systems which include a system for fruit separation, a conveyor system, 
illumination and imaging system, a processor for computing and a sorting system.  

The fruits are dumped for sorting in an open container which forms the head of the 
feeding system, where a baffle mechanism is employed to guide the fruit, one at a 
time. A singulating drum feeds each fruit to the orienting section. The conveyor chain 
consists of a series of axles bearing aluminium rollers rotating freely about their axes. 
This roller mechanism ensures that apples are aligned to the stem-calyx position for 
ease of processing. The imaging system is placed in the illumination chamber towards 
one end of the conveyor.  

The illumination unit consists of incandescent lamps and compact fluorescent 
lamps to provide uniform lighting. However, illumination may vary with time due to 
voltage fluctuations, ambient temperature etc. The camera and lens system captures 6 
orientations of each fruit 60° apart. A frame grabber controlled by a series of rectan-
gular pulses synchronised with the fruit movement, captures one frame per trigger. A 
standard personal computer is used to run the algorithm for processing the captured 
image. This involves a series of steps summarized in the next section. In the final 
model, this unit may be replaced by a dedicated Digital signal processor equipped to 
handle specialized image processing functions efficiently. A series of cups aligned 
and molded with solenoid actuated strips controlled by the computing system is used 
to sort fruits into different grades. Each fruit is categorized and the solenoid asso-
ciated with the corresponding grade gets activated and enables the collection of the 
fruit into the cup using a tilting mechanism. 

3   Methodology 

The captured image goes through a pre-processing routine before defect segmentation 
and grading. These steps are discussed below: 
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3.1   Pre-processing 

As discussed, variation in intensity of illumination may result in varied levels of 
brightness and contrast. Under these conditions, the techniques for background  
removal and defect segmentation, which have been developed for standard illumina-
tion, may behave strangely. Hence, practicable solution is to employ adaptive nor-
malization. To accomplish this, two images of a reference apple are used. One of the 
images is captured under standard conditions to eternally serve as the standard refer-
ence ‘S’. An image of this reference fruit is also captured alongside the fruit to be 
graded, so that the reference fruit and the test fruit (‘T’) to be graded are both sub-
jected to similar conditions. Let this image be labelled ‘R’. It is essential to under-
stand that this image of the reference fruit is not merely a scaled version of the one 
taken under ideal conditions as the intensity distribution is non-uniform. Hence, soft 
scaling and normalization techniques do not guarantee reliable results. On the other 
hand, illumination-normalization techniques discussed in [9]-[10] are computationally 
intensive and adds to the complexity of the existing system. A technique better suited 
for this purpose uses two-dimensional LMS adaptive filters with reduced complexity 
[11].  

In this technique, a window ‘w’ is applied on ‘R’ and the filter coefficients are 
adaptively modified using the ideal reference image ‘S’ to obtain the predicted image, 
(Ŝ) after a few iterations. The method is described below: 

 
• A filter window ‘w’ of size N x N satisfying the linear-phase constraint (1) and (2) 

with initial weight (3) is chosen. 
 w x, y w N 1 x, N 1 y  . (1) 

 

where, x, y  
 0, , 0, , N 1 , 0,  . (2) 

 

• The filter is applied on R(i,j) to obtain the predicted output Ŝ(i,j). This convolution 
operation is summarized in (4). 

• The output is compared with the desired response S(i,j) and the error e(i,j) is used 
to successively update the coefficient w(x,y) in accordance with (6). 

• After the required number iterations [11], the predicted output (Ŝ) is perceivably 
similar to the desired (S) as shown in Fig. 1. 

 w x, y x, y  . (3) 

 

Ŝ i, j w x, y R i x, j y . (4) 
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 e i, j S i, j Ŝ i, j  . (5) 

 
• The sequence of updated filter coefficients thus obtained, can now be applied on 

the image of the test fruit to be graded (T) to obtain a normalized version (Tn) suit-
able for further processing which includes background removal and adaptive 
thresholding as discussed below.              w x, y w x, y e i, j Ŝ(i-x,j-y)+Ŝ(i+x-N+1,j+y-N+1)] .   (6) 

  

 

Fig. 1. A schematic of the 2D LMS Adaptive filter used for pre-processing 

3.2   Defect Segmentation 

The normalized image Tn obtained after pre-processing is subjected to background 
removal followed by comparison with a reference image. Finally, the defect is seg-
mented by using a local adaptive threshold based on Sauvola’s Technique. The steps 
involved in this process are outlined below: 

 
Background Removal. The technique used for background removal is specific to the 
conveyor used to capture the frames. If the conveyor is of a uniform background, then 
a simple global threshold would do the task of segmenting the fruit provided it is nor-
malized to rid the effect of varying illumination. This is performed on both the stan-
dard reference(S) and the normalized image (Tn) to obtain (Sbr) and (Tnbr) respectively. 
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Subtraction. Once the background has been removed, the fruit to be inspected is  
subtracted from the reference and the residual periphery is removed to obtain the dif-
ference (D). This process is carried out on each of the 3 R, G and B components sepa-
rately rather than on the gray-scale image. Although this results in a slight increase in 
computational complexity, preserving the colour information helps characterize the 
type of defect. 

 D i, j  S i, j T i, j . (7) 

 

Local Adaptive Thresholding. Defect segmentation is accomplished by applying 
Sauvola’s binarization technique [12]. This is preferred over Otsu’s method [1, 13] 
for retaining local characteristics as discussed in [14]. 

 

• A window of size N x N is chosen where N depends on the area of the fruit and the 
extent of localization sought. While choosing a smaller N guarantees better local-
ization, the complexity introduce into the system would affect its throughput. 

• The window is then slid across different points in the image D(i,j). Now local mean 
‘m(i,j)’ and standard deviation ‘σ(i,j)’ are obtained for each pixel. 

 t i, j  m i, j 1 k σ i, jR 1 . (8) 

 

where, R=128 for an 8-bit representation and  k  [0.2, 0.5] . 
 B i, j  0, if D i, j ,255, otherwise . (9) 

 

• Now, local threshold ‘t’ is calculated for each window by applying (8) for all three 
colour components and the final image B containing the defect patches is obtained 
using (9). 

4   Results 

A Database of 160 colour images of apples, 110 of which had mechanical defects of 
some sort was used to test the algorithm offline. The images had a resolution of 120 x 
120. A 2.4 GHz Pentium 4 machine supporting Windows Platform was used to run 
the tests. A standard reference was used to test all fruits. A window size of 11 x 11 
was used for the 2D LMS adaptive filter in the pre-processing stage. The value of N 
and k for Sauvola’s technique were taken as 14 and 0.34 respectively for optimum 
performance [15]. The results were compared with Otsu’s adaptive threshold algo-
rithm, with and without the proposed pre-processing routine. Based on the segmented 
defect patch, fruits were classified as either ‘acceptable’ or ‘defective’. As shown in 
Table 1, superior performance in terms of accuracy was recorded for the proposed  
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Fig. 2. An Illustration depicting the steps involved in defect segmentation 

Table 1. Comparison of results of various algorithms 

Test Fruit 
Quality 

Output 
Grade 

Algorithm used 

Otsu’s adap-
tive threshold 

without 
pre-processing 

(A) 

Otsu’s 
adaptive 
threshold 
with pre-

processing 
(B) 

Sauvola’s 
adaptive 
threshold 

without pre-
processing 

(C) 

Sauvola’s 
adaptive 
threshold 
with pre-

processing 
(Proposed) 

Healthy 
(50 nos.) 

Acceptable 29 39 31 42 

Defective 21 11 19 8 

Defective 
(110 nos.) 

Acceptable 26 19 20 17 

Defective 84 91 90 93 

Percentage Accuracy 
(%) 70.625 81.25 75.625 84.375 

 
 
method. Moreover, this technique was found to eliminate false segmentations. This is 
reflected in the number of instances of healthy fruits being misclassified as defective, 
which was found to reduce drastically. An analysis of the results indicates that this 
improvement can be attributed to the proposed pre-processing technique which ac-
complishes ‘active’ normalization based on 2D LMS filters as against the convention-
al ‘soft’ or ‘passive’ normalization techniques. 
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Fig. 3. Bar graph illustrating the relative accuracy of different algorithms for healthy and defec-
tive fruits. (A) - Otsu’s Adaptive Thresholding without pre-processing, (B) – Pre-processing 
followed by Otsu’s Threshold method, (C) – Sauvola’s Threshold method without pre-
processing. 

5   Conclusion 

A reliable method for defect segmentation has been introduced. An effective pre-
processing technique equipped to handle variable illumination has also been sug-
gested. These two techniques can be used independent of each other and the choice of 
using either one or both is left to the user depending on the practical set-up in place. 
Although the reported success rate is lower than the industry standard, the proposed 
technique offers scope for improving upon the existing accuracy rates. The complexi-
ty issues have been left unaddressed and will be treated in future. 
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Abstract. In this paper we aim to investigate the trade off in selection of an ac-
curate, robust and cost-effective classification model for binary classification 
problem. With empirical observation we present the evaluation of one-class and 
two-class classification model. We have experimented with four two-class and 
one-class classifier models on five UCI datasets. We have evaluated the classi-
fication models with Receiver Operating Curve (ROC), Cross validation Error 
and pair-wise measure Q statistics. Our finding is that in the presence of large 
amount of relevant training data the two-class classifiers perform better than 
one-class classifiers for binary classification problem. It is due to the ability of 
the two class classifier to use negative data samples in its decision. In scenarios 
when sufficient training data is not available the one-class classification model 
performs better. 

Keywords: One Class classifier, Two-Class Classifier, Binary classification, 
classification model, ROC, Evaluation, Q- Statistics. 

1   Introduction 

In Pattern recognition literature and practice binary classification is a well known 
classification problem. Over the years researcher have proposed solutions for this 
classification problem. In binary classification problem we have objects belonging to 
two categories or groups and a corresponding category or group for a new previously 
unseen pattern has to be determined. The search for classification model that is robust 
and accurate for binary classification is eminent because of its application in the ma-
chine learning field. To asses, analyze and compare classification models from the 
literature and know their merits and demerits are very necessary. In many classifica-
tion problems the application of a model is not a matter of choice but a result of detail 
study of the model and the pertinence of the model to be applied. [9]  

As far our study goes no classification model in the literature can be said as the 
best classification model available for all problems. In reality for classification  
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problems we have to limit ourselves to a tradeoff. For example, achieving 100% accu-
racy and avoiding the chance of over fitting and over training of the classification 
model; is a scenario where we compromise on one of the parameter. The research 
question that is tried to answer in this paper is 1. In which cases either of the classifi-
cation models (multi-class or one-class) is better? 2. What is the plausible explanation 
of the better performance of the multi-class classifier on the dataset? 3. Evaluating the 
models on different metrics to have a fair and objective comparison [15]. 

In this paper we have thouroghly investigated and studied the available classifier 
model. Mainly there are two classification models namely (1) multi-class classifier 
model and (2) one-class classifier models [14]. In many cases, a one-class classifier is 
used in preference to a multi-class classifier because it may be difficult to use non-
target data in training or only data of a single category is available. Some examples of 
the use of one-class classification are password hardening [3], typist recognition [1] 
and authorship verification [4]. One class classification is referred to as outlier detec-
tion because it classifies the given with respect to its training data. 

In section 2 the literature review of one-class and two class classification model is 
presented. Experimental setup is described in section 3. Results and discussion of the 
empirical observation are given in section 4. The paper is concluded in section 5. 

2   Literature Review 

In this section, a brief description is presented on one-class and two class classifiers. 

2.1   One Class Classifier 

In one class classification problem the description of a particular class called as target 
class is learnt. New patterns are classified according to that learnt description of the 
target class and assigned the label of the target class if belong to the target class and 
the patterns that don’t belong to the target class as labeled as outliers [12] [13].  In the 
training set patterns from the target class are presented only.  

Mathematically a one class classifier is expressed as 
   

( )
( )

( )

target if f x
h x

outlier if f x

θ
θ

≤⎧
= ⎨ >⎩

                                              (1) 

 
Where θ is a threshold calculated according to the maximum allowable error on target 
class defined. 

For example, the gender classification problem is a typical binary classification 
problem, assume for training the female subjects data is available, a one class classi-
fier x will be trained on the female subjects data and the female class will be the tar-
get class of this classifier.  The new incoming patterns in the testing phase will be 
classified on the basis of the description learned from target class. The new patterns 
will be assigned the label of the female class (target class) or they will be classified as 
outlier (any pattern not belonging to the target class will be assigned the label outlier).  
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2.2   Two Class Classifier 

In two class classification problem the classifier learns from the training patterns of 
both the classes. The boundary of the two the classes is constructed from the descrip-
tion extracted from the training patterns of the two classes. In contrast the one class 
classifier constructs the boundary of one class because it has no input from the outlier 
class. 

3   Experiments 

3.1   Experimental Setup 

We have used four dataset from the UCI data set repository and one from the Stanford 
University Medical Student Dataset. The two-class classifiers are used from the 
PRTools [6] and the one-class classifiers are used from the ddTools [7] software 
packages. All the experiments are coded in MATLAB 7.3 on Intel core 2 duo ma-
chine with 1 GB of RAM. 

3.2   Data Sets 

The dataset were used in a ratio of 65% for Training and the remaining 35% for test-
ing. In the WPBC four records contains missing values for certain attributes. All the 
four records were eliminated from the dataset. The Data sets used in the experiments 
are listed in Table no.1. 

Table 1. This table list the datasets used in the experiment 

Dataset Classes Instances Dimension 

SUMS 2 400 25 
WDBC 2 569 30 
WPBC 2 198 32 
Ionosphere 2 351 34 
German Credit Data 2 1000 34 

3.3   Multi Class Classifier 

We have used four different multi class classifiers listed in table no. 2. Classifiers are 
of diverse nature and suited for binary classification. All the classifiers are briefly 
described below. 

KNN is a well known classifier it takes into account the distance of the neighbor-
ing objects. Decision tree is a well known two class classifier well suited for binary 
classification problem. Linear perceptron is a neural network with proved classifica-
tion performance. Support Vector Machine (SVM) is a maximum margin classifier 
and regarded as one of the best binary classifier in literature. SVM with RBF kernel is 
used in our experiments. 
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Table 2. List of Multi-class Classifier used in the experimetns 

Classifier Name Description 
K- Nearest Neighbors With 3 nearest neighbors 

QDC Quadratic bayes normal classifier 

Linear perceptron A Neural Network 
Support Vector Machine With RBF Kernel 

3.4   One Class Classifier 

The one-class classifiers used in the experiment are described one by one. 
The Gaussian Data descriptor classifier models the target class as a Gaussian dis-

tribution based on the mahalanbolis distance [7]. Equation no.2 represents a Gaussian 
data descriptor 

 
1( ) ( ) ( )Tf x x xμ μ−= − −∑                                      (2) 

 

Where μ is mean and ∑ is the covariance matrix. 
Kmeans classifies the data into K clusters by means of standard K-means cluster-

ing procedure [5] [7]. The average distance of data objects x to the cluster center c is 
minimized. The target class is defined as  

2( ) min( )f x = − ix c                                               (3) 

Table 3. List of One Class Classifier 

Classifier Name Description 

Gaussian Data Description Based on Gaussian distribution 

K means Standard K means clustering 

SVDD Support vector data description 

Knndd One class knn classifier 
 

 
Support vector data descriptor (SVDD) [7, 8 and 14] fits a hyper sphere around the 

target class. The hyper sphere is optimized using variety of kernels. In knndd the dis-
tance to kth nearest neighbor is calculated and the minimum is selected. 

4   Results and Discussion 

The fundamental difference between one class and two class classifier is the utilization 
of the negative data instances in training by the two class classifier function. The one 
class classifier approach has the advantage of using a smaller training set, less space 
and lesser training time. In some problems there exist a large amount of known data 
and it is not desirable to use all the data in training or we may not even know the rele-
vant data in such problems only the data of the class to discover is used. Following are 
the evaluation results of the classifiers presented with respect to the measure used. 
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4.1   Receiver Operating Curve (ROC) 

The Receiver Operating Curve (ROC) performance of one class and two class classi-
fier is presented on all of the five data sets. ROC is a preferred technique of compar-
ing two classifiers. The ROC with the larger area under the convex hull the better the 
classifier is.  

Detailed and through observation reveals that the multi class classifier exhibits bet-
ter ROC on all the datasets as compare to the one class classifier.  Two-class classifier 
takes into account the ‘negative data’ or the data about the ‘non target’ class which 
make it able to classify the objects with a broader knowledge about both the classes 
[13]. The ROC of some of the classifier on the six dataset is presented in Fig no. 1. 

4.3   Q Statistics (Pair Wise Measure) 

For two classifiers Di and Dk the Yule’s Q-Statistics [2] is expressed as 

,i k

ad bc
Q

ad bc

−=
+

                                                     (5) 

Where a is the probability of both classification  models being correct, d is the prob-
abilty of both the classifier being incorrect, b is the probability that first classifier is cor-
rect and secong is incorecnt, c is the probability second classifier is correct and first is 
incorrect. Value of Q varies between -1 and 1. Classifier that tends to classifiy the same 
patterns correcly will have a value of Q > o and the classifiers that gives erroneous re-
sults on  different patterns will have balue of Q <0. The average value of Q is calculated 
as shown in [2]. For a pair of classifiers the average Q values is calcualted as follows 

1

1 1

,
2

( 1)

L L

av
i k i

i kQ Q
L L

−

= = +

=
− ∑ ∑                                   (6) 

Table 4. List of Q-Statistics value for the two-class classifiers 

Classifier 
Model 

WPBC WDBC German 
Credit 

SUMS IONOSPHERE 

KNN 0.5042 0.9824 0.5810 0.8271 0.9863 
QDC 0.6979 0.9909 0.5589 0.8692 0.9933 
Perceptron 0.7636 0.9903 0.6406 0.8066 0.9944 
SVM 1 1 0.6157 0.9180 0.9792 

Table 5. List of Q-Statics value for the one-class classifier 

Classifier 
Model 

WPBC WDBC German 
Credit 

SUMS IONOSPHERE 

Gauss_dd 0.8255 0.9857 0.8887 0.9670 1 
kmeans 0.8689 0.9874 0.9175 0.9619 0.9986 
svdd 1 1 1 0.9786 0.9986 
knnd 0.9565 0.9983 0.9175 0.9694 1 
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Fig. 1. Receiver Operating Curve (ROC) for the six dataset is presented. Two multi-class and 
two one-class classifiers are compared. (a) Wisconsin Prognosis Breast Cancer (WPBC) dataset 
(b) Wisconsin Diagnosis Breast Cancer (WDBC) dataset  (c) German Credit dataset (d) Iono-
sphere (e) Stanford Medical University Students Images Data (SUMS) dataset. 

a 
b 

c d 

e 
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4.4   Cross Validation Error 

Cross validation error are reported for both the classification models in table 6 and 
table 7. 

Table 6. Cross validation Error for the two-class classifiers 

Classifier 
Model 

WPBC WDBC German 
Credit 

SUMS IONOSPHERE 

KNN 0.2319 0.0738 0.303 0.4475 0.135 
QDC 0.2319 0.0456 0.231 0.4350 0.132 
Perceptron 0.2938 0.0281 0.293 0.4675 0.144 
SVM 0.2268 0.0492 0.231 0.4750 0.125 

Table 7. Cross validation Error for the one-class classifiers 

Classifier 
Model 

WPBC WDBC German 
Credit 

SUMS IONOSPHERE 

Gauss_dd 0.1090 0.5014 0.2400 0.3750 0.7607 
kmeans 0.6539 0.4114 0.2500 0.4750 0.7607 
svdd 0.1186 0.2839 0.4200 0.5000 0.7009 
knnd 0.7084 0.4836 0.2100 0.4250 0.6709 

5   Conclusion 

In this paper we have presented the lessons learned from the application of two-class 
and one-class classification model to binary classification problem. One-class classi-
fication model is good at outlier detection and in scenarios when only the training 
data of the target class is available. Two-class classification model are more versatile 
and they construct the class boundaries using the information from the training data of 
both the classes. Training data presented to the two class model has instances from 
both the classes. Overall the performance of the two class classification model was 
better than one class model on the six datasets. The plausible explanation is that due 
to the knowledge of both the classes the two-class model achieves better performance 
but in case of unavailability of sufficient data the one class model is preferred.  
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Abstract. Correlation trackers are in use for the past four decades. Edge based 
correlation tracking algorithms have proved their strength for long term track-
ing, but these algorithms suffer from two major problems: clutter and slow  
occlusion. Thus, there is a requirement to improve the confidence measure re-
garding target and non-target object. In order to solve these problems, we pre-
sent an “Edge Enhanced Fragment Based Normalized Correlation (EEFNC)” 
algorithm, in which we: (1) divide the target template into nine non-overlapping 
fragments after edge-enhancement, (2) correlate each fragment with the corre-
sponding fragment of the template-size section in the search region, and (3) 
achieve the final similarity measure by averaging the correlation values ob-
tained for every fragment. A fragment level template updating method is also 
proposed to make the template adaptive to the variation in the shape and ap-
pearance of the object in motion. We provide the experimental results which 
show that the proposed technique outperforms the recent Edge-Enhanced  
Normalized Correlation (EENC) tracking algorithm in occlusion and clutter. 

Keywords: fragment, correlation, template, occlusion, clutter, Kalman filter. 

1   Introduction 

A visual tracking system automatically finds the location of target in the consecutive 
frames of a video. This task becomes difficult when the target is changing its orienta-
tion, shape and size. The presence of clutter (i.e. other objects near the target) and 
occlusion (i.e. other objects in front of the target) in tracking environment makes the 
problem even more difficult. Computational cost of the algorithm is also important for 
real time tracking applications. 

While performing tracking in an environment where abrupt changes in the back-
ground are not expected, modeling of background is normally a preferred approach. 
For this purpose, Gaussians Mixture Model [4] technique is very successful but this 
technique has limited capabilities when used alone. Tracking of objects, when the 
background is not static and changing dynamically, becomes more challenging. In this 
situation, we can not develop model of the background as new objects quickly  
become part of the background and then disappear. Furthermore, the moving target 
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can change its orientation which is an additional problem. Lucas Kanade tracking 
algorithm [2] uses different feature points of object to be tracked in the next frame, 
but dynamic selection and then tracking of these feature points in real-world scenarios 
is very difficult, especially in case of illumination variation. 

The histogram matching based trackers [10, 11, 12] can also work without requir-
ing background model, but they suffer from the inherent problem with the histogram 
that two different images can have similar histograms because the histogram does not 
preserve the pixel location. To some extent, this problem has been addressed in [7]  
by dividing the object template into multiple non-overlapping fragments and using the 
histograms of those fragments in the matching process, but the same problem with the 
histograms can occur in the fragment level. 

Since the correlation [1, 3] process does not lose the spatial information of the pix-
els, they are more robust to clutter than the histogram based trackers. Edge Enhanced 
Normalized Correlation (EENC) tracker [5] has significantly solved the real-world 
problems of orientation, illumination, obscuration, intermittent occlusion, complex 
object motion, object fading, and noise. In EENC, the template and the search image 
are edge-enhanced before performing normalized correlation between them. The best 
match of the template in the search image is found at the location corresponding to the 
location of the peak value in the correlation surface (matrix). The best match region 
and the current template are then linearly combined to prepare the new template to be 
searched for in the next frame. This technique of template updating plays a vital role 
in long term tracking as it caters for the variation in the object shape, appearance, and 
orientation. The EENC tracker also handles the intermittent fast occurring occlusion 
using Kalman filter [6], but it fails in case of slow occurring occlusion and strong 
clutter. In order to overcome these issues, we propose Edge-Enhanced Fragment 
Based Normalized Correlation (EEFNC), in which we divide the template into nine 
non-overlapping fragments. Then, we correlate every fragment of template with the 
corresponding fragment of the template-size section in the search region of the video 
frame. Furthermore, in order to address the varying appearance, shape, and orientation 
of the object and reject the effect of clutter and occlusion further, we update every 
fragment of the template independently. 

The next section discusses in detail the proposed EEFNC tracking framework.  
Section 3 presents the experimental results. Finally, the conclusion is drawn in  
Section 4.  

2   EEFNC Tracking Framework 

The proposed Edge-Enhanced Fragment Based Normalized Correlation (EEFNC) 
tracking framework consists of edge-enhancement, fragment based normalized corre-
lation, fragment level template updating, and Kalman predictor.  

Edge Enhancement. The most commonly used similarity measure is normalized 
correlation coefficient (NCC), when the images to be correlated are gray-level im-
ages. However, it has been reported in [5] that normalized correlation (NC) is more 
robust than NCC, when the images to be correlated are edge-enhanced images. There-
fore, we use the latter technique. The edge-enhancement procedure comprises: (1) 
RGB to gray level conversion as in [9] for reducing computational cost without  
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F(0,0) F(0,1) F(0,2) 

F(1,0) F(1,1) F(1,2) 

F(2,0) F(2,1) F(2,2) 

Fig. 1. Nine non overlapping  
fragments, F(a,b) with 2D indexing 

significantly affecting the tracking performance, (2) Gaussian smoothing with adap-
tive standard deviation parameter as in [5] for attenuating noise without introducing 
noticeable blur, (3) gradient magnitude computation using Sobel edge detector masks 
in x and y directions as in [5], and (4) normalization to stretch the pixel values in the 
gradient images in the whole range of 0 to 255 as in [5], so the object may stand out 
in low contrast imagery. 

 Fragment Based Normalized Correlation. As a result of conventional normalized 

correlation, a correlation surface is developed which provides matching values 

between template t, and search image s, when the template is placed at every pixel of 

search image as [5]: 
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where C(m,n) is an element of correlation surface (matrix) at row m and column n, 
where m = 0, 1, 2,…M-K, n = 0, 1, 2,…N-L, and K and L are the height and width of 
the template, respectively.  

In order to make the edge-enhanced correlation tracker more robust to strong clut-
ter and slow occlusion, we propose to divide the edge-enhanced template and tem-
plate-size patch in the search region into nine non-overlapping fragments, F(a,b), where 
a = 0, 1, 2 and b = 0, 1, 2, as depicted in Fig. 1. 

 Then, we propose to correlate every fragment 
of the edge-enhanced template with the 
corresponding fragment of the current template-
size patch in the edge-enhanced search image, 
and compute the average value of all nine 
correlation results to get the final correlation 
value at the position (m, n) in the search image. 
Mathematically, the fragment based normalized 
correlation can be formulated as in (2): 
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where a = 0, 1, 2, b = 0, 1, 2, and Ca,b is the correlation value corresponding to frag-
ment F(a, b) computed as in (3), where ha and wb are the height and width, respectively, 
of the fragment at (a, b), and the sign ‘ ∧ ’ represents logical AND operation. After 
obtaining the correlation surface, C(m, n), we get the best-match location in the search 
image by finding the (m*, n*) position of the peak value, cmax, in C(m, n). The basic 
difference between EENC and EEFNC is that of normalization technique used in the 
correlation. In EEFNC, the normalization effect is local to each fragment, thus pro-
ducing better results than EENC in cluttered imagery. Furthermore, by dividing the 
template into fragments, the effects of occlusion also become local to each fragment 
and fragments that are affected from occlusion could be separated from non affected 
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fragments. Therefore, instead of updating the whole template, fragment level updating 
(discussed in the next sub-section) supports in occlusion handling. 
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Fragment Level Template Updating. In order to make the template adaptive to the 
variation in the object shape and appearance in the real world scenarios, we must 
update the template. In [5], the template is updated as: 
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where t[n] is the current template, t[n+1] is the updated template for next iteration, 
b[n] is the current best match section, and Cmax is the peak value in the correlation 
surface. The value of λ is 0.16, and τt is the threshold of which value is 0.84. 

We propose to update the fragments independently instead of updating the whole 
template, as:  
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where  F(a,b)[n] is fragment at (a,b) position of the current template, b(a,b)[n] is the 
fragment at (a,b) position of the current best-match, f(a,b)max is the correlation value 
between F(a,b)[n] and b(a,b)[n], and F(a,b)[n+1] is the fragment at (a,b) position of the 
updated template to be used in the next iteration.    

There are two differences between (4) and (5). Firstly, in (4) the updating is per-
formed at template level, while in (5) the updating is performed at fragment level. 
Secondly, in (4) the template is updated if the best-match correlation value Cmax is 
greater than threshold, τt, but in (5) the fragment level correlation value is also  
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     Frame 92              Frame285         Frame456 

     

    

Fig. 2. The first row presents the results of EENC 
and the second row presents the results of EEFNC. 
Both algorithms have visually performed well. 

considered. This way the fragment containing major portion of the target is updated 
with higher weight while the fragment containing short-term background clutter or 
occluding object is updated with lower weight (or even not updated). For better un-
derstanding, consider a situation when a slow moving object is occluding the target. 
In this situation, Cmax will be higher than the threshold τt and the whole template will 
be allowed to update in case of EENC (in which case the occluded object will become 
part of the template, resulting in target loss later). However, in fragment level updat-
ing, the fragments that have been occluded will not be updated, because the fragment 
level correlation value is dropped below τt for the occluded fragments. 

Kalman Predictor. EENC [5] has been strengthened by the use of Kalman predictor 
[6]. When the process of normalized correlation produces the peak value below τt, the 
target coordinates estimated by it are disregarded the target coordinates predicted by 
the Kalman filter in the previous iteration are utilized in the current iteration, and the 
process of template updating is bypassed. This technique provides support in case of 
occlusion. This advantage of Kalman predictor has also been exploited in the pro-
posed EEFNC. We have used constant acceleration with random walk model with six 
states: position, velocity and acceleration in x and y directions. Furthermore, the  
position and the dimensions of the search window for the next iteration are also dy-
namically updated using the predicted position and its error, as in [5], to reduce the 
computational complexity and cater for object maneuvering with variable velocity. 

3   Experimental Results 

In this section, we compare EENC 
with EEFNC using different 
publicly available standard image 
sequences. We will further analyze 
the behavior of both the algorithms 
in the presence of clutter and 
occlusion using post regression 
analysis technique [14], which 
compares the calculated target 
coordinates with the ground truth 
target coordinates and provides 
three parameters m (regression 
slope), b (regression Y-intercept), 
and R (regression correlation 
coefficient). The ideal values of these parameters (when the calculated and the ground 
truth coordinates match perfectly) are m = 1.0, b = 0.0, and R = 1.0. 

The first experiment is performed on a publicly available Walking Woman image 
sequence [7]. The tracking results from both the algorithms are visually almost same, 
as shown in Fig. 2. However, the accuracy of the target coordinates provided by the 
EEFNC is better than that of the target coordinates provided by the EENC, as illus-
trated in Table 1. In the second experiment we test the trackers on Three Men Cross-
ing sequence from AV16.3 v6 dataset[13], EEFNC has survived the occlusion and  
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      Frame 147           Frame 451         Frame 463 

    
     Frame 587            Frame 612           Frame 763 

    

Fig. 3. Tracking results of EEFNC for Three Men 
Crossing sequence 

      Frame 463           Frame 587          Frame 612 

     

Fig. 4. Tracking results of EENC for Three Men 
Crossing sequence 

clutter, and has provided much 
longer tracking than EENC, as 
shown in Figs. 3 and 4. In Fig. 3, 
the target (face of the person with 
white shirt) is being tracked by 
EEFNC successfully even during 
occlusion in Frame 451 and 
Frame 587. When an occlusion 
event is sensed automatically 
because the peak correlation value 
is dropped below the threshold, 
the color of the overlaying text 
and reticule is changed to golden 
from yellow for demonstration 
purpose. The occlusion is then 
handled using Kalman filter and 
the proposed fragment level tem-
plate updating method. Once the 
object comes into view again, 
 

the tracking is resumed in normal 
mode. Moreover, in Frame 763, 
the target is passing through back-
ground clutter; even then the track-
ing is not disturbed. If the tracking 
is performed using EENC along 
with its Kalman filter and template 
updating method, the tracking is 
lost after Frame 587, when the 
target is partially out of view, as 
shown in Fig. 4. The regression 
analysis in Table 1 for Three Men 
Sequence also illustrates that the 
EEFNC tracker outperforms the 
EENC tracker also for this se-
quence. 

Third experiment is performed 
on Shop Assistant sequence from 
the CAVIAR database [8]. Figure 5 
(upper row) illustrates, that while 
tracking the person with dark shirt, 
the EENC did not survive the oc-
clusion produced by the person with white shirt.  EEFNC is, however, able to track 
the target object successfully even during and after the occlusion, as shown in Fig. 5 
(lower row). Table 1 also illustrates that the EEFNC performs much better than 
EENC in terms of tracking accuracy.  

 

Table 1. Post regression results 

Tracker m b R 
Walking Woman Sequence 

EENC 0.5825 75.03 0.6882 
EEFNC 0.7530 41.78 0.8790 

Three Men Crossing Sequence 
EENC 0.6428 43.74 0.6232 

EEFNC 0.9710 7.98 0.9759 
Shop Assistant Sequence 

EENC -0.1026 148.98 -0.3732 
EEFNC 0.9344 12.72 0.9309 

F16 Take-off Sequence 
EENC 0.0514 95.6092 0.0830 

EEFNC 0.9955 -10.349 0.9404 
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      Frame 21           Frame 86            Frame 96 

   
 

      Frame 21           Frame 86            Frame 96 

   

      Frame 119         Frame 132         Frame 249 

   

Fig. 6. Tracking result of EENC is shown in first 
row and tracking result of EEFNC is shown in 
second row and third row 

The fourth ex-
periment has been 
performed on F-16 
Take-off sequence, 
which has been 
used in [5], which 
proved robustness 
of EENC in heavily 
cluttered imagery. 
The same sequence 
has been used here 
to test EEFNC 
based tracking. It is 
observed that the robustness of 
EENC depends on how accurately 
the template is initialized. Typi-
cally, when we selected the 
template from initial frame and 
started the tracking session, the 
EENC tracker was disturbed by 
the clutter (white roof of small 
shed), and the track is lost, as 
shown in the first row in Fig. 6. 
However, when we selected the 
template of the same size from the 
same place in the initial frame, and 
started the EEFNC tracker, the 
airplane was tracked successfully 
throughout the whole image se-
quence, as shown in the last two 
rows in Fig. 6. Post regression 
analysis results of EEFNC are also 
better than those of EENC as illus-
trated in Table 1. 

4   Conclusion 

We presented Edge Enhanced Fragment Based Normalized Correlation (EEFNC) 
algorithm and fragment level template updating method accompanied with Kalman 
filter to address the problems of strong clutter and slow occlusion that the recent Edge 
Enhanced Normalized Correlation (EENC) method could not reliably handle. As far 
as the computational speed is concerned, the EENC works at the speed of about 75 
fps [5] when the template size is typically 25×25 pixels. However, the proposed 
EEFNC for the same size template is about 25 fps, which was achieved when the 
search was performed using pyramid search technique up to two course levels.  

 Frame 200          Frame 357           Frame 376          Frame 411 

    
Frame 200           Frame 357           Frame 376          Frame 411 

    

Fig. 5. Tracking result of EENC is shown in the first row and track-
ing result of EEFNC is shown in the second row 
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Although 25 fps is enough for the standard PAL cameras, the speed can be further 
increased using optimization techniques, if the higher frame rate cameras are used.  

The concept of BMRA (Best Match Rectangle Adjustment) is presented in [15]. 
This technique adjusts the template size while minimizing background from the tem-
plate and improves the tracking performance significantly. Use of BMRA with the 
proposed EEFNC algorithm can further enhance its performance. Furthermore, the 
exploitation of color components instead of single gray scale component can further 
make the EEFNC algorithm more robust to complex situations in which the clutter 
object look exactly same as the target object even when their color is different. 
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Abstract. With the advent of internet, every aspect of life is going online. From 
online working to watching videos, everything is now available on the internet. 
With the greater business benefits, increased availability and other online busi-
ness advantages, there is a major challenge of security and ownership of data. 
Videos downloaded from an online store can easily be shared among non-
intended or unauthorized users. Invisible watermarking is used to hide copyright 
protection information in the videos. The existing methods of watermarking are 
less robust and imperceptible and also the computational complexity of these 
methods does not suit low power devices. In this paper, we have proposed a new 
method to address the problem of robustness and imperceptibility. Experiments 
have shown that our method has better robustness and imperceptibility as well as 
our method is computationally efficient than previous approaches in practice. 
Hence our method can easily be applied on low power devices. 

Keywords: Invisible watermarking, Robust watermarking, Steganography, 
Data Hiding, Multimedia security, Copyright protection. 

1   Introduction 

Watermarking is a method used to embed information in the host medium. Medium 
can be any digital photograph, text, audio, software or a video [11]. The main reason to 
watermark the video is to protect it from illegal or non-copyright use [13],[17-19]. 
Other uses of watermarking are in field of defence, business, and areas where informa-
tion needs to be protected at all costs from attackers. Watermarking has seven proper-
ties [3]. The main three properties are Imperceptibility, Robustness and Payload or 
Capacity [12]. Imperceptibility means whether our watermark make significant 
changes to the host medium, that can be perceived by the human visual system or not. 
It depends on the strength of the watermark. We should only embed watermark infor-
mation in the regions of the video frame in which imperceptibility is least affected. 
Robustness means that our watermark will sustain any intended or unintended attack 
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on the video that tries to destroy or remove watermark information [5],[6]. Major at-
tacks on the videos are filtering, adding noise, compression, scaling, rotation and crop-
ping. The watermarking method should be robust enough to tolerate these attacks. If 
we increase robustness, imperceptibility decreases and vice versa. Both robustness and 
imperceptibility are also affected if we embed the watermark information in overlap-
ping regions of the video frame. Payload means the amount of information that can be 
successfully embedded and retrieved. Increase in payload affects imperceptibility 
negatively and if we increase imperceptibility then we can only hide few bits (lower 
payload). These three requirements of watermarking make a triangle. Improvement in 
any one of them, affects the other two negatively. We have to find the correct balance 
between these conflicting requirements of watermarking [4]. Our method embeds the 
watermark in each video frame. Frame is divided into equal sized segments. Rather 
than embedding watermark randomly, it is distributed throughout the frame in equal 
proportion. This helps us achieve better robustness and imperceptibility. 

The rest of the paper is organized as in Section 2 a brief overview of other water-
marking techniques is given. Our proposed methods is explained in section 3, while 
section 4 contains discussion on the results obtained which will follow conclusions 
and future work in section 5. 

2   Background 

In the past people had used cryptographic techniques to embed some information into 
the medium and send it through a transmission channel. Cryptographic techniques 
basically rely on the fact that the information is being carried as it is and the informa-
tion can only be viewed with the help of some secure encrypted key. The information 
itself is not changed and anyone with the proper key can gain access. Once the key is 
lost, all of the information security is compromised. 

Comparing this with the techniques where the host medium contains the key. The 
hidden information remains with the host medium despite some alterations and at-
tacks on the host medium. Large number of methods can be found in the literature 
based on this approach [14-16].  

In [7] the most simple and straightforward method i.e. Least Significant Bit (LSB) 
embedding method of watermarking is given. As it is obvious from the name, this 
method embeds the watermark information in the least significant bit of the cover 
medium. In this way a smaller object can be embedded several times to improve ro-
bustness. If a single copy of watermark survives, the method passes the robustness 
test. LSB method is robust to cropping but lossy compression or addition of noise will 
completely destroy the watermark. Another disadvantage of this method is that if the 
embedding algorithm is revealed to attackers, the watermark can easily be modified. 

Another watermarking technique which exploits the correlation properties of 
Pseudo Random Patterns (PRPs) is given in [8]. PRPs are added to cover video frame 
according to 1. 

   ),(*),(),( yxWkyxVFyxwVF +=                                     (1) 

Here VF is the video frame to be watermarked, k is the intensity factor, W is the wa-
termark and VFw is the watermarked video frame. The robustness of the method can 
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be highly increased by taking larger k values at the expense of imperceptibility. At the 
time of retrieval the same PRPs are generated and a correlation between patterns and 
the watermarked video frame is computed. If the correlation is greater than a pre-
defined threshold then the embedded dada is detected. The major problem of this 
technique is the selection of the threshold. With higher difference degree between the 
successive frames of the video the method will require multiple thresholds to success-
fully extract the watermark. This method can be improved if we use separate PRPs for 
‘0’ and ‘1’. This way we do not need to determine the threshold and the method can 
be improved significantly.  

Watermarking methods can also be applied in the frequency domain [13]. In these 
methods the medium is first transformed to frequency domain. Then watermark is 
inserted in the transformed domain and in the end, the inverse frequency transform is 
performed to obtain the watermarked medium.  The most popular of the frequency 
domain methods is Discrete Cosine Transform (DCT). DCT divides an image into 
different frequency bands. This help in embedding watermark in the middle frequency 
bands. Middle frequencies are chosen rather than low or high frequencies. If we select 
low frequencies, the imperceptibility affects negatively and in case of high bands the 
details of the edges and other information is affected. Since watermarks applied in the 
frequency domain will be distributed in the entire frame in spatial domain upon in-
verse transformation, this method is more robust to cropping as compared to spatial 
domain. But this method is not better then spatial when it comes to imperceptibility. 
Also frequency domain method is more computational intensive then its spatial  
counterpart. 

Another possible domain used for watermarking is that of wavelet domain. In 
[8],[19] they have proposed a watermarking method based on wavelets. In this 
method first we perform wavelet transformation of the host medium. Wavelet trans-
form divides the image into 4 quadrants. LL quadrant contains the low resolution  
approximation image of the host medium, HL contains the horizontal details, LH con-
tains the vertical details and HH has diagonal details. LL contains the low frequencies 
i.e. smoother regions of the image, hence we cannot embed watermark in this quad-
rant. HH are the highest frequencies present in the image, if we embed the watermark 
in this quadrant, major details of the image will be lost. So we select HL and LH for 
watermarking. 

By embedding the watermark into these quadrants we can obtain high impercepti-
bility and better robustness as well. For embedding purpose we can use similar kind 
of technique which is used in DCT based methods. Equation 2 is used for embedding. 
Here VFw(x,y)  is the watermarked video frame, VFi is the transformed video 
frame, α is the scaling factor and xi is the embedding bit. The disadvantage of wave-
let based methods is that they are computationally expensive when compared with 
spatial and DCT based methods. 

      

                                  

VF (x,y) α * VF x   x,y HL,LHi i i,VF (x,y)        w
VF x,y LL,HHi

⎧ + ∈⎪= ⎨
∈⎪⎩

                      (2) 
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The DCT and wavelet based methods have acceptable imperceptibility and very good 
robustness against cropping and noise attack, but due to their computational cost they 
are not suitable for low power devices. 

Spatial domain methods are best when it comes to imperceptibility, if we can im-
prove its robustness, it will better suit low power devices than other watermarking 
domains. Dittman [2] has given a method of watermarking in spatial domain. If we 
distribute the watermark in the host medium in spatial domain and add redundant bits 
to increase robustness, this shows better results than [2]. 

3   Proposed Method 

The proposed technique is designed to embed information in low resolution videos 
that can be played on mobile devices. In [1] authors insert redundant watermark in the 
video to improve robustness. Our method needs data (watermark), host medium, 
strength of the watermark n (the amount by which luminance values of the video are 
modified) and a stego key from the user to embed the watermark into the medium 
provided. High value of n increases robustness but decreases imperceptibility and vice 
versa. Using stego key we generate the same pseudo random patterns at both embed-
ding and detection. The algorithm is simple and can easily run on devices having low 
processing capabilities. 

Proposed Embedding Algorithm 

n = Watermark strength 
BCH encode the input data 
For each video frame 
For each bit of data do 

• Generate 8x8 pseudo random pattern of 0 and 1 
• Apply low pass filter on the pattern 
• Replace in pattern 0 with –n and 1with n 
• Divide the frame into equal size blocks. 
• Select a block of the frame to embed pattern 

If embed bit = 1 
Add pattern to selected block of video frame 

Else 
Subtract pattern from the selected block 

End for 
End for 

 
 
 
 
 
 

 
(3) 

Here n is the number of divisions on each axis and m is the size (in bits) of the mes-
sage to embed. According to 3 the frame is divided in the equal size blocks, as shown 
in fig. 1(a). Then within each block a position is selected randomly to embed the wa-
termark in it. In this way we can embed watermark in non-overlapping regions and  
 

1                  n m⎢ ⎥= +⎣ ⎦
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the watermark will spread evenly in the whole frame which give more robustness and 
enhances the imperceptibility of the proposed method. In fig. 1(b) the distribution of 
watermark across different regions of the video frame is shown, the intensity of the 
watermark is kept high for better visibility. The flow diagram of watermark embed-
ding process is given in fig. 2. 

 

  
(a) (b)  

Fig. 1. (a) Frame divided into different regions (b) Watermark effect on gray frame, n=100 is 
used for better visibility 

Watermark Extraction 

For detection we select the same blocks of each frame using the same user provided 
stego key. Then with the help of stego key we generate the same pseudo random pat-
terns and apply low pass filter to it. Blocks in which pseudo random watermark was 
embedded are selected. In the pseudo random pattern replace 0 with -1. Dot product 
of this pattern and the selected block is computed and all the values are added to-
gether. If the result is positive then the detected bit is 1 otherwise it is 0. Figure 3  
depicts the watermark extraction process. 

4   Test Results 

Proposed method is tested on a standard video of the museum [2] and on polyak’s [1] 
video. Polyak’s method is based on Dittman`s [2] algorithm. Main two types of tests 
were conducted on the watermarked video, Imperceptibility tests and robustness tests. 
To measure imperceptibility, PSNR caused due to the watermarked video was calcu-
lated. The comparison with [1] shows that our technique has better imperceptibility. 
In fig. 4 (a) are the imperceptibility test results. It is clear from the figure that our 
method has better imperceptibility then [1]. The watermark was embedded with dif-
ferent strengths in the video.  

Robustness was checked by adding Gaussian noise of zero mean and 0.2 variance, 
salt & pepper noise with 0.5 density and applying averaging filter of 7x7. The results 
are given in fig. 4 (b). The robustness obtained is acceptable for videos and the 
method is better suited for devices having low computational power. 
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 Proposed Extraction Algorithm 

For each video frame 
Divide the frame into equal size blocks 
For each block 

• Generate 8x8 pseudo random pattern of 0 and 1 
• Apply low pass filter on the pattern 
• Replace 0 by -1 in the pattern 
• Take the dot product of the pattern and se-

lected video block. 
• Take Sum of all the values of the product. 

If sum > 0 
Detected_bit = 1 

Else 
Detected_bit = 0 

End for 
BCH decode the detected binary pattern 
End for 
 

 

 

Fig. 2. Watermark embedding process 

5   Conclusions and Future Work 

DCT and Wavelet based watermarking techniques are good in robustness but due to 
their computational cost they are not suitable for low power devices. Spatial domain 
watermarking techniques are imperceptible and computationally efficient and better 
robustness can be achieved even in spatial domain using correlation and equal distri-
bution of watermark in the host medium. From the results comparison, we can  
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conclude that our technique is more robust and imperceptible at the simultaneously. 
The algorithm is not complex and hence can easily be used in systems having low 
computational power. In future the effect of computational intelligence techniques 
such as genetic programming and others can be investigated to further improve the 
robustness and imperceptibility. 

 

 

Fig. 3. Watermark extraction process 

 

                                (a)                                                                (b) 

Fig. 4. Test results (a) PSNR of video watermarked with different strengths (b) % of watermark 
successfully extracted after adding Gaussian, salt & pepper noise and average filtering (7x7) 
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Abstract. Predicting subcellular localizations of human proteins become cru-
cial, when new unknown proteins sequences do not have significant homology 
to proteins of known subcellular locations. In this paper, we present a novel ap-
proach to develop CE-Hum-PLoc system. Individual classifiers are created by 
selecting a fixed learning algorithm from a pool of base learners and then 
trained by varying feature dimensions of Amphiphilic Pseudo Amino Acid 
Composition. The output of combined ensemble is obtained by fusing the pre-
dictions of individual classifiers. Our approach is based on the utilization of di-
versity in feature and decision spaces. As a demonstration, the predictive  
performance was evaluated for a benchmark dataset of 12 human proteins sub-
cellular locations. The overall accuracies reach upto 80.83% and 86.69% in 
jackknife and independent dataset tests, respectively. Our method has given an 
improved prediction as compared to existing methods for this dataset. Our CE-
Hum-PLoc system can also be a used as a useful tool for prediction of other 
subcellular locations.  

Keywords: Subcellular location, ensemble classifier, individual classifier,  
Amphiphilic Pseudo Amino Acid Composition. 

1   Introduction 

The function of a protein is closely correlated with its specific location in the cell. It 
means precise protein function requires to locate properly its subcellular location, 
otherwise there is danger that protein may lose its function [1]. Information about 
subcellular location give understanding about their engagement in specific metabolic 
pathways [2]. The locations of proteins with known function help in understanding its 
biological function [3] and proteins interaction [4]. Newly synthesized proteins are 
localized to the appropriate subcellular spaces to perform their biological functions. 
Therefore, in large-scale genome analysis, demand to develop more accurate and 
reliable predictor is increasing [5]. 

In the literature, research related to accurately predict human proteins into various 
subcellular localizations has gained much importance. Researchers have proposed 
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both individual and fusion of classifier strategies. Early attempts were based on the 
decision of a single learner. Covariant Discriminant Classifier (CDC) was attempted 
using different feature extraction techniques [5], [6], [7], [8], [9], [10]. Support Vector 
Machines (SVM) classifier was tried with Functional Domain Composition [11] fea-
tures. A SVM based prediction model was developed by constructing new Amino 
Acid Composition (AAC) distribution features [12]. The prediction of a single classi-
fier is limited due to large variation in length and order of protein sequences. There-
fore, researchers have also proposed fusion of classifiers strategies [4], [13], [14], 
[15]. In this way, fusion of diverse types of classifiers often yield better prediction 
than the individual ones [16]. An ensemble of CDC classifiers is developed using 
Amphiphilic Pseudo Amino Acid Composition (PseAAC) [13]. An ensemble of KNN 
classifiers was built by fusing individual KNN classifiers to develop Hum-PLoc sys-
tem [14]. In this work, individual classifiers are trained on the hybridized features of 
Gene Ontology and Amphiphilic PseAAC.  

The above predicator schemes do not combine classifiers that are individually 
trained on different feature spaces and at the same time posses different learning 
mechanisms. In this paper, we propose a novel ensemble approach called CE-Hum-
PLoc. The main idea of this scheme is based on the utilization of diversity in feature 
and decision spaces simultaneously. In the work, comparative analysis shows  
improved prediction accuracy than the existing approaches. 

2   Materials and Methods 

In this work, four learning mechanisms are selected as base learners: 1) 1-Nearest 
Neighbor (NN), 2) Probabilistic Neural Network (PNN), 3) SVM and 4) CDC. All 
learning mechanisms, except SVM, are inherently based on proximity. SVM is a 
margin based binary classifier that constructs a separation boundary to classify data 
samples. CDC and NN classifiers are commonly used for predicting protein se-
quences. The prediction of CDC is found by exploiting the variation in the PseAA 
features of protein sequence [13]. NN is reported to perform well on classification 
tasks regarding protein sequences [13], [17], [18]. PNN classifier is based on the 
Bayes theory to estimates the likelihood of a sample being part of a learned class [19].  
The detail of benchmark datasets is provided in Table 1. This dataset was developed 
by Chou and Elrod [7]. Later on, researchers adopted this dataset to compare the re-
sults of their proposed methods. To reduce redundancy and homology bias, this  
datasets was passed through window screening.  

2.1   Proposed Method 

Individual ensembles (IEs) are produced by exploiting diversity in feature spaces. 
Combined ensemble (CE) is then developed by fusing predictions of IEs classifiers. 
CE classifier is expected to be more effective as compared to IEs classifiers.  

Suppose we have N proteins feature vectors (P1, P2 . . . PN) derived from protein 
dataset. Each Pi belong to one of V classes with labels Q1, Q2,..,QV. A kth subcellular 
protein feature vector from a class v can be expressed as:  
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Table 1. Number of proteins sequences in each subcellular location 

Sr. no. 
Subcellular locations                  Dataset 

Jackknife test            Independent test 
1 Chloroplast 145 112 

2 Cytoplasm 571 761 

3 Cytoskeletons 34 19 

4 Endo. Reticulum 49 106 

5 Extracell 224 95 

6 Golgi Apparatus 25 4 

7 Lysosome 37 31 

8 Mitochondria 84 163 

9 Nucleus 272 418 

10 Peroxisome 27 23 

11 Plasma  Memb. 699 762 

12 Vacuole 24 --- 

Total 2,191 2,494 

 

,1 ,2 ,20 ,
k k k k
v v v v

k
p p p pv

T
P Φ

⎡ ⎤= ⎢ ⎥⎣ ⎦… …  (1)

where pv,1, pv,2, …, pv,20 are the frequencies of occurrence of 20 amino acid sequences. 
The elements pv,21, pv,22, …, pv,Φ are the 1st-tier to (ξ-1)-tier correlation factors of an 
amino acid sequence in the protein chain based on two indices of hydrophobicity and 
hydrophilicity.  

In order to develop IEs, first, PseAA composition with varying dimensions ranging 
from 20 to 62 is utilized, i.e. Φ=20+2(i-1), where i=1,2,…, ξ. Here, ξ =22, represents 
the number of IE classifiers.  

The individual predictions Ri of IE classifiers can be expressed as:  

{ } { }VQQQQRRRR ,,,,,,, 321321 LL ∈ξ  (2)

Now IE based voting mechanism for a protein can be formulated as: 

,
1

( ), 1, 2,IE
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i
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where wi represents weight factor. Here, for simplicity, its value is set to unity and 

function ,( )i jR QΔ
 is defined as:
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 .  

Finally, the query protein is assigned the class γ that obtains maximum votes: 

{ }1 2, ,IE IE IE IE
VZ Max Z Z Zγ = …  (4)
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In the second step, the aim was to combine the diverse decision spaces generated by 
IE classifiers. In this way, the shortcoming of one classifier can be overcome by the 
advantage of others. Let l=1,2,3,…, L represents the number of different base learners 
in the entire-pool voting. We compute the votes of each class for CE as: 

*

,
1

( ), 1, 2,
L

CE
j i i j

i

Z w R Q j V
ξ

=
= Δ =∑ …  (5)

The predicted class τ by the CE classifier will be decided by using the Max function: 

{ }1 2, ,CE CE CE CE
VZ Max Z Z Zτ = …  (6)

In jackknife test, if a tie occurs for a query protein; then decision of the highest per-
forming IESVM classifier is taken. If the highest performing ensemble also delivers a 
tie, then the vote of the 2nd highest performing IENN ensemble is considered. Results 
reported in the Table 2 justify this action.  

2.2   Evaluation Methods 

In the literature of Bioinformatics, both independent and jackknife tests are used by 
the leading investigators to evaluate the performance of their prediction methods [4], 
[5], [6], [7], [8], [9], [10], [12], [13], [14], [15], [20]. The jackknife test is considered 
as the most rigorous and objective [21]. This test is conducted for the cross validation 
based performance analysis. During this test, each protein sequence is singled out as a 
test sample and remaining samples are used to train.  

The overall percent accuracy (acc.%) is calculated as: 

100
)(

.% 1 ×= ∑ =

N

ip
acc

V

i  (7) 

where, V is the 12 class number, p(i) is the number of correctly predicted sequences 
of location i.  

The numerical value of Q-statistic indicates the independency of component classi-
fiers [22]. For any two base classifiers Ci and Cj, the Q-statistic is defined as:  

,i j

ad bc
Q

ad bc

−=
+  

(8)

where, a and d represent the frequency of both classifiers making correct and incor-
rect predictions, respectively. However, b shows the frequency when first classifier is 
correct and second is incorrect; c is the frequency of second classifier being correct 
and first incorrect. The average value of Q-statistic among all pairs of L base classifi-
ers in CE ensemble is calculated as: 

1
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1 1

2

( 1)

L L

avg i k
i k i

Q Q
L L

−

= = +

=
− ∑∑  (9)

The positive value of Qavg shows that classifiers recognize the same objects correctly. 
The positive value of Qavg (<1) shows the diversity level of base classifiers in the CE.  
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3   Results and Discussions 

In this section, the overall accuracy and Q-statistic of IEs and CE are computed and 
results are given in the Table 2. This table indicates average Q-statistics of IEs and 
CE, in jackknife test, are in the range of 0.94-0.74 and 0.63, respectively. In case of 
independent test, Q-values of IEs and CE are in the range of 0.96-0.69 and 0.86, re-
spectively. This highlights sufficient diversity in IEs and CE. This diversity in indi-
vidual learners is accumulated that result improvement in CE. Further, in jackknife 
test, this table shows better prediction accuracy of IESVM among other IEs. IESVM

 

predicts correctly 1738 out of 2191 sequences. Thus it gives an overall accuracy of 
79.32%. Therefore, if SVM based learning mechanism is incorporated as a base clas-
sifier, then chance of CE improved enhances. IENN predicts correctly 1665 out of 
2191 sequences and it gives overall accuracy of 76.01%.  This predicted accuracy of 
IENN is comparable with IEPNN. The prediction accuracies of IEs are also investigated 
on independent dataset containing 2494 protein sequences. The results show IENN 
correctly predicts 2115 protein sequences and gives an overall accuracy of 84.85%. In 
this case, the prediction accuracy of IEPNN is lower than IENN. For independent dataset 
test, overall prediction of IESVM

 is not appreciable (69.52%). However, to improve 
SVM prediction, there is a need to find optimal kernel parameters. 

Table 2. Performance comparison of  IEs vs. CE 

Jackknife test Independent test  

IEs/CE  

 
Correct 

Prediction 
Acc. % 

Avg. Q 
statistics 

Correct 
Prediction 

Acc. % 
Avg. Q 

statistics 

IESVM 1738 79.32 0.94 1734 69.52 0.96 

IECDC 1600 73.60 0.74 1965 78.79 0.69 

IENN 1665 76.01 0.92 2115 84.85 0.93 

IEPNN 1686 76.99 0.85 2057 82.48 0.93 

CE 1771 80.83 0.63 2162 86.65 0.86 

In Table 3, we summarize the results of existing approaches and then compare with 
our method. The basic reason for this comparison was; these researchers have used 
the same human protein dataset and estimation tests to evaluate their prediction algo-
rithm, except Shi et al. [12]. This table indicates that our CE classifier, in jackknife 
test, correctly classifies 1771 protein sequences out of 2191 giving an overall accu-
racy of 80.83%. However, for independent test, CE correctly classifies 2162 protein 
sequences out of 2494 to give an overall accuracy of 86.69%. This shows an im-
proved in prediction accuracy of our approach as compared to the existing approaches 
proposed, except [12].  
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Table 3. Summary of comparative analysis 

Prediction methods Jackknife test Independent test 

Input features form 
Prediction 
algorithm 

Acc. % Acc. % 

 

Ref 

 

28 PseAAC component Aug. CDC 1590/2191=72.6 1865/2494=74.8 [20] 

PseAAC  formation via three 

types filters 
Aug. CDC 1532/2191=69.9 ---------- [6] 

Simple AAC CDC 1492/2191=68. 1888/2494=75.7 [7] 

PseAAC CDC 1600/2191=73 2017/2494=80.9 [8] 

PseAAC generated by DSP Aug. CDC 1483/2191=67.68 1842/2494=73.86 [9] 

Lempel-Ziv complexity Aug.CDC 1612/2191=73.6 1990/2494=79.8 [10] 

Quasi-sequence-order Aug. CDC 1588/2191=72.5 1985/2494=79.6 [5] 

Functional Domain Compo-

sition 
SVM 1461/2191=66.7 2037/2494=81.7 [11] 

AAC distribution SVM 1800/2191=82.15 2132/2494=85.49 [12] 

PseAAC 
CE-
classifier 

1771/2191=80.83 2162/2494=86.69 
Our 

method 

 
 
By comparing our results with Shi et al., we obtained a comparable performance. 

Average accuracies of both methods come out to be nearly equal, i.e. 83.74% and 
83.82%. Currently, we have utilized a simple feature extraction strategy and exhaus-
tive single-one-out cross validation test. However, Shi et al. have developed a  
complex feature extraction and prediction results are estimated using 5-fold cross 
validation. 

4   Conclusion 

In this paper, we have developed a new ensemble in predicting human protein into 12 
subcellular localizations. The proposed CE-Hum-PLoc system delivers more accurate 
predictions than existing approaches, except [12]. This improvement was made possi-
ble by exploiting diversity in feature and decision spaces simultaneously. Currently, 
we have attempted with four base classifiers and one feature extraction strategy. 
However, by adding more base learners, further improvement is possible.  
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Abstract. In recent years, evolutionary methods have shown great success in 
solving many combinatorial optimization problems such as FIR (Finite Impulse 
Response) filter design. An ordinary method in FIR filter design problem is 
Parks-McClellan, which is both difficult to implement and computationally ex-
pensive. The goal of this paper is to design a near optimal linear phase FIR fil-
ter using two recent evolutionary approaches; Particle Swarm Optimization 
(PSO) and Harmony Search (HS). These methods are robust, easy to imple-
ment, and they would not trap in local optima due to their stochastic behavior. 
In addition, they have distinguishing features such as less variance error and 
smaller overshoots in both stop and pass bands. To prove these benefits, two 
case studies are presented and obtained results are compared with previous  
implementations. In both cases, better and reliable results are achieved. 

Keywords: Harmony search, particle swarm optimization, meta-heuristic algo-
rithms, optimization, FIR filters, Parks-McClellan. 

1   Introduction 

Although FIR filters have simple structures, many important concepts of digital signal 
processing such as wavelet transforms [1] and multi-rate signal processing [2] refer to 
these primitive filters. Designing FIR filters by windowing method is an effortless and 
quite easy task but has its own drawbacks. The filter is often designed based on a 
specific order M. From the theory of Fourier series, the rectangular window has the 
best mean-squared error with respect to specified frequency response for a given 
value of M [4]. 
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In the following discussion the PM algorithm is considered as a commonly used al-

gorithm in FIR filter design with generalized linear phase due to its efficiency and 
flexibility among traditional algorithmic methods. The impulse and frequency re-
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According to PM with 2
M , pω and sω fixed, the frequency selective filter design 

becomes a Chebyshev approximation over disjoint sets [3]. So with respect to [3], [4] 
and [5] the approximation error function is defined as (6). 
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criterion is used in the PM algorithm, so that it minimizes the maximum weighted 
approximation error of equation (6). 
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where F is closed subset of πω ≤≤0 such that pωω ≤≤0 or πωω ≤≤s , the set of 

impulse responses that minimize δ . Although only filters of type I are addressed 
here, the results and algorithm can be generalized to include types II to IV linear-
phase filters [3], [4]. 
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To achieve an efficient implementation using PM algorithm, one must overcome the 
difficulties of robust interpolation methods which are computationally expensive [3]. 

In contrast with traditional optimization approaches, evolutionary optimization 
methods are easy to implement and reliable. Two evolutionary design methods for 
LTI (Linear Time Invariant) FIR filters are considered; Particle Swarm Optimization 
(PSO) and Harmony Search (HS). PSO utilizes particles of candidate solutions to 
evolve an optimal or near optimal solution to a problem. The degree of optimality is 
measured by a user defined fitness function [6]. PSO is a powerful and computation-
ally efficient method which has relatively few parameters. This method is resistant to 
being trapped in local optima. On the other hand, HS is a relatively new meta-
heuristic optimization algorithm. It has been approved as an effective method in many 
optimization problems [7], [8] and [9]. The effort to find harmonies in the music is 
analogous to discover the optimality in an optimization problem. Harmonies are re-
garded as solution vectors, therefore the perfect harmonies are optimal solutions in 
which their fitness are measured by a function defined by the user [7]. The aim of this 
paper is to improve the results of [5] and compare them with HS. PSO algorithm is 
shortly discussed in third section and HS is briefly introduced in fourth section. In 
section five, a case study is presented including a comparison between PM, PSO and 
HS, and a discussion on the efficiency of the algorithms. Section six is dedicated to 
the conclusion. 

2   Particle Swarm Optimization 

PSO has its roots in social psychology, engineering and computer science [6]. Parti-
cles defined as initial solutions of an optimization problem, are flown through the 
problem space. Each iteration, every particle’s velocity is stochastically accelerated 
toward its previous best position (where it had its highest fitness value) and toward 
its globally seen best position (where it is the best seen fitness value by all parti-
cles). The original PSO algorithm [6] initializes the position of each particle (solu-
tion) with random values and updates them using an individual term (individual 
learning attitude toward a behavior) and a social term (cultural transmission or sub-
jective norm) [6]. 

The PSO algorithm samples the search space by modifying the velocity term. The 
direction of the movement is a function of the current position and velocity, which is 
defined as the weighted sum of the difference between the particles current position 
and it’s locally best seen position by the particle and the difference between the parti-
cles current position and globally best seen position by all particles. 

The pseudo code of the basic PSO in the space of real numbers is: 

doRbaivbaUx n
ii  , particles, ofnumber  ,0],[ ⊂==∀∧∈∀

rrrrrrr
 

do convergednot  while  
doifor  particles ofnumber   to1 =  

]1,0[, 21 Urr
rrr ∈  

 



196 A. Shirvani et al. 

 

)).1(.())1(.()1()( 2211 −−+−−+−= txprctxprctvtv igiiii

rrrrrrrr ω ).()1()( tvtxtx iii

rrr
+−=

 
)())(( txpptxfitnessif iiii

rrrr
=→<

 
)())(( txpptxfitnessif iggi

rrrr
=→<

 
end  

end  
solution  theis gp

r

 

where ba
rr

, are input boundaries, ω is the momentum coefficient,
 ip
r

is the local best 

vector,
 gp
r

is the global best vector, fitness is a user defined function to evaluate the 

optimality of the solution. 

3   Harmony Search Optimization 

Geem et al. formalized harmony search into three quantitative optimization processes: 
usage of harmony memory, pitch adjustment and randomization [7]. The usage of 
harmony memory (HM) is important because it ensures that good harmonies are con-
sidered as elements in the new solution vectors. In order to use this memory effec-
tively, the HS algorithm uses the harmony memory accepting rate. Low values of this 
parameter causes selection of elite harmonies and it may converge slowly. If this 
parameter is set to high values then pitches in the memory is often used and other are 
not explored well. The second component is the pitch adjustment which has parame-
ters such as pitch bandwidth and pitch adjustment rate. As pitch in music means 
changing the frequency, it is slightly different in HS algorithm [7], [8]. The third 
component is randomization, which is to increase the diversity of the solutions. Al-
though the pitch adjustment has a similar role, it is limited to certain area and thus 
corresponds to a local search. The use of randomization can derive the system further 
to more exploration to attain global optimality. The harmony search algorithm is 
summarized below. 

begin 

Define objective function T
dxxxxxf ),...,(),( 2,1=

rr
 

Define harmony memory accepting rate ( acceptr ). 

Define pitch adjustment rate ( par ) and other parameters 

Generate harmony memories with random harmonies 
while (t < max number of iterations) 

while (i <= number of variables) 
if (rand < acceptr ),  

Choose a value from HM for the variable i 
if (rand < par ),  

Adjust the value by adding certain amount 
endif 
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else Choose a random number 
endif 

endwhile 
Accept the new harmony (solution) if better. 
endwhile 

Find the current best solution. 
end 

4   Case Studies and Discussion 

Given a linear phase FIR filter of order M with pω and sω specified, the frequency 

response of the corresponding filter designed by PM algorithm is given by (6). We 
would like to obtain the coefficients that minimize (7). The fitness functions, fit-
ness1and fitness2, are defined as (12) and (13). 
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A linear phase FIR filter with order M=20, pω =0.4, sω  =0.45
s

p
δ

δ =1 is considered. 

Tables 1 and 3 demonstrate the results of application of fitness1and fitness2 for PSO 
and PM with 300 iterations and 20 particles. Tables 2 and 4 depict the outcomes of 
using fitness1 and fitness with 400 iterations for PSO of 75 particles. Harmony mem-
ory size is 30 and 10000 iterations are considered for HS. Figures 1 to 3 shows the 
frequency responses of each method. Overshoots in pass and stop bands and variance 
error at these regions are comparable. Results are achieved with lower number of 
particles, less iteration numbers and smaller variance error and overshoots for case 
studies 1 and 2 than [5], which uses 75 particles and 500 iterations for PSO and lim-
ited stop band of 0 to 0.5. It also reveals that 20 particles (instead of 75 in this case) 
suffice to achieve a good result. 

Table 1. The first case study results for PSO and PM 

Method fitness1 pbve1 sbve2 pbo3 sbo4 

PSO 0.171291 0.008166 0.001453 0.339790 0.150619 

PM 0.1663 0.013692 0.002620 0.332161 0.165710 

                                                           
1 Pass band variance error. 
2 Stop band variance error. 
3 Pass band overshoot. 
4 Stop band overshoot. 
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Table 2. The first case study results for PSO, HS and PM 

Method fitness1 pbve sbve pbo sbo 

PSO 0.158356 0.008634 0.001518 0.311970 0.155654 

HM 0.157399 0.002198 0.002351 0.200313 0.176859 

PM 0.1663 0.013692 0.002620 0.332161 0.165710 

Table 3. The second case study results for PSO 

Method fitness2 pbve sbve pbo sbo 

PSO 0.295253 0.006436 0.001550 0.290326 0.140993 

PM 0.3326 0.013692 0.002620 0.332161 0.165710 

Table 4. The second case study results for PSO, HS and PM 

Method fitness2 pbve sbve pbo sbo 

PSO 0.288781 0.004435 0.001804 0.253827 0.144400 

HS 0.284451 0.004487 0.001333 0.270248 0.141455 

PM 0.3326 0.013692 0.002620 0.332161 0.165710 
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Fig. 1. Frequency response of tables 1 and 2 for PM and PSO (left and right) 
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A brief analysis of computational complexity also shows that HS is much simpler 
in implementation (additions, multiplications and inner loops) than PSO, thus in every 
iteration of HS, it has less run time than PSO. The error plots illustrates that the re-
sults are not premature and early convergence is avoided. Conclusions are accom-
plished through several repetitions of PSO and HM. 
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Fig. 2. Frequency response of the tables 3 and 4 for PM and PSO (right and left) 
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Fig. 3. Frequency response of the tables 2 and 4 for PM and HS (left and right) 

5   Conclusion 

This paper presented two meta-heuristic optimization methods, PSO and HS, to obtain 
optimal coefficients of a linear phase FIR filter. The results were compared with a  
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prior application of PSO and a traditional PM approach. It was elucidated that the 
obtained results were superior in both quantitative and qualitative measures such as 
number of iterations, particle count, variance error and overshooting in stop-band and 
pass-band. An analogy between PSO and HS revealed that although PSO is fast, it has 
higher computational order than HS. Furthermore, the variance error acquired by HS 
is less than PSO. Both methods are easy to implement and have few parameters. By 
adjusting these parameters at each iteration, the convergence rate can be changed to 
make a tradeoff between exploration and exploitation. The changes in the parameters 
directly affect the convergence rate and as mentioned earlier, these methods would 
not trap in local optima theoretically because of stochastic behavior. 

These approaches can be used in wide spectrum of filter design applications. 
Working on benchmark results, obtaining quantized coefficients, and other error 
analyses are the interests in further research efforts. 
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Abstract. In this paper, a new steganalysis method is introduced based on hu-
man visual system. Steganalysis uses the effect of steganography on the statisti-
cal characteristics to detect if such effect exists or not.  Steganography methods 
do not have the same effect on all of the pixels of an image. We use local in-
formation to select the best area. We cannot use each individual pixel for  
feature extraction, so we use blocks. At first, segmentation and clustering algo-
rithm are employed to detect the best segments for steganalysis. In the next 
step, the features based on wavelet are extracted. At the end, Support Vector 
Machine is applied as the classifier. The performance of this algorithm is veri-
fied by experimental results. The results show that the detection accuracy of our 
method reaches 98.67% for true positive and 90.67% for true negative  
when 100% capacity of the image is used with spread spectrum steganography 
algorithm. 

Keywords: Human Visual System, Segmentation, Fuzzy Clustering, Support 
Vector Machine. 

1   Introduction 

Steganography is the art of transferring hidden data without arising any suspicion. 
Steganography algorithms usually use a cover media for transferring and hiding the 
information. While the users and applications of steganography are very diverse, 
unfortunately terrorist groups and malicious users show special interest in it. There-
fore, law enforcement agents should find a way to detect the existence of secret  
communication.  

Steganalysis is the art of detection of such communications. Perfect steganography 
doesn’t have any effects on the cover [1]. Therefore, in theory it isn’t detectable. 
However, all practical steganography algorithms have some kind of effects on the 
cover and hence can be detected. Based on these residual effects many algorithms 
have been proposed for steganalysis. Some mathematical approaches such as [2, 3] 
are proposed for detecting the hidden communication and information extraction. 
However, the mathematical approach has many assumptions about the steganography 
algorithm and in real world such information isn’t available. 
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In [4], the visual attack was used for steganalysis. This type of steganalysis algo-
rithms was limited to some steganography methods such as Least Significant Bit 
(LSB) steganography. 

However, most successful steganalysis algorithms were proposed based on ma-
chine learning. To apply a learning algorithm, we should first extract a feature vector. 
After feature extraction, we need to train a classification algorithm. In [5], it was 
assumed that stego-image has more complexity than clean-image. The authors used 
Laws' image texture to measure the complexity of the image and at the end, used 
SVM as the classifier. In [6], the authors used the correlation of pixels in the images. 
They supposed that steganography algorithm decreases the correlation that exists 
between pixels in an image. Therefore, they extracted a Co-Occurrence matrix for 
images. In the next step, feature vector was extracted from the Co-Occurrence matrix.  

In [7], the authors used two-dimensional Moment of Characteristic Function (MCF). 
The MCFs were extracted from sub bands of DWT from image and prediction error 
image. In [8], they used the moment of DCT block histogram with different sizes. The 
authors of [9] used the extracted feature form DCT domain. First, they divided the 
image into blocks with 8×8 sizes and calculated the two dimensional DCT. The corre-
lations between block-DCT in intra-block and inter-block were exploited as the fea-
tures.  The authors in [10] used information theory in active steganalysis domain. At 
first the cover was estimated with maximum a posteriori probability (MAP). Then they 
applied ICA to separate the message and cover form each other. Their experiment 
shows that 75% of embedded message can be extracted for large message sizes. A 
comparative survey on the different methods on steganalysis is given in [11].  

In this paper, a new steganalysis method is introduced. At first, according to ex-
tracted features form sub-block of the images, we selected the best sub-blocks. Then 
wavelet feature are extracted form selected blocks. Finally the stego-images are de-
tected with SVM classifier. Remainder of this paper is organized as follows:  
Sections 2 covers the description of our method that contains the segmentation 
method and clustering of the segments. We explain feature extraction and classifica-
tion in Section 3 and 4, respectively. In Section 5, we demonstrate our experimental 
results. Conclusions are drawn in Section 6. 

2   Segmentation and Clustering the Segments 

Some of adaptive steganography methods use local information for embedding the 
data. They insert the data in selected regions. For selecting these regions, they use the 
places that Human Visual System (HVS) is less sensitive in them and therefore they 
use HVS model in their data insertion policy [12]. This idea inspires us to use the 
HVS model to break the steganography algorithm. 

Based on pattern recognition techniques, image textures can be categorized in four 
groups: regular, near regular, irregular and stochastic. The difference between these 
groups is in the regularity level of the texture [13].  

If we compare the stego-images with clean-images, we find that with inserting data 
in the image, its textures and edges are increased [5]. The feature based on texture of 
image has better results for breaking the steganography methods that work on select-
ing pixels for inserting data. 



 Blind Image Steganalysis Based on Local Information and Human Visual System 203 

In this paper, we use HVS model for classifying the sub-blocks of the images un-
der test. In our method, in the first step we classify the segments of an image into 
three classes. Every block shows a different level of image texture.  

The important point in our proposed method is the segmentation. Classification of 
the images’ blocks is done based on HVS model of the blocks. We use the HVS 
model described in [14] to determine maximum tolerance (MT) of DCT coefficients 
before the changes are sensible. The proposed method contains one function for sensi-
tivity and two for masking components based on luminance. At first we break the 
image into disjoint blocks with 8×8 pixels. Then we calculate DCT coefficients for 
every block of the image. We show i, j-th pixel in k-th blocks DCT number  
with C[i,j;k] (in blocks with 8×8 pixels, 1≤i, j≤8). Every block contains 16 DCT  
coefficients. 

For sensitivity function, we use a sensitivity table. This table shows the smallest 
value of DCT coefficients for a block that is discernible without masking noise. 
Therefore, the smaller values in Table 1 show that the eye is more sensitive to them. 

Table 1. DCT frequency sensitivity table [15] 

j     i 1 2 3 4 5 6 7 8 
1 1.4 1.01 1.16 1.65 2.4 3.43 4.79 6.55 
2 1.01 1.45 1.32 1.52 2 2.71 3.67 4.93 
3 1.16 1.32 2.24 2.59 2.98 3.64 4.6 5.88 
4 1.66 1.52 2.59 3.77 4.55 5.3 6.28 7.6 
5 2.4 2 2.98 4.55 6.15 7.46 8.71 10.17 
6 3.43 2.71 3.64 5.3 7.46 9.62 11.58 13.51 
7 4.79 3.67 4.6 6.28 8.71 11.58 14.5 17.29 
8 6.56 4.93 5.88 7.6 10.17 13.51 17.29 21.15 
 

 
Luminance adaptation indicates the boundary of DCT changing for denoting the 

increasing the intensity of the block. For each block (k), the luminance masked 
threshold can be calculated based on Eq. (1). 
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where t[i,j] is the i, j-th element of sensitivity matrix, aT is the DC coefficient of the k-
th block in c (set to 0.649 [14]), C0,0 is the mean DC coefficient in the image.  

Another parameter that affects MT is contrast masking. This parameter determines 
the amount of modification in a frequency that can be invisible to eye by considering 
the energy presented in the frequency.  

0.3 0.3
0( , , ) max{ [ , , ], [ , , ] [ , , ]L Ls i j k t i j k C i j k t i j k= ×  (2)

s(i,j,k) determines the amount of acceptable change for C[i,j;k] before breaking the 
JND threshold. For each block we use the mean of s(i,j;k) and call them s(k). 

In the next step of our method we should assign every block into one of the classes. 
At first we should define the classes. It is an important phase, because in continuation 
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of this method, we want to select the best class for feature extraction. To determine 
the classes, Fuzzy Clustering (FC) algorithm is used. 

In the training step of the clustering, we calculate s(k) for 20 randomly selected im-
ages of our database. After extracting a mean value of DCT coefficient for every 
block, we use FC for clustering the blocks into three clusters. The outputs of the clus-
tering are the center of each class that is used in the labeling step. In labeling phase, 
we determine the label of input block (class-1, class-2 or class-3). Each block is as-
signed to the class with the minimum Euclidian distance to the feature of the block. 
The area with low texture is the best area for image steganalysis, therefore we select 
the block of class 3 for feature extraction. 

3   Feature Extraction 

The feature vector should be sensitive to the embedded data and not to the cover. The 
performance of wavelet transform for feature extraction is demonstrated in [1]. There-
fore, in this paper we use wavelet domain features similar to the feature vector in [16].  

In the feature extraction phase, at first, we apply a 3-level wavelet on the image. 
We denote the vertical, horizontal and diagonal of level n of the wavelet by hn(i,j), 
vn(i,j) and dn(i,j), that i and j are the index of the sub-band. At the next step, the sub-
bands of the clean image are estimated with local variance and Wiener filer. We use 
the MAP to estimate the local variance of the clean image. The MAP estimation is 
applied for neighborhood of size N∈{3, 5, 7, 9} with Eq. (3). 
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where σ0
2 is a constant parameter and according to [16] set to 0.5, wn denotes the 

wavelets’ sub-bands in level n (wn∈{hn, vn, dn}) and N is the neighborhood size. After 
the estimation of the local variances of the every sub-band is done, the Wiener filter is 
applied to estimate the clean sub-band coefficients with Eq. (4).  
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Then we should calculate the difference between the estimated and the original sub-
band; we call them “estimation error” For each sub-band (vn, hn and dn, n∈{1,2,3}), the 
three first absolute central moments of the estimation error is calculated using Eq. (5): 
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and en is the estimation error in level n and ||en|| denotes the size of estimation error of 
sub-band. The Feature vector is extracted for each block of class-3 separately.  
Because of limitation classifier for input feature vector, the average of the feature 
vectors is used for classification.  

4   Classification 

After feature extraction, we should classify the signals into two classes. We need a 
classifier algorithm to assign a label to the features that are: clean or stego-image. 
Support Vector Machine (SVM) is a useful method for data classification. A classifi-
cation problem involves two steps: training and testing. SVM at first learn and then 
use the learned data in tests phase. So the goal of train of SVM is preparing a model 
from the training set [17]. In the test phase, SVM uses the model for prediction. The 
SVM has two main categories: linear algorithm and non-linear algorithm. In linear 
algorithm we found an optimum hyper plane for data separation according to train 
data. Some training data are selected to show the hyper plane. The Selected data are 
called the support vectors. In non-linear algorithm, we map the dimension of data to a 
new space with higher dimensions. Data in the new space should be linearly separa-
ble; then we use linear SVM algorithm in this new space. To decrease the computa-
tion in the new space, kernel trick is used. 

For every step, we should determine the data set (this is explained in the Experi-
ment results Section, below). In our method, we use LibSVM with RBF kernel as the 
classifier. In the proposed method because of HVS model, we have some limitations 
(e.g. the size of base block). So if we use HVS model with less limitation, we could 
get more local information from image. 

5   Experiment Result 

We should verify our method with a database. We select the images of our database 
from two databases that can be downloaded from [18, 19]. According to [20], using 
multiple databases reduces the steganalysis performance. To generate stego-image, 
three methods of steganography have been used: Spread Spectrum (SS), Spread Spec-
trum Image Steganography (SSIS) and StegHide (downloaded from [21]). 

For each steganography tool, 1000 random images are selected from 3714 images. 
After selection, the center block of the image with a size of 256×256 is selected and 
saved as a grayscale image with TIFF format. The tools are applied to 50% of the 
selected images (for every tool, we have 500 stego-images and 500 clean images). 
The remaining images were used as the clean images. 100% of the embedding capac-
ity for each image has been used in the steganography methods. Therefore, for each 
image, every tool itself determines the full capacity of the image, and inserts that 
much data. We use random data with Gaussian distribution as the message.  

To have a comparison, we selected three steganalysis methods (from [22, 16, and 
1]). To have a fair comparison, the selected methods are applied to our database and 
the required feature vectors for each method are extracted. 
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After the feature extraction, we divide the feature vectors into training and test. 
70% of the total feature vectors are used in the training phase of the classification, and 
the remaining 30% feature vectors are used in the test phase.  

The training vectors for each method are applied to the classifier for extracting the 
model.  

After training the classifier, we start the test phase. Table 2 shows the results of our 
method in breaking three different steganography methods. Fig. 1 shows the differ-
ence between Accuracy, True Positive (TP) and True Negative (TN) percentages of 
our method and three other steganalysis methods for breaking three steganography 
methods. 

Table 2. The Accuracy, False Positive (FP), False Negative (FN), TP and True Negative (TN) 
percentage of our method for breaking 3 steganography methods 

Steganography Method Accuracy FP FN TP TN 
SS (with c =1) 87.50 15.00 10.00 90.00 85.00 
SS (with c =2) 94.67 9.33 1.33 98.67 90.67 

SSIS 86.43 17.14 10.00 90.00 82.86 
StegHide 68.75 43.75 18.75 81.25 56.25 
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Fig. 1. (a), (b) and (c) are respectively the comparison of the Accuracy, TP and TN (percent-
age) of our method and the other three steganalysis methods 
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In the above table, the performance of our method applied on three steganography 
methods is showed. The best accuracy rate of our method is on SS method with c=2. 
The important point of this table is the balance results in different rates of our method 
under different steganography tools. In our method the difference between TP and TN 
is not significant. However, TP in our method is larger than TN and this is important 
in steganalysis algorithms. 

In above figures, our method is compared with three different steganalysis meth-
ods. The experimental results show that the proposed method has outperformed the 
other methods. Because of different length of inserted message with StegHide, all 
methods have low accuracy. However, the smallest difference of our method and 
other method occur for method [1] in SSIS that is 10%. 

6   Conclusions 

Steganalysis and steganography are two methods that compete against each other. 
Steganography hides information and steganalysis tries to detect it. In blind stegana-
lysis, we don’t have any assumptions about the type of the steganography method. As 
a result, we should detect only based on the received signal. 

We introduced a new blind steganalysis in this paper. In the proposed method more 
information is extracted from the image, in addition to the feature vector. 

We segmented the image and only extracted the feature vector from the suspected 
segments of the image. Therefore, we expected more accuracy rate in comparison to 
the other methods. The results of our experiments confirm our prospect that if we 
extract the features considering the texture of each block, the performance of the 
method improves. 
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Abstract. This paper proposes an off-line, text-independent, Arabic writer iden-
tification approach, using a combination of probability distribution function 
(PDF) features. In writer identification, the success of PDFs in terms of homo-
geneity, classification and identification rates encouraged researchers to study 
them with different types of structural features. Intensive experiments achieved 
on 82 writers from the IFN/ENIT database show, in particular, that 6 simple 
feature vectors based on the length, direction, angle and curvature measure-
ments, which are extracted from the minimum-perimeter polygon (MPP) con-
tours of the pieces of Arabic words, can be used to reach promising Arabic 
writer identification rates. The results are obtained using a set of distance  
metrics and the Borda ranking algorithm for classification, and the best identifi-
cation rates are 90.2% for top1, and 97.5% for top10, which confirm the  
consistency of the proposed approach. 

Keywords: behavioural biometrics, OCR, text-independent Arabic writer iden-
tification, off-line handwriting recognition, structural features combination,  
classification. 

1   Introduction 

The handwriting-based identification of individuals is a behavioural recognition mo-
dality that is becoming an increasingly active research area of the pattern recognition 
domain [1]. It generally proceeds by matching unknown handwritings against a data-
base of samples with known authorship. Moreover, current writer identification tech-
niques can be classified into on-line vs. off-line, text-dependent vs. text-independent 
and structural vs. statistical [1],[2]. 

Handwriting-based writer identification concerns a broad range of real-world ap-
plications, ranging from forensic [3] and historical document analysis [4], to hand-
writing recognition system enhancement [5]. Its recent and good performances make 
it to a certain extent a comparable tool to the strong physiologic modalities of identi-
fication, such as DNA and fingerprints [2]. However, a number of difficulties and 
challenges remains an open study field. In particular, handwriting as neuro-motor  
behaviour is viewed as an inherently stochastic and therefore noisy process [6]. As a 
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result, an important challenge consists in developing and enhancing techniques that 
capture writer uniqueness (between-writer variability) while being reasonably insensi-
tive to same writer style variations (within-writer variability) [7]. In some studies, the 
within-writer variability is explained according to biophysical and biomechanical fac-
tors on the one hand, and to psychological factors on the other hand. The biophysical 
and biomechanical factors consist of the intrinsic motor system signal-to-noise ratio 
[8], and the kinematic adaptation of the neuro-motor system and the motor effectors 
to various writing settings [9]. And the psychological factors are mainly related to the 
writer’s stress level and psychological attitude [6]. Also, the handwriting may sponta-
neously change during the writer’s life time [10], not to mention the ability of writers 
to voluntarily alter their handwriting style. 

Despite the growing interest in writer identification, Arabic writer identification 
has not been addressed as extensively as Latin or Chinese writer identification for ex-
ample, until recently [11]. In fact, a number of new approaches has been proposed for 
Arabic in recent years. In particular, Faddaoui and Hamrouni opted for a set of 16 
Gabor filters [12] for handwriting texture analysis. Also, Nejad and Rahmati used a 
Gabor multi-channel based method [13] for Persian writer identification. Similarly, 
Ubul et al. proposed another Gabor multi-channel wavelet for the Uyghur language in 
China [14], which is written using the Arabic and the Persian characters. On the other 
hand, Al-Dmour and Zitar addressed the problem of Arabic writer identification using 
a set of hybrid spectral-statistical measures [15]. In [16], Gazzeh and Ben Amara ap-
plied spatial-temporal textural analysis in the form of lifting scheme wavelet  
transforms. Angular features were considered as well in the task of Arabic writer 
identification. Indeed, Bulacu and Shoemaker [11] considered a set of edge-based 
joint directional probability distributions, like contour-direction probability distribu-
tion function (PDF), contour-hinge PDF and direction co-occurrence PDF. To im-
prove performance, joint directional probability distributions were combined with 
grapheme-emission distribution. Similarly, Al’Maadid et al. [17] employed edge-
based directional probability distributions, combined with moment invariants and 
structural word features, such as area, length, height, length from baseline to upper 
edge and length from base line to lower edge. On the other hand, Abdi et al. used 
stroke measurements of Arabic words, such as length, ratio and curvature, in the form 
of PDFs and cross-correlation transform of features [18]. Also, Rafiee and Motavalli 
[19] introduced a new Persian writer identification method, using baseline and width 
structural features, and relying on a feed forward neural network for the classification. 
In [20] as well, Ben Amara and Gazzeh used neural networks and support vector ma-
chines on Arabic handwriting for writer identification. 

This paper presents a novel approach for off-line, text-independent Arabic writer 
identification. In this approach, six feature vectors are computed from the handwrit-
ing. The feature vectors are the following: weighted edge direction PDF (f1), edge 
length/direction PDF (f2), angle PDF (f3), angle co-occurrence PDF (f4), cross-
correlation of angle co-occurrence distribution (f5) and curvature PDF (f6). In addi-
tion, classification is carried out using a set of distance metrics and the Borda ranking 
algorithm [21]. The remainder of this paper is organized as follows: Section 2 de-
scribes the proposed approach. Section 3 details and explains the feature vectors  
extraction. Experiments and obtained results are presented and discussed in section 4. 
Finally, the conclusion of this work is drawn in the last section. 
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2   Proposed Approach 

This approach deals with free-style, unrestrained, cursive Arabic handwriting. In par-
ticular, it captures writer individuality using a set of writer-sensitive feature vectors. 
These feature vectors are in the form of PDFs and cross-correlation transforms of fea-
tures. The choice of PDFs is justified by their reported discriminative capacity in the 
context of stochastic processes in general, and of text-independent writer identifica-
tion specifically [2]. In addition, PDFs are homogenous and do not require complex 
classification schemes to give satisfactory identification rates. Indeed, the simple dis-
tance metrics for classification, and the Borda ranking algorithm for feature combina-
tion, led to promising results in our experiments. The feature vectors in this approach 
are computed from Arabic word contours: First, pieces of Arabic word (PAW) con-
tours are obtained. Then, length, direction, angle and curvature measurements of 
edges are extracted from the minimum perimeter polygon (MPP) approximation of 
the obtained contours. Finally, the measurements are counted and normalised in PDFs 
and cross-correlation distributions and used in the classification step. 

3   Feature Extraction 

In this section, feature extraction is described, and feature vectors are explained. First, 
diacritic points are removed (Fig. 1 (a), (b)). Then, the handwriting image is morpho-
logically dilated (Fig. 1 (c)). Finally, the 4-boundary image b ∈ {0, 1}x of the  

 

 
(a)    (b) 

 
(c)    (d) 

Fig. 1. (a) An Arabic handwriting image sample. (b) Diactric points are removed. (c) Handwrit-
ing image is dilated. (d) PAW contours obtained in the 4-boundary image of the sample. Gen-
erally, a PAW body corresponds to a connected-component in the handwriting after diacritic 
point removal. 
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handwriting is identified in order to extract PAW contours (Fig. 1 (d)): a pixel x be-
longs to the boundary if it is “on”, and has at least one “off” pixel in its four 
neighborhood N4 (x) [22],[23]. 

[ ]41 if  = 1 and ( ) 0..3
( )

0 otherwise .

N⎧ ∈⎪= ⎨
⎪⎩

∑x x
b x

 

(1)

After contour extraction, contours are approximated. For this purpose, a minimum-
perimeter polygon (MPP) algorithm with a 3 × 3 pixel grid is used [24]. Therefore, 
only the essential of the contour shape is retained as a simple polygon (Fig. 2). 

 

Fig. 2. An example of MPPs obtained using different grid sizes. Contour protrusions disappear 
with grid size increase. MPPs that no longer represent sensibly their respective PAWs outlines 
are filled in darker color. 

Then, the following four edge measurements are taken: 

• Length (L): represents the number of pixels in the edge. An edge is considered up-
per if it is located above the PAW central line, and lower otherwise, 

• Direction (φ): denotes the edge angle relatively to the horizontal straight line  
(Fig. 3 (a)). φ is computed using the law of cosines. 0 < φ ≤ π, an edge is consid-
ered vertical if  π/4 ≤ φ ≤ 3π/4, and horizontal otherwise, 

   

(a)    (b)  (c) 

Fig. 3. (a) Edge direction (φ) relatively to the horizontal straight line. (b) Angle (θ) formed by 

two adjacent edges. (c) Curvature (C): 
||||||||

||||
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c
+
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• Angle (θ): represents the angle formed by two adjacent edges (Fig. 3 (b)). Simi-
larly toφ, θ is determined using the law of cosines. 0 < θ ≤ π, no distinction is made 
between concave and convex angles [24]. An angle is considered upper if its vertex 
is located above the PAW central line, and lower otherwise, 

• Curvature (C): obtained by dividing the distance between the extremity endpoints 
of two adjacent edges by the sum of the edge lengths (Fig. 3 (c)). C ∈ [0, 1]. 

Next, the following six feature vectors are computed using the contour measurement 
information. These features fall in 3 categories: direction features, angle features and 
curvature features [17], [25], [26]. 

3.1   Weighted Edge Direction Probability Distribution Function (f1) 

Direction features are strongly influenced by the handwriting slant, which is an essen-
tial and straightforward component of the individual handwriting style. Direction fea-
tures are insensitive to scale. However, these features are particularly sensitive to 
writing settings (the wrist and writing surface positions, the pen-grip etc.) and are sub-
ject to the writer’s psychological attitude or his/her voluntary control [6],[9]. 

      

   

Fig. 4. The weighted edge direction PDF of two Arabic handwriting image samples, plotted in 
polar diagrams. max(pu(φL)) and max(pl(φL)) represent respectively the dominant upper and the 
dominant lower slants of the handwriting. 

The weighted edge direction PDF, denoted p(φL), is the probability distribution of 
direction (φ) weighted by length (L) (Fig. 4). A total of 16 direction intervals is  
considered. First, the histograms of edge lengths sum per direction are computed 
separately for upper and lower edges. Then, these histograms are normalised, and in-
terpreted respectively as weighted upper edge direction PDF, pu(φL), and weighted 
lower edge direction PDF, pl(φL). Finally, p(φL) is considered as the concatenation of 
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the two PDFs. It represents a 32-dimensionnel feature vector. In literature, a similar 
feature vector is described in [11]. 

3.2   Edge Length/Direction Probability Distribution Function (f2) 

The following 608-dimensionnel feature vector is the co-probability p of length (L) 
and direction (φ), denoted p(L, φ). L is considered from 1 to 76 by intervals of 2 pixels 
(Fig. 5 (a)). As for φ, a total of 16 direction intervals is retained. The edge 
length/direction PDF is computed separately for vertical edges, pv(L, φ) (Fig. 5 (b)), 
and horizontal edges, ph(L, φ) (Fig. 5 (c)). Similarly to (f1), p(L, φ) is formed by the 
concatenation of pv(L, φ) and ph(L, φ). 

    

        (a)          (b)          (c) 

Fig. 5. (a) An Arabic handwriting image sample. (b) The vertical edge length/direction PDF of 
the sample, pv(L, φ). (c) The horizontal edge length/direction PDF of the sample, ph(L, φ). 

This feature vector gave one of the best identification rates. However, it is the only 
considered feature vector in our approach which is scale sensitive [27]. 

3.3   Angle Probability Distribution Function (f3) 

Angle measures are used to capture the handwriting roundness/sharpness by the mean 
of angle intervals, which are experimentally proven to reflect efficiently writer 
uniqueness (Fig. 6 (a),(b)). Angle features are described as more stable than features 
that mainly depend on the sole slant direction, and are largely insensitive to scale 
[17], [27]. 

In the angle PDF, angle instances are counted by intervals into a histogram having 
24 bins. The histogram is normalized to a probability distribution, denoted p(θ), in the 
form of a 24-dimensionnel feature vector. Despite its low dimensionality compared to 
the rest of the described features, this feature vector performed well in terms of identi-
fication rates. 

3.4   Angle Co-occurrence Probability Distribution Function (f4) 

The angle co-occurrence PDF, denoted p(θ1, θ2), is the co-probability distribution p of 
two consecutive angles θ1 and θ2 on the PAW MPP contour approximation. Both  
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(a)    (b) 

Fig. 6. The log-normalised polar diagram of the angle PDF, p(θ). Two Arabic handwriting im-
age samples are considered: (a) a “rounded” handwriting style. (b) a “sharp” handwriting style. 

angles, θ1 and θ2, are taken from 0 to π by intervals of π/24, which performed best 
and are retained for experimentation on handwriting image samples (Fig. 7 (a)). In-
deed, the resulting normalised distribution is a 576-dimensionnel feature vector (Fig. 
7 (b)). This feature vector gave the best results among the described features in this 
approach. 

 

(a)    (b) 

Fig. 7. (a) An Arabic handwriting image sample. (b) The angle co-occurrence PDF of the sam-
ple, p(θ1, θ2). 

3.5   Cross-Correlation of Angle Co-occurrence Distribution (f5) 

This feature vector is justified by our experimental results confirming that cross-
correlation between probability distributions efficiently reflects writer individuality 
[18]. In particular, it reflects how strong upper angle and lower angle co-occurrence 
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PDFs, respectively denoted pu(θ1, θ2) and pl(θ1, θ2), are related using the cross-
correlation transformation. 

),((5 21 θθupf = )),( 21 θθlp  . (2)

(f5) represents the PDF of the difference between the random variables having the an-
gle probability distributions pu and pl. The obtained feature vector is 1151 values in 
length. 

3.6   Curvature Probability Distribution Function (f6) 

Curvature is a scale-independent ratio measure of contours. It is also fairly discrimi-
native according to our experiments. Besides, curvature is described as complemen-
tary to angle measure [18],[26]. 

The computation of this 32-dimensionnel feature vector, denoted p(C), starts by 
counting curvature instances by intervals into a histogram having 32 bins. Then, the 
histogram is normalised to a probability distribution function, in order to finally ob-
tain the feature vector. 

4   Experimental Results 

Training and testing are performed on 82 writers from the IFN/ENIT database  
(Fig. 8). The database consists of 26,459 images of 937 Tunisian villages and town 
names. It is widely considered as a major database for the evaluation of Arabic hand-
writing recognition systems. Indeed, it was used for the ICDAR 2005 Arabic OCR 
competition [28]. However, one difficulty that arises is the lack of data per writer. In 
fact, only an average of 60 words is available per writer. This constitutes a challenge, 
since dealing effectively with handwriting, as a stochastic process, depends on the 
amount of training data in use. 

 

Fig. 8. Arabic handwriting image samples from the IFN/ENIT database, belonging to different 
writers 
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The effectiveness of our approach is tested via two types of experiments: the first 
type is designed to evaluate feature vectors individually, whereas the second type is 
aimed at testing feature vector combinations. The handwriting is considered at a reso-
lution of 96dpi, in the form of b/w word padded image samples. Approximately, 66% 
of the data is used for training and 34% for testing, while keeping the training and the 
testing sets strictly disjoint. As for classification, several commonly used distance 
measures are tested, such as: χ², Euclidean, standardized Euclidean, Manhattan, Ma-
halanobis, Minkowski, Hamming and Chebechev. In Table 1, the best performing dis-
tance metrics for the contour-based features are presented. 

Table 1. Overview of the contour-based feature vectors used for writer identification, their di-
mensionality and best forming distance 

Feature Explanation PDF Dim. Distance 
f1 Weighted edge direction p(φL) 32 χ² 
f2 Edge length/direction p(L, φ) 608 Manhattan 

f3 Angle p(θ) 24 χ² 
f4 Angle co-occurrence p(θ1, θ2) 576 Manhattan 
f5 Cross-corr. of angle co-occ. (pu(θ1, θ2)  pl(θ1, θ2)) 1151 S. Euclidean 

f6 Curvature p(C) 32 χ² 

 
For every feature, Table 1 shows its number, explanation, dimensionality and best 

performing distance metric between training and testing samples. On the other hand, 
Table 2 gives the individual feature vector identification rates. The feature (f4), which 
is an angle feature vector, shows the best identification rate of 71.9% for Top1, and 
96.3% for Top10. Moreover, the direction feature vectors performed well, with (f2) 
giving 65.8% for Top1, and 95.1% for Top10. However, the curvature distribution 
gave one of the lowest identification rates. But despite its individual performance, it 
influenced positively the identification rate of the feature combination. This could be 
explained by the complementarity of the curvature feature with the angle and the di-
rection features. 

Table 2. The individual identification rates of the contour-based feature vectors, using their 
best performing distance metrics as shown in Table 1 

 Identification (%) 
Feature. Top1 Top2 Top3 Top5 Top10 
f1 43.9 62.1 69.5 81.7 91.4 
f2 65.8 78.0 87.8 90.2 95.1 

f3 43.9 69.5 76.8 82.9 92.6 
f4 71.9 81.7 84.1 93.9 96.3 
f5 37.8 51.2 60.9 71.9 82.9 

f6 39.0 53.6 59.7 68.2 86.5 
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Next, the feature vectors are combined, and the results are presented in Table 3. 
The Borda ranking algorithm is used for the classification task as following [21]: 
First, the rank of writer candidates is retained according to the features. Then, the 
Borda rank is computed iteratively by merging ranks from the first to the last feature 
vector for each writer candidate. The features order is also indicated in Table 3. In 
every iteration t+1, the new rank r is merged with the existing one r~ of the previous 
iteration t. 

ttt rrr ~)α1(α~
11 −+= ++  (3)

Finally, writer candidates are classified according to the obtained ranks. Experimen-
tally, α = 0.6 , which gave the best identification rate, is retained. 

Table 3. The identification rates of the contour-based feature vector combinations 

 Identification (%) 
Feature combination Top1 Top2 Top3 Top5 Top10 
f2& f3& f4 82.9 89.0 91.4 95.1 96.3 
f4& f 3& f2 84.1 89.0 93.9 95.1 96.3 

f3& f1& f4& f2 87.8 91.4 93.9 96.3 97.5 
f3& f1& f2& f4 87.8 92.6 93.9 95.1 96.3 

f6& f1& f3& f4& f2 86.5 91.4 93.9 95.1 97.5 
f4& f6& f1& f3& f2 86.5 91.4 93.9 96.3 97.5 

f5& f6& f1& f3& f4& f2 89.0 91.4 95.1 95.1 97.5 
f5& f6& f1& f3& f2& f4 90.2 92.6 93.9 96.3 97.5 

 
 
As shown in Table 3, the best combinations are dominated by the best performing 

feature vectors (f4) and (f2). Indeed, these feature vectors are the last merged by the 
Borda ranking algorithm, giving them the biggest influence on the final ranks. The 
other feature vectors also enhanced the final combination in different proportions. The 
best feature vector combination involves all the feature vectors. In addition, it 
achieves 90.2% for Top1 and 97.5% for Top10. The results reflect the efficiency of 
our proposed approach, despite the reduced amount of training data. 

The comparison of the final results with other Arabic writer identification ap-
proaches is difficult. The difficulty is due, in fact, to the diversity of experimentation 
conditions in terms of writers count, database type and experimentation methodology. 
Moreover, most of the approaches prototypes aren’t available for a standard experi-
mentation set.  

5   Conclusion 

We proposed in this paper a novel approach for off-line, text-independent, Arabic 
writer identification. What makes this approach attractive is the simplicity and the ef-
fectiveness of the six feature vectors used, which are extracted from the minimum-
perimeter polygon contours of the pieces of Arabic words, based on length, direction, 
angle and curvature measurements. Intensive experiments were performed on 82  
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writers from the IFN/ENIT database, using a set of distance metrics and the Borda 
ranking algorithm for classification, and the best achieved results were 90.2% for 
top1, and 97.5% for top10. Several studies concerning especially the improvement of 
our approach and its adaptation to the writer verification are currently conducted. 
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Abstract. This paper presents a novel approach to reducing ringing artifact in 
digitally restored images by using multi-resolution edge map. The performance 
of reducing ringing artifacts depends on the accurate classification of the local 
features in the image. The discrete wavelet transform (DWT) provides effective 
insight into both spatial and frequency characteristics of an image. Through the 
DWT analysis, we show that ringing artifacts can be suppressed to a great ex-
tent by using multiple-level edge maps, which provide enhanced matching to 
local edges. Base on the experimental results, the proposed method can reduce 
ringing artifacts with minimized edge degradation by using DWT analysis.  

Keywords: Ringing Artifact, Multi-Resolution Edge Map, Discrete Wavelet 
Transform. 

1   Introduction 

In recent times, digital image restoration techniques have attracted increasing inter-
ests in various applications such as super-resolution and digital auto-focusing, to 
name a few. Therefore, the quality of the image is an important factor. As the image 
restoration technique has wider application areas, the ringing artifacts removal 
technique, which is the side effects of the image restoration process, becomes more 
necessary.  

Conventional image restoration algorithms, such as the constrained least squares 
(CLS) and the Wiener filter, try to reduce the processing time by using fast fourier 
transform (FFT). These approaches are often inappropriate for real applications be-
cause of linear space invariance assumption, which regularizes the restoration opera-
tion uniformly across the entire image. Such frequency-domain image restoration 
techniques result in ringing artifacts in the neighborhood of abrupt intensity transi-
tions due to the uniform amplification of the high-frequency component [1]. Ringing 
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artifacts generally results from the poor match between the stationary image model 
and the actual image data [2]. There have been various researches for reducing  
ringing artifacts. The adaptive post-filtering approach extracts local statistics and 
constructs an edge map of the image [3]. Accurate localization of edge alleviates 
ringing artifacts by using quantized discrete cosine transform (DCT) coefficients of a 
block containing a straight edge [4]. In this paper, we present a multi-resolution, 
computationally simple post-filtering approach to reduce ringing artifacts in the re-
stored images. 

2   Ringing Artifacts Removal Using the DWT-Based Adaptive 
Edge Map 

In this section we describe the proposed ringing reduction algorithm. The basic idea 
of the proposed algorithm is the application of DWT for making an edge map. 
Based on the human visual system, each pixel in an image plays a different role in 
describing the image. Since the human visual system is very sensitive to high fre-
quency changes and especially to edges in the image, the edges are very important 
to the perception of the image [3]. Therefore, the proposed algorithm is to classify 
local features in the restored image, and adaptively apply the smoothness con-
straints. As mentioned in the previous section, the restored image has ringing arti-
facts. In order to reduce ringing artifacts in the restored Image, we present detailed 
descriptions for edge extraction and the post filtering in the following subsections, 
respectively. 

2.1   Wavelet Analysis for Extracting Edge Region 

We suppose to have a restored image with ringing artifacts, which is the output of the 
well-known constraint least square (CLS) filter [5]. We use the incorporation of 
wavelet decomposition for finding the edge.  

Fig. 1. shows a 2D wavelet transform. The horizontal, vertical, and diagonal com-
ponent of the wavelet transform using Daubechies D4 wavelet is shown in Fig. 1(a). 
Note, for example, that the horizontal edges of the original image are present in the 
horizontal detail coefficients of the upper-right quadrant of Fig. 1(a). The vertical 
edges of the image can be similarly identified in the vertical detail coefficients of the 
lower-left quadrant. To combine this information into a single edge image, we simply 
set the approximation coefficients to zero, compute the inverse transform, and take 
the edge image resulting from the absolute value. In the same way, we take the edge 
image resulting in second-level decomposition Fig. 1(b). Fig. 2(a) shows edge detec-
tion results by computing the absolute value of the inverse transform coefficients in 
the first level and Fig. 2(b) in the second level. 

The main idea of the proposed method comes from the observation that the edge 
image resulting from the second level is clearer than the first level. A compromise 
between the two images obtains the more accurate edge map. 
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(a) (b) 

Fig. 1. First and second level decomposition (a) Degraded image of size 512X512 first-level 
decomposition (b) Degraded image of size 512X512 second-level decomposition 

 

  

(a) (b) 

Fig. 2. Wavelets in edge detection (a) The edge resulting from computing the absolute value of 
the inverse transform in first-level, (b) The edge resulting from computing the absolute value  
of the inverse transform in second- level 

2.2   Ringing Artifacts Removal 

According to the previous analysis, we find the major edge map. Ringing artifacts 
generally occur in the neighborhood of sharp edges in the image [6]. Such regions are 
marked both by the occurrence of high frequency entailed in the description of the 
sharp edge together with smooth regions on both sides of the edge. Ringing–artifact-
prone regions are detected by a series of morphological operations. The edge map is  
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dilated to indicate the region around the major edges. Then the actual edges are ex-
cluded. Fig. 3 (b) shows the ringing-artifact-prone region rendered by white color. 
Variation of grayscale values inside the detected region are due to the oscillations 
introduced by the ringing artifacts. Therefore the average variance of the pixel values 
in the DWT domain can be used to quantify the degradation. The classification is 
obtained by applying a pre-specified threshold to the variance values. Candidate edge 
regions ( ie ) are obtained as 
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(a) (b) 

Fig. 3. Mask used to control filtering for alleviation of ringing artifacts. (a) Original image, (b) 
Mask generated by selecting the proposed edge map (black), the pixel surrounding the edges 
(white). 

A smoothing operator, such as Gaussian filtering, alleviates ringing artifacts at the 
cost of blurring the sharp edges and other detail in the image. This trade-off has moti-
vated adaptive methods. One approach is to locate edges in the image and to perform 
filtering operation on condition to the proximity to edges [4]. The regions are marked 
as smooth, edge, and texture regions. An adaptive 3X3 low pass filter is applied to the 
pixel surrounding the edges as shown with white color. Since ringing noise and tex-
ture pixels have similar variance values, the filter with the large central weight is 
applied to the texture pixels far away from the edges to preserve the details, and the 
smoothing filter is applied to the pixels close to edges to selectively filter out the 
ringing noise. 
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3   Experimental Results 

In this section, we analyze the performance of the proposed ringing reduction algo-
rithm using both objective and subjective measures. For the experiment, we used 
standard test images, 512X512, 8bit, Bike and Lena. Fig. 4(a) shows the restored Bike 
image by using the CLS filter. The input image was degraded by the 7X7 uniform 
blur and 40dB additive Gaussian noise, and Fig. 4(b) shows the filtered result by 
using the proposed ringing reduction algorithm. Figs. 4(c) and 4(d) show the magni-
fied versions of Figs. 4(a) and 4(b), respectively. 

 
 

  
(a) (b) 

  

(c) (d) 

Fig. 4. (a) image restored by CLS filter with ringing artifacts ( = 0.01, PSNR=21.17 dB), (b) 
result image using proposed algorithm (PSNR = 25.52 dB), (c) crop by 115X105 image from a, 
(d) crop by 115X105 image from b 

The proposed algorithm is compared with various ringing reduction algorithms 
such as an iterative method [7] and bilateral filtering [8] in the sense of peak-to-peak 
signal-to-noise ratio (PSNR). As shown in Fig. 5, the proposed algorithm can  
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effectively reduce ringing artifacts with preserving edge details near eyes and the hat 
and PSNR values are summarized in Table 1. 

 
 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 5. (a) original Lena image, (b) Blurred image with 11X11 uniform blur and 50dB gaussian 
noise, (c) Restored image by CLS filter, (d) Restored image by iterative method, (e) Bilateral 
filtering image with sigma 20, (f) The result using proposed algorithm 

Table 1. PSNR values of various image restoration algorithms 

Image in Fig. 4. (b) (c) (d) (e) (f) 
PSNR(dB) 22.38 24.58 27.28 28.22 29.63 

4   Conclusion 

In this paper, we propose an adaptive ringing reduction algorithm using wavelet-
based multi-resolution analysis. The proposed method shows significant improvement 
in accuracy over existing methods. The location of edges can be accurately estimated 
due to the wavelet representation. The proposed algorithm can also be applied to the 
ringing artifact removal in compressed images. Experimental results show effectively 
removed ringing artifacts with significant reduction in computational load. The sim-
plified algorithm using the first and the second level of wavelet decomposition has the 
advantage over many post-processing algorithm. 
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Abstract. In this paper, we address issues associated with upmixing stereo au-
dio into 5.1 channel audio in order to improve audio realism. First, we review 
four different upmixing methods, including a passive surround decoding 
method, a least-mean-square based upmixing method, a principal component 
analysis based upmixing method, and an adaptive panning method. After that, 
we implement a simulator that includes the upmixing methods and audio con-
trols to play both stereo and upmixed 5.1 channel audio signals. Finally, we 
carry out a MUSHRA test to compare the quality of the upmixed 5.1 channel 
audio signals to that of the original stereo audio signal. It is shown from the test 
that the upmixed 5.1 channel audio signals generated by the four different up-
mixing methods are preferred to the original stereo audio signals. 

Keywords: Audio upmixing, stereo audio, multi-channel audio, passive sur-
round decoding, least mean square, principal component analysis, adaptive 
panning. 

1   Introduction 

As technologies related to audio systems have advanced, the demand for multi-
channel audio systems has increased too. Such audio systems not only provide more 
realistic sound, but also offer more ambient effects than standard stereo audio sys-
tems. For example, if audio content having fewer channels than can be provided by a 
target system is available, the target audio system cannot take full advantage of it. 
Therefore, in order to utilize such audio content, it is necessary to use an upmixing 
method that converts mono or stereo audio formats into a multi-channel audio format 
suitable for such a system. 

Many multi-channel audio systems currently exist with a wide range in the number 
of channels available. Since 5.1 channels are better for creating the effects of ambi-
ence and spaciousness than stereo channels, we need to develop upmixing methods 
that convert audio from a stereo format to a 5.1 channel format. Since one of the typi-
cal approaches for creating additional channels is to use a correlation property be-
tween stereo channels, we first review and implement four correlation-based methods, 
including a passive surround decoding method [1], a least- mean-square based method 
[2], a principal component analysis based method [2], and an adaptive panning  
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Fig. 1. Procedure for upmixing a stereo audio to a 5.1 channel audio format 

method [3]. We then compare the upmixed audio contents obtained by each method to 
the original stereo audio contents. 

The remainder of this paper is organized as follows. Following this introduction, 
we review four different upmixing methods for converting audio from a stereo format 
to a 5.1 channel format in Section 2. After that, we design a simulator for upmixing 
stereo contents using these methods in Section 3. In Section 4, the quality of the up-
mixed 5.1 channel audio is compared with that of the original stereo audio by a means 
of a multiple stimuli with hidden reference and anchor (MUSHRA) test [4]. Finally, 
we conclude this paper in Section 5. 

2   Audio Upmixing Algorithm from Stereo to 5.1 Channel Audio  

In this section, we describe four different upmixing methods for converting audio 
from a stereo format to a 5.1 channel format. Fig. 1 shows the upmixing procedure, 
where the channels are labeled FL (front left), FR (front right), C (center), LFE (low 
frequency enhancement), RL (rear left), and RR (rear right). As illustrated in the fig-
ure, the FL and the FR channels for the 5.1 channel audio format are directly obtained 
from the original stereo channels, while the remaining channels are generated from 
the center channel and the surround channels. Therefore, it is discussed in the follow-
ing subsections how to derive the center channel and the surround channels by using 
each upmixing method. 

2.1   Passive Surround Decoding Method  

The passive surround decoding (PSD) method is an early passive version of the Dolby 
Surround Decoder [1]. In this method, the center channel is obtained by adding the 
original left and right channels. On the other hand, the surround channel can be de-
rived by subtracting the right channel from the left channel. Note that in order to 
maintain a constant acoustic energy, the center and the surround channel are lowered 
by 3 dB, which is implemented by multiplying 21  to the center and the surround 

channels. That is, the center and the surround channels are obtained by using the 
equations of 
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2/))()(()( nxnxnCenter RL += ,                                    (1) 

2/))()(()( nxnxnSurround RL −= ,                                (2) 

where )(nxL  and )(nxR  represent the left and the right samples at the time index n, 

respectively. 

2.2   LMS-Based Upmixing Method 

The least-mean-square (LMS)-based upmixing method creates the center and sur-
round channels using the LMS algorithm [2][5]. In this method, one of the original 
stereo channels is taken as the desired signal, )(nd , and the other is considered as the 

input, )(nx , of the adaptive filter. The error signal, )(ne , is then the difference of the 

output, )(ny , of the filter and the desired signal, )(nd . The output, )(ny , is defined 

as a linear combination of the input signals by using the equation of, 
 

)()()()()( nnnnny TT xwxw == ,                                          (3) 
 

where TNnxnxnxn )]1()1()([)( +−−= Lx and .][)( 110
T

Nwwwn −= Lw  In Eq. 

(3), )(nw  is a coefficient vector of the N-tapped adaptive filter and is obtained based 

on the LMS algorithm described as 
 

)()(2)()1( nnenn xww μ+=+ ,                                         (4) 

 

where μ  is a constant step size which is set to 410− in this paper. In this case, )(ny  
and )(ne  are considered as the signals for the center channel and the surround chan-

nel, respectively. 

2.3   PCA-Based Upmixing Method  

The principal component analysis (PCA)-based upmixing method decomposes the 
original stereo channels into correlated and uncorrelated portions [2]. In order to de-
rive the center and the surround channels, we first need to find a 2x2 covariance ma-
trix, A, such that 
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where ),cov( qp xx  is the covariance of px

 
and qx , and that p and q represent the left 

and right channels, respectively. The covariance matrix, A, gives two eigenvectors 
which are the basis vectors for a new coordinate system [6]. These eigenvectors are 
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then used as weight vectors corresponding to the left and right channels to generate 
the center and the surround channels, such as 
 

)()()( nxcnxcnCenter RRLL += ,                                       (6) 

)()()( nxsnxsnSurround RRLL += .                                    (7) 

The eigenvector ][ RL cc  corresponding to the greatest eigenvalue becomes the weight 

vector for the center channel. Thus, the other eigenvector ][ RL ss  becomes the weight 

vector for the surround channel. Typically, the PCA-based method is implemented as 
frame-based processing that may cause unwanted artifacts at the frame boundaries. 
These artifacts can be eliminated using an overlap-and-add technique [7]. In order to 
perform the overlap-and-add technique, analysis and synthesis windows that perfectly 
satisfy the overlap-and-add reconstruction conditions are required. In this paper, we 
chose the same window for the analysis and the synthesis, which is denoted as 
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where N is the length of a frame, and M is the overlap region. Here, N and M are set to 
1024 and 128, respectively. 

2.4   Adaptive Panning Method 

The adaptive panning (ADP) method proposed in [3] generates the center and the 
surround channels by panning the original stereo channels. The weight vector for 
ADP is recursively estimated using the LMS algorithm. Let us now define )(ny  to be 

a linear combination of the original stereo channels as 
 

)()()()()( nnnnny TT xwxw == ,                                 (9) 

 

where T
RL nxnxn )]()([)( =x  and .)]()([)( T

RL nwnwn =w Two coefficients, )(nwL  

and )(nwR , which are the elements of the weight vector corresponding to the left and 

the right channels, respectively, are then estimated using the LMS algorithm defined 
as 

)]()()()[()()1( nynwnxnynwnw LLLL −−=+ μ ,                      (10) 

)]()()()[()()1( nynwnxnynwnw RRRR −−=+ μ ,                      (11) 
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where μ  is a constant step size and is set to 1010− . Finally, the center and surround 

channels can be determined as 

)()()()()( nxnwnxnwnCenter RRLL += ,                          (12) 

)()()()()( nxnwnxnwnSurround RLLR −= .                       (13) 

2.5   Low-Pass Filters 

For 5.1 channel audio contents such as movie and live music, voice and dialog are 
usually emphasized when they are play through the center channel. Therefore, the 
center channel is further processed by a low-pass filter, where we design a finite-
duration impulse response (FIR) low-pass whose length is 256 and cut-off frequency 
is 4 kHz, denoted as Low-pass Filter1 in Fig. 1. On one hand, the low frequency en-
hancement (LFE) channel is used to emphasize low frequency region ranged from 
100 to 200 Hz. To this end, an FIR low-pass filter having a cut-off frequency of 200 
Hz, denoted as Low-pass Filter2 in Fig. 1, is used here, where the number of taps for 
the filter is 256. In the surround channels, a low-pass filter (Low-pass Filter3 in  
Fig. 1) is also used to simulate a high-frequency absorption effect. An FIR low-pass 
filter with 256 taps and a cut-off frequency of 7 kHz is used in this paper. 

2.6   Time Delay and ±90° Phase Shifter 

The rear left and the rear right channels are intended to provide ambience and spa-
ciousness effects. A time delay element is used to provide such ambience effects, and a  
 

 

Fig. 2. A snapshot of the simulator for upmixing a stereo audio format to a 5.1 channel audio 
format in real-time 
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±90° phase shifter is needed to present spaciousness effects. Assuming that the dis-
tance from front loudspeakers to the wall is about 2 meters and the distance from rear 
loudspeakers to the wall is about 1 meter, a time delay of 12 ms is applied to the sur-
round channels. In addition, a discrete Hilbert transform is used as a phase shifter [8]. 
By using FIR approximations having a constant group delay, we can implement a 
discrete Hilbert transform. In particular, the approximation is done using a Kaiser 
window which is defined as 
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where M is the order of the FIR discrete Hilbert transform, and dn  is 2/M . In this 

paper, M and β  are set to 31 and 2.629, respectively. 

3   Design and Implementation of Audio Upmixing Simulator 

In this section, we present a simulator used to implement the four upmixing methods 
described in the previous section. Fig. 2 shows a snapshot of the simulator that is 
designed based on the procedure shown in Fig. 1. The simulator can play both stereo 
and 5.1 channel audio files. Furthermore, it enables us to have 5.1 channel audio files 
from stereo audio files by using one of the four different upmixing methods. The 
simulator mainly consists of five parts as follows.  

1)  File information 
This part offers information about the currently loaded audio file. It displays 
the filename, the number of channels, the sampling rate, etc. 

2)  Control panel 
The buttons in the control panel part control how to play the audio file. We can 
play, pause, stop, and open audio files. In addition, we can turn up and turn 
down the volume of the file being played. 

3)  Output mode 
Once the simulator has loaded a stereo audio file, the stereo file can be played 
in either a stereo audio format or an upmixed 5.1 channel format. In case of 5.1 
channel audio files, the simulator only plays them in the 5.1 channel format. 

4)  Upmixing algorithm 
When an audio file is played by upmixing from stereo to 5.1 channel audio 
format, we can select one of the upmixing methods described in Section 3. 

5)  Channel selection 
We can select the activity of each speaker. 

4   Performance Evaluation 

In this section, we compared the quality of the upmixed 5.1 channel signals with that 
of the original stereo signals. First of all, we were in full compliance with the ITU 
multi-channel configuration standard defined by the ITU-R Recommendation  
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BS. 775-1 [9]. A multiple stimuli with hidden reference and anchor (MUSHRA) test 
[4] was conducted by using five music genres such as rock, ballad, hip-hop, classical, 
and heavy metal. Eight people with no auditory disease participated in this experi-
ment. For the MUSHRA listening test, the audio contents to be compared in the test 
were listed as  

 Hidden reference 
 3.5 kHz low-pass filtered anchor 
 7 kHz low-pass filtered anchor 
 Stereo audio content containing the front left and the front right channels of the 

hidden reference 
 Upmixed audio content by the passive surround decoding method 
 Upmixed audio content by the LMS-based method 
 Upmixed audio content by the PCA-based method, and 
 Upmixed audio content by the adaptive panning method. 

Fig. 3 shows the MUSHRA test result. As shown in the figure, the upmixed 5.1 chan-
nel audio contents by any of the upmixing methods were preferred to the stereo audio 
contents. This implies that 5.1 channel audio provides a better listening environment 
than stereo audio. Moreover, it was found out that the adaptive panning method using 
a robust tracking algorithm outperformed the other methods. 

 

Fig. 3. Comparison of MUSHRA test scores for the audio signals upmixed by different  
methods 

5   Conclusion 

In this paper, we described four different upmixing methods for converting audio 
from a stereo format to a 5.1 channel format based on correlation techniques. After 
implementing these techniques, we then designed a simulator that was able to upmix 
stereo audio files and play them in real time to produce a better listening environment. 
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In order to evaluate the performance of the upmixing algorithms and compare the 
upmixed 5.1 channel signals with the original stereo signals, a MUSHRA test was 
conducted. It was shown from the test result that the 5.1 channel audio generated by 
any of the upmixing methods provided better audio quality than the original stereo 
audio and the adaptive panning method showed the best performance among all the 
methods.  
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Abstract. This paper presents some recent filtering methods based on
the lower-rank tensor approximation approach for denoising tensor sig-
nals. In this approach, multicomponent data are represented by tensors,
that is, multiway arrays, and the presented tensor filtering methods rely
on multilinear algebra. First, the classical channel-by-channel SVD-based
filtering method is overviewed. Then, an extension of the classical matrix
filtering method is presented. It is based on the lower rank-(K1, . . . , KN )
truncation of the HOSVD which performs a multimode Principal Com-
ponent Analysis (PCA) and is implicitly developed for an additive white
Gaussian noise. Two tensor filtering methods recently developed by the
authors are also overviewed. The performances and comparative results
between all these tensor filtering methods are presented for the cases of
noise reduction in color images.

Keywords: Tensor, multilinear algebra, filtering, image.

1 Introduction

Tensor data modeling and tensor analysis have been improved and used in several
application fields such as quantum physics, economy, chemometrics, psychology,
data analysis, etc. Nevertheless, only recent studies focus their interest on tensor
methods in signal processing applications. Tensor formulation in signal process-
ing has received great attention since the recent development of multicomponent
sensors, especially in imagery (color or multispectral images, video, etc.) and
seismic fields (antenna of sensors recording waves with polarization properties).
Indeed, the digital data obtained from these sensors are fundamentally higher
order tensor objects, that is, multiway arrays whose elements are accessed via
more than two indexes. Each index is associated with a dimension of the tensor
generally called ”nth-mode” [7, 8, 15, 16].

For the last decades, the classical algebraic processing methods have been
specifically developed for vector and matrix representations. They are usually
based on the covariance matrix, the cross-spectral matrix, or more recently, on
the higher order statistics. Their overall aim is classically to determine a subspace
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associated with the signal or the parameters to estimate. They mainly rely on
three algebraic tools such as:

(1) The Singular Value Decomposition (SVD) [12], which is used in Principal
Component Analysis (PCA).
(2) Penrose-Moore matrix inversion [12].
(3) The matrix lower rank approximation, which, according to Eckart-Young
theorem [9], can be achieved thanks to a simple SVD truncation.

These methods have proven to be very efficient in several applications.
When dealing with multicomponent data represented as tensors, the classical

processing techniques consist in rearranging or splitting the data set into matri-
ces or vectors in order for the previously quoted classical algebraic processing
methods to be applicable. The original data structure is then built anew, after
processing.

In order to keep the data tensor as a whole entity, new signal processing meth-
ods have been proposed [19, 20]. Hence, instead of adapting the data tensor to
the classical matrix-based algebraic techniques (by rearrangement or splitting),
these new methods propose to adapt their processing to the tensor structure
of the multicomponent data. This new approach implicitly implies the use of
multilinear algebra and mathematical tools that extend the SVD to tensors.

Two main tensor decomposition methods that generalize the matrix SVD have
been initially developed in order to achieve a multimode Principal Component
Analysis and recently used in tensor signal processing. They rely on two models,
which are the TUCKER3 model and the PARAFAC model.

These two decomposition methods differ in the tensor rank definition on which
they are based. The HOSVD-(K1, . . . , KN) and the rank-(K1, . . . , KN) approxi-
mation rely on the nth-mode rank definition, that is, the rank of the tensor nth-
mode flattening matrix [7, 8]. The rank-(K1, . . . , KN ) approximation [8] relies on
an optimization algorithm which is initialized by the HOSVD-(K1, . . . , KN ) [7].
The rank-(K1, . . . , KN) approximation improves the approximation obtained
with the HOSVD-(K1, . . . , KN ). The goal of this paper is to present an overview
of the principal results concerning this new approach of data tensor filtering.
More details on the algorithms presented in this survey can be found in [19–22].
These algorithms are analogous to Multilinear ICA, but were developed inde-
pendently for image filtering. The presented algorithms are based on a signal
subspace approach, so they are efficient when the noise components are un-
correlated, the signal and the additive noise are uncorrelated, and when some
rows or columns of the image are redundant. In this case it is possible to dis-
tinguish between a signal subspace and a noise subspace, as for the traditional
SVD-based filtering and Wiener filtering algorithms. Wiener filtering requires
prior knowledge on the expected noise-free signal or image. However, multiway
filtering methods provide the following advantage over traditional filtering meth-
ods: by apprehending a multiway data set as a whole entity, they take into ac-
count the dependence between modes thanks to ALS algorithms. The goal of the
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paper is also to present some simulations and comparative results concerning
color images and multicomponent seismic signal filtering.

The paper is organized as follows: Section 2 presents the tensor data and a
short overview of its main properties. Section 3 introduces the tensor formula-
tion of the classical noise-removal problem as well as some new tensor filtering
notations. Firstly, we explain how the channel-by-channel SVD-based method
processes successively each component of the data tensor. Secondly, we consider
two methods that take into account the relationships between each component of
the considered tensor. These two methods are based on the nth-mode signal sub-
space. The first method for signal tensor estimation is based on multimode PCA
achieved by rank-(K1, . . . , KN ) approximation. The second method is a new
tensor version of Wiener filtering. Section 4 presents some comparative results
where the overviewed multiway filtering methods are applied to noise reduction
in color images. Section 5 concludes the paper.

The following notations are used in the rest of the paper: scalars are denoted
by italic lowercase roman, like a; vectors by boldface lowercase roman, like a;
matrices by boldface uppercase roman, like A; tensors by uppercase calligraphic,
like A. We distinguish a random vector, like a, from one of its realizations, by
using a supplementary index, like ai.

2 Tensor Representation and Properties

We define a tensor of order N as a multidimensional array whose entries are
accessed via N indexes. A tensor is denoted by A ∈ R

I1×···×IN , where each
element is denoted by ai1···iN , and R is the real manifold. Each dimension of a
tensor is called nth-mode, where n refers to the nth index. Fig. 1 shows how a
color image can be represented by a third order tensor A ∈ R

I1×I2×I3 , where
I1 is the number of rows, I2 is the number of columns, and I3 is the number of
color channels. In the case of a color image, we have I3 = 3. Let us define E(n)

as the nth-mode vector space of dimension In, associated with the nth-mode of

Fig. 1. ‘Lena’ standard color image and its tensor representation
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Fig. 2. 2nd-mode flattening of tensor A: A2

tensor A. By definition, E(n) is generated by the column vectors of the nth-mode
flattening matrix. The nth-mode flattening matrix An of tensor A ∈ R

I1×···×IN

is defined as a matrix from R
In×Mn , where:

Mn = In+1In+2 · · · INI1I2 · · · In−1. (1)

For example, when we consider a third-order tensor, the definition of the matrix
flattening involves the dimensions I1, I2, I3 in a backward cyclic way [4, 7,
14]. When dealing with a 1st-mode flattening of dimensionality I1 × (I2I3), we
formally assume that the index i2 varies more slowly than i3. For all n = 1
to 3, An columns are the In-dimensional vectors obtained from A by varying
the index in from 1 to In and keeping the other indexes fixed. These vectors
are called the nth-mode vectors of tensor A. An illustration of the 2nd-mode
flattening of a color image is presented in Fig. 2.

In the following, we use the operator ”×n” as the ”nth-mode product”, that
generalizes the matrix product to tensors. Given A ∈ R

I1×···×IN and a matrix
U ∈ R

Jn×In , the nth-mode product between tensor A and matrix U leads to
the tensor B = A ×n U, which is a tensor of R

I1×···In−1×Jn×In+1×···×IN , whose
entries are given by:

bi1···in−1jnin+1···iN =
In∑

in=1

ai1···in−1inin+1···iN ujnin . (2)

Next section presents the recent filtering methods for tensor data.

3 Tensor Filtering Problem Formulation

The tensor data extend the classical vector data. The measurement of a mul-
tidimensional and multiway signal X by multicomponent sensors with additive
noise N , results in a data tensor R such that:

RX +N . (3)
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R, X and N are tensors of order N from R
I1×···×IN . Tensors N and X represent

noise and signal parts of the data respectively. The goal of this study is to
estimate the expected signal X thanks to a multidimensional filtering of the
data [19–22]:

X̂ = R×1 H(1) ×2 H(2) ×3 · · · ×N H(N), (4)

From a signal processing point of view, the nth-mode product is a nth-mode
filtering of data tensor R by nth-mode filter H(n). Consequently, for all n = 1
to N , H(n) is the nth-mode filter applied to the nth-mode of the data tensor R.

In this paper we assume that the noise N is independent from the signal X ,
and that the nth-mode rank Kn is smaller than the nth-mode dimension In (Kn

< In, for all n = 1 to N). Then it is possible to extend the classical subspace
approach to tensors by assuming that, whatever the nth-mode, the vector space
E(n) is the direct sum of two orthogonal subspaces, namely E

(n)
1 and E

(n)
2 , which

are defined as follows:

– E
(n)
1 is the subspace of dimension Kn, spanned by the Kn singular vectors

associated with the Kn largest singular values of matrix Xn; E
(n)
1 is called

the signal subspace [1, 17, 26, 27].
– E

(n)
2 is the subspace of dimension In−Kn, spanned by the In−Kn singular

vectors associated with the In −Kn smallest singular values of matrix Xn;
E

(n)
2 is called the noise subspace [1, 17, 26, 27].

The dimensions K1, K2, . . . , KN can be estimated by means of the well-known
AIC (Akaike Information Criterion) or MDL (Minimum Description Length)
criteria [25], which are entropy-based information criteria. Hence, one way to
estimate signal tensor X from noisy data tensor R is to estimate E

(n)
1 in every

nth-mode of R. The following section presents three tensor filtering methods
based on nth-mode signal subspaces. The first method is an extension of clas-
sical matrix filtering algorithms. It consists of a channel-by-channel SVD-based
filtering.

The second filtering method is based on multimode PCA achieved by rank-
(K1, . . . , KN ) approximation.

3.1 Channel-by-Channel SVD-Based Filtering

The classical algebraical methods operate on two-dimensional data matrices and
are based on the Singular Value Decomposition (SVD) [1–3], and on Eckart-
Young theorem concerning the best lower rank approximation of a matrix [9] in
the least-squares sense.

In the first method, a preprocessing is applied to the multidimensional and
multiway data. It consists in splitting data tensor R, representing the noisy
multicomponent image into two-dimensional ”slice matrices” of data, each rep-
resenting a specific channel. According to the classical signal subspace methods
[6], the left and right signal subspaces, corresponding to respectively the col-
umn and the row vectors of each slice matrix, are simultaneously determined by
processing the SVD of the matrix associated with the data of the slice matrix.
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Channel-by-channel SVD-based filtering is based on a common efficient
method, but exhibits a major drawback: it does not take into account the rela-
tionships between the components of the processed tensor. Moreover, channel-by-
channel SVD-based filtering is appropriate only on some conditions. For example,
applying SVD-based filtering to an image is generally appropriate when the rows
or columns of an image are redundant, that is, linearly dependent. In this case,
the rank K of the image is equal to the number of linearly independent rows or
columns. It is only in this case that it would be safe to throw out eigenvectors
from K+1 on. It is only in this special case that the noise subspace is orthogonal
to the signal subspace. Otherwise, the noise simply increases the variance of the
signal subspace and underestimating the signal subspace dimension would result
in throwing out both signal and noise information. Thus, one would lose spatial
resolution.

The next subsection presents a multiway filtering method that processes
jointly, and not successively, each component of the data tensor.

3.2 Tensor Filtering Based on Multimode PCA

Assuming that the dimension Kn of the signal subspace is known for all n = 1 to
N , one way to estimate the expected signal tensor X from the noisy data tensor
RX +N , is to orthogonally project, for every nth-mode, the vectors of tensor
R on the nth-mode signal subspace E

(n)
1 , for all n = 1 to N . This statement

is equivalent to replace in (4) the filters H(n) by the projectors P(n) on the
nth-mode signal subspace:

X̂ = R×1 P(1) ×2 · · · ×N P(N). (5)

In this last formulation, projectors P(n) are estimated thanks to a multimode
PCA applied to data tensor R. This multimode PCA-based filtering generalizes
the classical matrix filtering methods [10, 11],[13], and implicitly supposes that
the additive noise is white and Gaussian.

In the vector or matrix formulation, the definition of the projector on the sig-
nal subspace is based on the eigenvectors associated with the largest eigenvalues
of the covariance matrix of the set of observation vectors. Hence, the determi-
nation of the signal subspace amounts to determine the best approximation (in
the least-squares sense) of the observation matrix or the covariance matrix.

As an extension to the vector and matrix cases, in the tensor formulation, the
projectors on the nth-mode vector spaces are determined by computing the rank-
(K1, . . . , KN ) approximation of R in the least-squares sense. From a mathemat-
ical point of view, the rank-(K1, . . . , KN) approximation of R is represented by
tensor RK1,...,KN which minimizes the quadratic tensor Frobenius norm ‖R−B‖2
subject to the condition that B ∈ R

I1×...×IN is a rank-(K1, . . . , KN) tensor. The
description of TUCKALS3 algorithm, used in rank-(K1, . . . , KN) approximation
is provided in the following.
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Rank-(K1, . . . , KN) approximation - TUCKALS3 algorithm

1. Input: data tensor R, and dimensions K1, . . . , KN of all nth-mode signal
subspaces.

2. Initialization k = 0: For n = 1 to N , calculate the projectors P(n)
0 given

by HOSVD-(K1, . . . , KN):
(a) nth-mode flatten R into matrix Rn;
(b) Compute the SVD of Rn;
(c) Compute matrix U(n)

0 formed by the Kn eigenvectors associated with
the Kn largest singular values of Rn. U(n)

0 is the initial matrix of the
nth-mode signal subspace orthogonal basis vectors;

(d) Form the initial orthogonal projector P(n)
0 = U(n)

0 U(n)T

0 on the nth-mode
signal subspace;

(e) Compute the HOSVD-(K1, . . . , KN ) of tensor R given by
B0 = R ×1 P(1)

0 ×2 · · · ×N P(N)
0 ;

3. ALS loop
Repeat until convergence, that is, for example, while ‖Bk+1 − Bk‖2 > ε,
ε > 0 being a prior fixed threshold,
(a) For n = 1 to N :

i. Form B(n),k:
B(n),k = R×1P

(1)
k+1×2 · · ·×n−1P

(n−1)
k+1 ×n+1P

(n+1)
k ×n+2 · · ·×N P(N)

k ;

ii. nth-mode flatten tensor B(n),k into matrix B(n),k
n ;

iii. Compute matrix C(n),k = B(n),k
n RT

n ;
iv. Compute matrix U(n)

k+1 composed of the Kn eigenvectors associated

with the Kn largest eigenvalues of C(n),k. U(n)
k is the matrix of the

nth-mode signal subspace orthogonal basis vectors at the kth itera-
tion;

v. Compute P(n)
k+1 = U(n)

k+1U
(n)T

k+1 ;

(b) Compute Bk+1 = R×1 P(1)
k+1 ×2 · · · ×N P(N)

k+1;
(c) Increment k.

4. Output: the estimated signal tensor is obtained through X̂ = R×1P
(1)
kstop
×2

· · ·×N P(N)
kstop

. X̂ is the rank-(K1, . . . , KN ) approximation ofR, where kstop is
the index of the last iteration after the convergence of TUCKALS3 algorithm.

In this algorithm, the second order statistics comes from the SVD of matrix Rn

at step 2b, which is equivalent, up to 1
Mn

multiplicative factor, to the estimation
of tensor R nth-mode vectors [22]. The definition of Mn is given in (1). In the
same way, at step 3(a)iii, matrix C(n),k is, up to 1

Mn
multiplicative factor, the

estimation of the covariance matrix between tensor R and tensor B(n),k nth-
mode vectors. According to step 3(a)i, B(n),k represents data tensor R filtered
in every mth-mode but the nth-mode, by projection-filters P(m)

l , with m �= n,
l = k if m > n and l = k + 1 if m < n. TUCKALS3 algorithm has recently been
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used to process a multimode PCA in order to perform white noise removal in
color images [20].

A good approximation of the rank-(K1, . . . , KN) approximation can simply
be achieved by computing the HOSVD-(K1, . . . , KN ) of tensor R [8, 18]. Indeed,
the HOSVD-(K1, . . . , KN ) of R consists of the initialization step of TUCKALS3
algorithm, and hence can be considered as a suboptimal solution for the rank-
(K1, . . . , KN ) approximation of tensor R [8].

3.3 Multiway Wiener Filtering

Let Rn, Xn and Nn be the nth-mode flattening matrices of tensors R, X and
N , respectively.

In the previous subsection, the estimation of signal tensor X has been per-
formed by projecting noisy data tensor R on each nth-mode signal subspace.
The nth-mode projectors have been estimated thanks to the use of multimode
PCA achieved by rank-(K1, . . . , KN ) approximation. In spite of the good results
given by this method, it is possible to improve the tensor filtering quality by
determining nth-mode filters H(n), n = 1 to N , in (4), which optimize an es-
timation criterion. The most classical method is to minimize the mean squared
error between the expected signal tensor X and the estimated signal tensor X̂
given in (4):

e(H(1), . . . ,H(N)) = E[‖X − R ×1 H(1) ×2 · · · ×N H(N)‖2]. (6)

Due to the criterion which is minimized, filters H(n), n = 1 to N , can be called
”nth-mode Wiener filters” [21].

According to the calculations presented in [21], the minimization of (6) with
respect to filter H(n), for fixed H(m), m �= n, leads to the following expression
of nth-mode Wiener filter:

H(n) = γ
(n)
XRΓ(n)

RR

−1
, (7)

where
γ

(n)
XR = E

[
XnT(n)RT

n

]
(8)

is the T(n)-weighted covariance matrix between the random column vectors of
signal Xn and data Rn, with:

T(n) = H(1) ⊗ · · · ⊗H(n−1) ⊗H(n+1) ⊗ · · · ⊗H(N), (9)

where ⊗ stands for Kronecker product, and:

Γ(n)
RR = E

[
RnQ(n)RT

n

]
, (10)

is the Q(n)-weighted covariance matrix of the data Rn, with:

Q(n) = T(n)T
T(n). (11)
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In order to obtain H(n) through (7), we suppose that the filters {H(m), m =
1 to N, m �= n} are known. Data tensor R is available, but signal tensor X
is unknown. So, only the term Γ(n)

RR can be derived, and not the term γ
(n)
XR.

Hence, some more assumptions on X have to be made in order to overcome
the indetermination over γ

(n)
XR [19, 21]. In the one-dimensional case, a classical

assumption is to consider that a signal vector is a weighted combination of
the signal subspace basis vectors. In extension to the tensor case, [19, 21] have
proposed to consider that the nth-mode flattening matrix Xn can be expressed
as a weighted combination of Kn vectors from the nth-mode signal subspace
E

(n)
1 :

XnV(n)
s O(n), (12)

with Xn ∈ R
In×Mn , and V(n)

s ∈ R
In×Kn being the matrix containing the Kn

orthonormal basis vectors of nth-mode signal subspace E
(n)
1 . Matrix O(n) ∈

R
Kn×Mn is a weight matrix and contains the whole information on expected

signal tensor X . This model implies that signal nth-mode flattening matrix Xn

is orthogonal to nth-mode noise flattening matrix Nn, since signal subspace E
(n)
1

and noise subspace E
(n)
2 are supposed mutually orthogonal.

Supposing that noise N in (3) is white, Gaussian and independent from signal
X , and introducing the signal model (12) in (7) leads to a computable expression
of nth-mode Wiener filter H(n):

H(n) = V(n)
s γ

(n)
OOΛ(n)−1

Γs V(n)T

s , (13)

where γ
(n)
OOΛ(n)−1

Γs is a diagonal weight matrix given by:

γ
(n)
OOΛ(n)−1

Γs = diag

[
β1

λΓ
1

, · · · , βKn

λΓ
Kn

]
, (14)

where λΓ
1 , . . . , λΓ

Kn
are the Kn largest eigenvalues of Q(n)-weighted covariance

matrix Γ(n)
RR (see (10)). Parameters β1, . . . , βKn depend on λγ

1 , . . . , λγ
Kn

which
are the Kn largest eigenvalues of T(n)-weighted covariance matrix
γ

(n)
RR = E[RnT(n)RT

n ], according to the following relation:

βkn = λγ
kn
− σ

(n)2

Γ , ∀ kn = 1, . . . , Kn (15)

Superscript γ refers to the T(n)-weighted covariance, and subscript Γ to the Q(n)-
weighted covariance. σ

(n)2

Γ is the degenerated eigenvalue of noise T(n)-weighted
covariance matrix γ

(n)
NN = E

[
NnT(n)NT

n

]
. Thanks to the additive noise and the

signal independence assumptions, the In −Kn smallest eigenvalues of γ
(n)
RR are

equal to σ
(n)2

Γ , and thus, can be estimated by the following relation:

σ̂
(n)2

Γ =
1

In −Kn

In∑

kn=Kn+1

λγ
kn

. (16)
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In order to determine the nth-mode Wiener filters H(n) that minimize the
mean squared error (6), the Alternating Least Squares (ALS) algorithm has
been proposed in [19, 21]. It can be summarized in the following steps:

1. Initialization k = 0:R0 = R⇔H(n)
0 = IIn, Identity matrix, ∀ n = 1 . . .N .

2. ALS loop
Repeat until convergence, that is,

∥∥Rk+1 −Rk
∥∥2

< ε, with ε > 0 prior fixed
threshold,
(a) for n = 1 to N :

i. Form R(n),k: R(n),k = R ×1 H(1)
k+1 ×2 · · · ×n−1 H(n−1)

k+1 ×n+1

H(n+1)
k ×n+2 . . .×N H(N)

k ;
ii. Determine H(n)

k+1 = Z(n)argmin
∥∥X −R(n),k ×n Z(n)

∥∥2

subject to Z(n) ∈ R
In×In thanks to the following procedure:

A. nth-mode flatten R(n),k into R(n),k
n = Rn(H(1)

k+1⊗· · ·⊗H(n−1)
k+1 ⊗

H(n+1)
k ⊗ · · · ⊗H(N)

k )T , and R into Rn;

B. Compute γ
(n)
RR = E[RnR(n),k

n

T
],

C. Determine λγ
1 , . . . , λγ

Kn
, the Kn largest eigenvalues of γ

(n)
RR;

D. For kn = 1 to In, estimate σ
(n)
Γ

2
thanks to (16) and for kn = 1

to Kn, estimate βkn thanks to (15);

E. Compute Γ(n)
RR = E[R(n),k

n R(n),k
n

T
];

F. Determine λΓ
1 , . . . , λΓ

Kn
, the Kn largest eigenvalues of Γ(n)

RR;

G. Determine V(n)
s , the matrix of the Kn eigenvectors associated

with the Kn largest eigenvalues of Γ(n)
RR;

H. Compute the weight matrix γ
(n)
OOΛ(n)−1

Γs given in (14);
I. Compute H(n)

k+1, the nth-mode Wiener filter at the (k + 1)th it-
eration, using (13);

(b) Form Rk+1 = R×1 H(1)
k+1 ×2 · · · ×N H(N)

k+1;
(c) Increment k;

3. output: X̂ = R×1H
(1)
kstop
×2 · · ·×N H(N)

kstop
, with kstop being the last iteration

after convergence of the algorithm.

4 Simulation Results

In the following simulations, the channel-by-channel SVD-based filtering defined
in subsection 3.1 and the rank-(K1, . . . , KN ) approximation based multiway and
multidimensional filtering are applied to the denoising of color images and mul-
tispectral images, and to the denoising of seismic signals. Color images, multi-
spectral images, and seismic signals can be represented by a third order tensor
from R

I1×I2×I3 , where I1, I2, and I3 take different values. In all these applica-
tions, the efficiency of denoising is tested in the presence of an additive Gaussian
noise.
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A multidimensional and multiway white Gaussian noise N which is added to
signal tensor X can be expressed as:

Nα · G, (17)

where every element of G ∈ R
I1×I2×I3 is an independent realization of a normal-

ized centered Gaussian law, and where α is a coefficient that permits to set the
SNR in noisy data tensor R.

4.1 Performance Criterion

Following the representation of (3), the multiway noisy data tensor is expressed
as RX +N , where X is the expected signal tensor and N is the additive noise
tensor. Let us define the Signal to Noise Ratio (SNR, in dB) in the noisy data
tensor by:

SNR = 10log(
‖X‖2
‖N‖2 ). (18)

4.2 Denoising of Color Images

Denoising of color images has already been studied in several works [5, 23, 24].
Some solutions have been brought from the field of wavelet processing, exhibiting
good results in terms of output SNR. These studies only concern bidimensional
data, whereas the methods that we compare are adapted to the processing of
third order tensors as a whole, and in particular to three-channel images. We
focus on subspace-based methods. We first consider the channel-by-channel SVD-
based filtering, the rank-(K1, K2, K3) approximation and multiway Wiener fil-
tering (Wmm-(K1, K2, K3)), applied to images impaired by an additive white
Gaussian noise.

The channel-by-channel SVD-based filtering of noisy image R (see Fig. 3)
yields the image of Fig. 3c, and rank-(30, 30, 2) approximation of noisy data
tensor R yields the image of Fig. 3d. From the resulting image, presented on
Fig.3, we note that dimension reduction leads to a loss of spatial resolution.
However the choice of a set of values K1, K2, K3 which are small enough is the
condition for an efficient noise reduction effect.

Concerning the qualitative results obtained with this color image, we note that
the intra-class variance of the pixel values of each component (or color mode)
of the resulting image is lower for the image obtained with Wmm-(30, 30, 2)
(see Fig. 3e) than for those images obtained with other methods applied in
this subsection. This permits, for example, to apply after denoising a high level
classification method with a higher efficiency than when classification is applied
after channel-by-channel SVD-based filtering or HOSVD-(30, 30, 2).

For the 256×256×3 Sailboat image of Fig. 3, the computational times needed
when Matlab� programs are used on a 3Ghz Pentium 4 processor running Win-
dows are as follows. HOSVD-(30, 30, 2) lasts 1.61 sec., the channel-by-channel
SVD-based filtering lasts 1.94 sec., the rank-(30, 30, 2) approximation run with
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(a) (b)

(c) (d) (e)

Fig. 3. (a) non-noisy image. (b) image to be processed, impaired by an additive white
Gaussian noise, with SNR=8.1dB. (c) channel-by-channel SVD-based filtering of pa-
rameter K=30. (d) rank-(30, 30, 2) approximation. (e) Wmm-(30, 30, 2) filtering.

25 iterations lasts 54.1 sec. and Wmm-(30, 30, 2) run with 25 iterations lasts 40.0
sec.

According to the simulations performed on a color image, it is possible to con-
clude that the more channels the image is composed of, the better the denoising.

5 Conclusion

In this paper, an overview on new mathematical methods dedicated to multi-
component data is presented. Multicomponent data are represented as tensors,
that is, multiway arrays, and the tensor filtering methods that are presented
rely on multilinear algebra. First we present how to perform channel-by-channel
SVD-based filtering. Then we review three methods that take into account the
relationships between each component of a processed tensor. The first method
consists of an extension of the classical SVD-based filtering method. In the case
of an additive white Gaussian noise, the signal tensor is estimated thanks to a
multimode PCA achieved by applying a lower rank-(K1, . . . , KN ) approxima-
tion to the noisy data tensor, or a lower rank-(K1, . . . , KN ) truncation of its
HOSVD. This method is implicitly based on second order statistics and relies
on the orthogonality between nth-mode noise and signal subspaces.
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Finally, the reviewed method is a multiway version of the classical Wiener
filtering. In extension to the one-dimensional case, the nth-mode Wiener filters
are estimated by minimizing the mean squared error between the expected sig-
nal tensor and the estimated signal tensor obtained by applying the nth-mode
Wiener filters to the noisy data tensor thanks to the nth-mode product opera-
tor. An Alternating Least Squares algorithm has been presented to determine
the optimal nth-mode Wiener filters. The performances of this multiway Wiener
filtering and comparative results with multimode PCA have been presented in
the case of additive white noise reduction in a color image.
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Abstract. In this paper LaMOC- a Location Aware Mobile Cooperative System 
developed by ICA-ECNU is presented. LaMOC is a Location Based System, a 
Mobile Cooperative System and a Spatial Group Decision Support System. A 
map based browser is designed for clients. It’s a map based co-browsing user 
interface. The scenario based developing of LaMOC, its system architecture, 
user interface, and key issues are discussed here. 

Keywords: LBS, mobile Collaboration, map based browser, context awareness, 
Spatial Group Decision Support. 

1   Introduction 

Now it is a fast developing era. ICT evolves rapidly. Especially, fixed network based 
communication is more and more replaced by mobile communication. Geographic 
Information Systems (GIS) are now evolved to Web GIS. Mobile Internet attracts 
more users than traditional Internet. Such techniques converge to a new area-Location 
based service (LBS),[1,2] as shown in Fig. 1.  

GIS/Spatial 
Database

Mobile
 GISWeb GIS

LBS

Internet New ICT(NICT)Mobile  
Internet

 

Fig. 1. Location based service 
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When designing a wireless infrastructure which has to support LBS, a number of 
mobile environment constraints must be taken into account: 

 The service has to provide information of different types, covering different 
geographic regions, and coming from different sources; 

 The service has to provide dynamic information; 
 Interoperability of different LBS components must be managed; 
 Mobile terminals have limited memory, limited computational power, limited 

screen size and resolution; 
 Mobile networks have high cost, limited bandwidth, high latency, low connec-

tion stability and low availability. 

ExPo2010 will be held in Shanghai from 1. May to 31. Oct. 2010. Nearly 70 million 
(everyday 400 thousands) visitors will come to the 5.28 km2 Expo village. They are 
often grouped, in family, pair, as well as in tourist group. How to efficiently guiding 
such a huge number of visitors according to their actual location, distribution, visit 
plan as well as exhibition program is a big challenge. This is a sample scenario of 
LaMOC.  

While this challenge appears, Mobile Internet, Web GIS and Mobile GIS, each re-
spectively meets new challenges. As their harmonizing LBS is a severe test. A lot of 
problems should be solved, such as how to realize adaptive positioning, how to con-
verge the actual position with GIS, how to atone for the inherent shortcomings of 
mobile computing, how to use back ground system to counteract the weaknesses of 
mobile terminals, etc. Furthermore, location based mobile cooperation is demanded 
here. Mobile cooperation of a group results in some new problems such as: collabora-
tive model changes dynamically accompanied with the change of participants’ loca-
tion, in moving situation which is hard for participants to estimate, determine and 
make decisions, and so on. In this way, the system should be context aware, and adap-
tive reaction to the change of context. [3]  

Therefore, LaMOC is focused on: minimizing user’s efforts to access information 
in moving, being aware of environmental conditions and user‘s activities, offering 
natural interaction techniques, visualizing relevant information in 2D/3D maps on 
small screen effectively, and mobile cooperation of group users. In short, main chal-
lenges met by us: mobile computing and context awareness, on demand mapping and 
visualizing geographic (in short, Geo) data on small screen, spatial decision support, 
mobile cooperation, etc. 

The paper is organized as follows: Section 2 is about the scenario based design and 
development; Section 3 presents LaMOC system; some key issues solved in LaMOC 
are discussed in Section 4.   

2   Scenario Based Design and Development of LaMOC 

For an application system as LaMOC, usage scenario plays an important role. There-
fore a scenario-based approach is used by LaMOC. The scenario oriented design and 
development can be illustrated as in Fig.2. 
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PROTYPE & EVALUATION
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Fig. 2. Scenario-based frameworks [4] 

The first phase (ANALYSIS Phase) in Fig. 2 is scenario analysis. Scenarios of 
LaMOC can be classified into 5 categories. 

Scenario 1. User sessions begin and end, such as user Login/Logout. LaMOC user 
should log in before using the system, and log out when the end of the session. A 
personalized map will appear in the mobile device as soon as user logged in. 

Scenario 2. Information Retrieval- LaMOC has facilities for Yellow Page retrieval; 
Location based information retrieval (IR); Internet based information retrieval and 
Intelligent (context aware) IR.  

Location based IR in LaMOC means that it can answer user’s questions based his/her 
actual location, such as: 

        Where am I now?  
        Who are near me now?  
        Is there any friend just near me?  

LaMOC support context aware IR, i.e. the answer gotten from LaMOC system is 
personalized, environment adaptive and user-oriented.  

Scenario 3. Group application 

A group of members distributed in different places work together, to achieve a com-
mon target, such as to muster at a determined time, to select an optimal mustering 
site, to select an optimal route to arrive there in time, etc. Or a group of people  
communicates on line to share information. Participants here are distributed and mo-
bile, i.e. their locations change during a session. 

Scenario 4. Map based browsing 

A map based browser is a main user interface of LaMOC. It’s a map based co-
browser, i.e. users in same group share information using the browser. Each user 
navigates on a personalized map, where his/her location is centralized. 
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Users can click an icon on the map to dial (make a phone call), click an icon to 
SMS (send a short message), as well as click an icon to IM (Instant Message). 

Scenario 5. Location based application 

In scenario 5, a user can based on his/her location find: a favorite restaurant near 
himself/herself just now; the nearest metro station; the best route to arrive the target 
place. 

And the answer can be extended to the group, e.g. to find a favorite restaurant for 
the 5 distributed members of a group, or to find the nearest appropriate service zone 
on the highway for 3 cars just on the way. 

In the DESIGN Phase Problem scenarios are studied. 
The main problem scenarios met by us are: On-demand mapping, Context aware-

ness, Mobile collaboration and so on. That is: 
On-demand mapping: we focus on dynamic location based mapping, narrow band 

map data transmission, smart small display screen display mechanism, etc. On-
demand mapping enable users to define by themselves the content, coverage, scale 
and visual appearance of the requested products. Methods such as on-demand map-
ping, real-time and object-oriented generalization of the content of geo-databases may 
be used to address the challenge of better delivering the location-related information 
to mobile users.  

Context awareness is trying to answer: how to capture position information of cli-
ents? How to get parameters of mobile devices automatically? How to get user profile 
as well as group profile? How to get behavior information of individual user and 
group? What is the meaning of the captured context? 

Mobile collaboration: the challenge is the dynamic change of the group organiza-
tion structure, communication model, as well as collaborative mechanism. And it 
should answer how to react to the change. 

In the DESIGN Phase, Activity scenarios analyzed are for example, registering, 
create group, active group, run a session, etc. 

Then, a prototype of LaMOC is developed, as follows. 

3   LaMOC System  

3.1   Architecture of LaMOC 

LaMOC is a mobile computing system, actually a hybrid environment, as shown in 
Fig. 3. Three layers appear in LaMOC: fixed hosts (FH); mobile support stations 
(MSS); and Mobile hosts (MH). Here, FH contains the computing devices, such as PC 
desktops, servers, etc. Databases are active on servers, to supply reliable data services. 
MH means laptops, mobile phones, etc. Huge differences appear in such mobile hosts, 
either in computing power, or the duration of the battery. The layer connecting FH 
and MH is MSS. In LaMOC the IP channel based on GPRS/CDMA/WiFi or 3G is 
used. A web gateway works as a portal to link mobile systems and fixed systems. 

Even though it’s layered, functionally LaMOC is a global system as shown in Fig. 4.  
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Fig. 3. LaMOC mobile computing referential 
model 

Fig. 4. Software architecture of LaMOC 

Some main components of LaMOC are: 

 Object manager, manages objects, such as Yellow Page Object, Geo Object, etc; 
 Trust manager-Trust manager is in charge of ensuring LaMOC running in a 

trusted environment. It should care the trust in person-thing/object, trust in per-
son-person, trust in person-group, trust in person-system, and trust in group-
group. 

 Security manager-The security manager is in charge of protecting the safety of 
LaMOC. The portal of LaMOC is the only one channel to connect mobile de-
vices and the back ground server group behind the web portal. To access servers 
the Firewall/NAT is used as protective screen. For the application security some 
safety measures are necessary, such as anti-pretend, strict certificate authority, 
trusted client and server connection, etc. 

3.2   Map Based Browser and LaMOC User Interface 

Mobile devices in LaMOC are smart phones. As a prototype, mobile devices in LaMOC 
are based on Microsoft Windows Mobile v6.0. GPS (Global Positioning System) is used 
for positioning. Because that GPS works not so good in-door, Pseudo-GPS is designed 
and developed in LaMOC project to support in-door positioning. A Pseudo-GPS station 
is actually a GPS signal sender located at ground, especially in buildings. In this way 
position info can be captured either out-door or in-door.   

A location based personalized user interface is demanded. It’s a map based 
browser.  

Map Based Browser 
Different from a text/picture based browser, such as Microsoft IE (Internet Explorer) 
or Google Chrome, a map based browser is designed as a main user interface of 
LaMOC. A map based browser is a Geo info based browser, which is user oriented 
and user favorite object oriented. It means, as soon as a user has registered (logged 
in), a user-centralized map will be presented at his/her terminal. The user preferred 



 LaMOC – A Location Aware Mobile Cooperative System 255 

objects such as favorite restaurants near him/her and favorite stores near him/her, are 
illustrated as icons on the map. Actually, it’s a map based co-browser. It has ability to 
co-navigate the map with other people at-a-distance. As soon as user A logs in 
LaMOC, a map based interface where his/her location shown in the center, will be 
presented. The other members in a same group will also be illustrated as icons in the 
map exactly corresponding to their location. Accompanied with it, A’s information 
with his/her location will be automatically illustrated in the partners’ map browsers. 

The map based browser of LaMOC can be illustrated as in Fig. 5. 

LaMOC Client 
As explained, clients in LaMOC are based on smart phones. The software architecture 
in clients can be illustrated as in Fig. 6.  
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Fig. 5. Map based browser Fig. 6. Client software architecture 

As shown in Fig. 6, a map based browser is a main component in clients. A small 
mobile database is used to keep temporary data as well as context data. Soft agents, 
such as spatial agent, collaborative agent, and privacy agent, are running on clients. 
They are in charge of capturing context info, adapting the change of environment, and 
making intelligent reaction. Two internal interfaces, data interface and service inter-
face, are used to connect agents and local data source/communication services. 

3.3   Fixed Host Layer in LaMOC 

The fixed host layer of LaMOC is composed of a server group and workstations.  
Because of the inherent shortages of mobile devices, such as lower computing 

power, and limited battery capacity, a background server system remedies congenital 
deficiency of mobile devices. Some servers can be deployed remotely. LaMOC ac-
cesses them via Internet.  
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The FH Layer in LaMOC mainly is a group of servers, containing: 

 Web Server- Web Server is used as a gateway to connect MH with FH；  
 Application Server-The kernel of Application Server is the LaMOC Engine. The 

engine analyses and dispatches the user commands to produce a corresponding 
running plan. 

 GeoData Server- It manages Geo data, and carries out basic Geo computing; 
 Database Server- It is in charge of fundamental data management, and managing 

yellow page data, user data, group data, and application data. 
 Collaboration Server- It is used to coordinate participants of group and their 

activities. 
 Context Server- The context server is used to store and manage context data, as 

well as process context data. 
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Fig. 7. The back ground system of LaMOC 

4   Some Key Issues 

4.1   Context Awareness 

The word context means here physical context and logical context. That is: 

 Physical context-location, terminal/device context, etc. 
 Logical context-user profile, usage preferring, user/group behaviors, etc. 

LaMOC has (hard and soft) sensors to capture context. Hard sensors such as GPS 
receivers are used to capture location data. Soft sensors are actually soft agents that 
can capture logical context. 

There are different kinds of smart phones in market. Especially, their display 
screen size differs from one another. The way to solve adaptive problem in LaMOC is 
by device sensing and device awareness. An on-demanded map can be adapted auto-
matically to suit different display screens of various smart phones. 

GPS is used for positioning. But GPS has its inherent shortage. Mainly GPS signal 
is poor in some places, especially in tunnels, or in a building, where the signal is lost. 
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In LaMOC project a pseudo GPS system is developed by SITP1. A pseudo GPS sta-
tion is actually a GPS signal sender, following the signal standard of GPS. It can be 
installed in buildings, tunnels, and so on. Thus, LaMOC sensor can capture position 
information covered nearly anywhere. 

Logical context awareness in LaMOC means, automatically user/group profile cap-
turing, user/group usage awareness, etc. 

User and group profiles are defined and stored in the context database of LaMOC. 
They are static context of user and group. Besides, user/group usage as dynamic con-
text is captured during the running of LaMOC. Soft sensors (agents) are used for 
usage awareness. The agents are engaged in: 

 Collaborative awareness- e.g. where is my friends? Is there any of my friends 
near me?  

 Group feature awareness – e.g. in the case of the system recommendation, deci-
sions often depend on the group’s historical activities. Group’s historical activi-
ties are captured via group feature awareness. Such that, it can be answered: 
what are the common favorites of the group users?  

 Partner behaviors awareness – e.g. which friends of mine is going to dinning？
What is the planed program of my partner next hour? Can I meet him on next hour? 

4.2   Mobile Cooperation 

Mobile collaboration is an imported feature of our scenarios. Mobile users of same 
group cooperate with each other to achieve common target. For example, a co-visitor 
in Expo Village recommends a common interested exhibition pavilion to his/her part-
ners of the same group. Or a group of distributed tourists try to find each other and 
determine a muster place. Some things concerned mainly by us are: 

 Spatial Group Decision Support (SGDS). 
 Social network and group application 
 Co-browsing-user interface 

Let’s look at some scenarios: 

Scenario 1: A group of distributed users are on the way, someone occasionally sup-
poses to take a group meeting as soon as possible. Other participants agree with 
him/her. Where is the suitable mustering place to the group? 

Scenario 2: Five participants in a group are driving 5 cars on highway to a city at the 
same time. One suggests taking a rest, and others agree with him/her. Which rest 
service zone is optimal for such 5 cars?  

Such scenarios involve Spatial Group Decision Support (SGDS). LaMOC is fo-
cused on supporting such applications. Geo Server and Collaboration Server are used 
to support SGDS. The Geo Server has the functionality of spatial modeling and Geo 
computing. The commercial GIS products are lack of the functionality for wide do-
                                                           
1 The Shanghai Institute of Technical Physics of the Chinese Academy of Sciences, one partner 

of LaMOC project. 
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main spatial modeling and intelligent computing. Therefore, a self developed Geo 
data management system, LaMOC spatial engine as the kernel, with spatial modeling 
and intelligent computing toolkits are developed in LaMOC project. PostgreSQL2 is 
used as the base system for LaMOC. The spatial engine has the Geo computing capa-
bility, such as finding the optimal object related to the user’s location according to 
his/her favors, or finding the optimal route to the target place. LaMOC is focused on 
the group application. The spatial engine can compute to find the favorite and optimal 
restaurant for a group of distributed people, to find the optimal route for each partici-
pant to arrive there, and so on. 

LaMOC supports group decision, such as finding an optimal mustering place for a 
group of Expo visitors distributed in an area such as Expo village. 

Because LaMOC works in a mobile environment, compared with traditional coop-
erative environment, user mobility is a big challenge. 

For example, five members take part in the cooperation, locating just in a restricted 
area, e.g. in Expo Village. In moving, 10 minutes later one body is out of the area, so 
that he/she leaves the cooperation activity automatically. Maybe other 2 person be-
longing to the same group now enter the area. Then these two persons join the col-
laborative task automatically.  

A Collaboration Server is designed to support cooperation. Some algorithms and 
mechanisms have be worked out in LaMOC to suit such situation.  

5   Conclusion 

In this paper LaMOC- a Location Aware Mobile Cooperative System developed by 
ICA-ECNU is presented. Actually, it is a join work developed by East China Normal 
University, Fudan University, SITP, and some other partners. The work is supported 
by Science & Technology Commission Shanghai Municipality with the Grant No.  
075107006. Restricted by the length, the details, e.g. some algorithms proposed, have 
not been presented here. We will report our works continually. 
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Abstract. As camera phones have permeated into our everyday lives,
two dimensional (2D) barcode has attracted researchers and developers
as a cost-effective ubiquitous computing tool. A variety of 2D barcodes
and their applications have been developed. Often, only monochrome 2D
barcodes are used due to their robustness in an uncontrolled operating
environment of camera phones. However, we are seeing an emerging use
of colour 2D barcodes for camera phones. Nonetheless, using a greater
multitude of colours introduces errors that can negatively affect the ro-
bustness of barcode reading. This is especially true when developing a
2D barcode for camera phones which capture and store these barcode
images in the baseline JPEG format. This paper present one aspect of
the errors introduced by such camera phones by modelling the camera
phone capture channel for JPEG colour barcode images.

Keywords: Image-based modelling, Image processing & understanding.

1 Introduction

Two dimensional (2D) barcodes are becoming a pervasive interface for mobile
devices, such as camera phones. Often, only monochrome 2D barcodes are used
due to their robustness in an uncontrolled operating environment of camera
phones. Recently we are seeing an emerging use of colour 2D barcodes for cam-
era phones. Nonetheless, using a greater multitude of colours introduces errors
that can negatively affect the robustness of barcode reading. Futhermore, most
camera phones capture and store such colour 2D barcode images in the Joint
Photographic Experts Group (JPEG) format [1]. As a lossy compression tech-
nique, JPEG also introduces a fair amount of error in the decoding of captured
2D barcode images. This JPEG quantization error is further compounded by the
error introduced by the camera phone capture channel. Thus, robust decoding
of colour 2D barcode JPEG images is a very challenging task. When possible,
2D barcode developers would rather not work with such lossy JPEG images [2].
Unfortunately, the most often image format supported on camera phones is the
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baseline JPEG format. Moreover, there is an increasing use of colour 2D bar-
codes for camera phones. Examples of these colour 2D barcodes are the coloured
ColorCode [3], High Capacity Colour Barcode (HCCBTM) [4] and the Mobile
Multi-Colour Composite (MMCCTM) [5] 2D barcode. Figures 1 and 2 presents
examples of such colour 2D barcodes for camera phones.

Fig. 1. Examples of ColorCode (left) and HCCBTM(right)

Fig. 2. An example of MMCCTM

1.1 Errors Pertinent to JPEG Images Captured on Camera Phones

When a 2D colour barcode image is captured by a camera phone and stored in
JPEG format, there is essentially two major components of introduced errors,
other than errors due to corruption of the 2D barcode symbol itself, such as
smudges, tear and wear, or errors due to bad illumination of the barcode symbol
being captured. These two major components of introduced errors are:
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1. Errors due to the JPEG compression technique;
2. Errors due to the camera phone capture channel.

For errors introduced by the JPEG compression, there is essentially two major
elements that introduced these errors, namely, the errors due to the quantisation
process in the JPEG compression, and the errors due to the use of sub-optimal
dequantisation matrix at the JPEG decoder. There is nothing much that can be
done about the former but with the latter, we have found that a JPEG decoder
based on optimised Discrete Cosine Transform (DCT) co-efficients distribution
can result in higher quality decompressed images [6].

In this paper, we analysed the other major component of introduced error,
the errors due to the camera capture channel. From our research [5] on the the
MMCCTM, we have observed that even under controlled laboratory conditions
(i.e. perfect 2D barcode symbol and good barcode symbol illumination) there
is still signification errors in the captured image such that the colours in the
captured image shift significantly from their respective reference colour. An ex-
ample of this observation is presented in Figure 3, where the colour of the data
symbol, Symbol 7, has shifted from its origin at RGB = (0, 255, 255) to a cluster
of colour co-ordinates within the RGB colour space.

Fig. 3. An example of colour movement in RGB colour space for a capture JPEG
colour barcode image

Section 2 presents our modelling of the camera phone capture channel. Sec-
tion 3 presents the results of our simulations. Section 4 presents our conclusion.

2 Camera Phone Capture Channel Modelling

To model our colour 2D barcode, we have used the colour scheme from our
previous work [5] and constructed a data cells only colour 2D barcode. Such a
data cells only model is valid because in the decoding process for 2D barcodes,
the data cells area of the barcode symbol is usually segmented from the located
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Fig. 4. An example of our colour 2D barcode model

barcode image prior to the colour decoding process [5]. An example of our colour
2D barcode is depicted in Figure 4.

For modelling the camera phone capture channel, we have used a Palm Treo
750 smart camera phone. This is a camera phone equipped with a 1.3 megapixel
Charged Couple Devices (CCD) camera, with a Windows Mobile Ver.6 operating
system. To model the camera capture channel for this camera phone, we have
generated 20 random samples of the colour barcode model deoicted in Figure 4,
where for each sample, we have captured 20 JPEG images of the colour 2D
barcode under controlled laboratory conditions. Figure 5 illustrates a similar
setting used in our experiment to model the camera phone capture channel.

From the experiment, after capturing the JPEG images of the colour 2D
barcode model with our camera phone, we have found that the average observed
mean values for the Cb and Cr colour components of the barcode images do not

Fig. 5. An experiment setting similar to that used in our modelling
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change but its Y luminance component is, on the average, reduced by about 40%.
We have analysed the captured JPEG images in the Y CbCr domain because the
JPEG compression manipulates colour images in this domain [1]. While this
observation can be attributed to the camera phone capture channel error, it
can also be caused by quantisation errors in the JPEG compression process of
the captured images. Hence, we further compared this observation with JPEG
compressed images of the same 2D barcodes samples under ideal conditions (i.e.
directly compressing the original barcode images). What we have found is that
there is definitely another error component contributing to the changes in the
Y CbCr components of our sample 2D barcode images. Figure 6 presents an
example of such an observation.

Fig. 6. Comparing between a JPEG compressed 2D barcode sample image (left) and
its camera phone captured equivalent (right)

To further model for this error component, we have taken steps to reproduce
the same colour movements using image pre-processing techniques to model the
noise in the colour 2D barcode sample images prior to the JPEG compression
under ideal conditions. Figure 7 illustrates the steps we have taken in this com-
parative study.

From our study, we have found that we can reproduce, within limits, the error
introduced by the camera capture channel. These results are presented in the
next Section.

3 Simulation Results

From our simulations, we have observed that the camera capture channel pro-
duces ‘darker’ images of our sample colour 2D barcodes. This is consistant across
all our randomised model samples. To reproduce such effects, we have experi-
mented with various image processing algorithms, such as image blurring, image
softening, manipulating the image contrast and adding noise to the image. We
have also experimented with noise with different distributions, such as Gaussian,
Laplacian and Pisson distributed noises.

From our experiments, we have found that adding Gaussian distributed noise
gives us the closest effect to the colour movements observed in our camera chan-
nel modelling experiment. For Additive White Gaussian Noise (AWGN), we have
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Fig. 7. A comparative study between the captured and the pre-processed colour 2D
barcode images

experimented by adding AWGN with a distribution mean ranging from 0.1 to
1. For each distribution mean, we have calculated the differences between the
colour shift vectors of the pre-processed colour 2D barcode sample images ver-
sus those of the camera phone captured images. The average differences in the
Y CbCr movements between our pre-processed sample images and our camera
phone captured sample images is presented in Figure 8. The maximum differ-
ences in Y CbCr movements between our pre-processed sample images and our
camera phone captured sample images is presented in Figure 9.

From Figures 8 and 9, we have found that by pre-processing our 2D barcode
sample images with an AWGN with a mean of 0.3 give us resultant JPEG sample
images that is closest to our camera phone captured sample images. Thus, for
the experiments in this paper, an AWGN channel with a distribution mean of 0.3
can closely model the camera phone capture channel for our colour 2D barcode.
A visual comparison between this pre-processed sample image against its camera
phone captured equivalent is presented in Figure 10.

4 Conclusion

Colour 2D barcodes are new emerging pervasive interfaces for camera phones.
Nonetheless, using a greater multitude of colours introduces errors that can
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Fig. 8. Average differences in Y CbCr values between our pre-processed sample images
and our camera phone captured sample images

Fig. 9. Maximum differences in Y CbCr values between our pre-processed sample im-
ages and our camera phone captured sample images

Fig. 10. Comparing between a pre-processed 2D barcode sample image (left) and its
camera phone captured equivalent (right)
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negatively affect the robustness of barcode reading. Futhermore, most camera
phones capture and store such colour 2D barcode images in the JPEG format.
As a lossy compression technique, JPEG also introduces a fair amount of error
in the decoding of captured 2D barcode images. This JPEG quantization error
is further compounded by the error introduced by the camera phone capture
channel. Thus, robust decoding of colour 2D barcode JPEG images is a very
challenging task. Hopefully, the work presented in this paper can help to address
some of these challenges. From our results herein, we have concluded that a most
likely model to model the camera phone capture channel errors for colour 2D
barcodes captured by camera phones and stored in JPEG format is the AWGN
channel. With this knowledge, coupled with our work [6] in improving the de-
compression of JPEG barcode images, it is likely that we will be able to improve
the decoding of colour 2D barcode images for camera phones.
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Abstract. This article proposes an ontology based pattern recognition method-
ology to compute and represent common QoS properties of the Application 
Data Units (ADU) of multimedia streams.  The use of this ontology by mecha-
nisms located at different layers of the communication architecture will allow 
implementing fine per-packet self-optimization of communication services re-
garding the actual application requirements. A case study showing how this 
methodology is used by error control mechanisms in the context of wireless 
networks is presented in order to demonstrate the feasibility and advantages of 
this approach. 

Keywords: self-optimizing, semantic pattern recognition, QoS, multimedia. 

1   Introduction 

Distributed applications were originally characterized by very basic communication 
requirements related to reliability and order. Today, multimedia applications demand-
ing more complex requirements in terms of delay and bandwidth have been  
developed. Moreover, some of these applications are able to tolerate a non-perfect 
communication service (e.g. a partially ordered and partially reliable service). These 
applications have generally been designed in the framework of the Application Level 
Framing (ALF) approach [1]. In this approach, Application Data Units (ADU) can be 
processed independently by the various components of the multimedia system. The 
resulting QoS is strongly associated to the way this processing has been achieved by 
the application and networking components. Generally, components participating in 
the end-to-end communication path configure and provide their services using only a 
session level approach (e.g. each packet of the multimedia stream receives the same 
service). However, a more accurate knowledge of individual ADU requirements could 
largely help these components to improve the QoS provided and perceived by end-
users. This paper introduces an ontology for the standard representation of ADU 
properties in order to allow any of the underlying communication mechanisms to 
access and use these properties. This approach is not intended to add new headers in 
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the data packets but to use existing descriptor headers to make their QoS properties 
publicly available to any underlying communication mechanisms, according to a well-
defined set of rules. This ontology is called the Implicit Packet Meta Header (IPMH) 
ontology. The use of this ontology by mechanisms situated at different levels of the 
communication architecture will allow a global optimization of the communication 
processing according to the actual ADU requirements.  

The rest of the paper is structured as follow. The section 2 presents the multimedia 
network context where IPMH can be employed. Section 3 introduces the IPMH and 
presents an abstract scheme for its representation and computation. Section 4 de-
scribes a study case based on the use of the IPMH to optimize error control mecha-
nisms. Concluding remarks are finally proposed.  

2   Multimedia Network Context: RTP-Based Systems 

The Real-time Transport Protocol (RTP) proposed by the IETF [2] has become the 
standard for time constrained multimedia applications such as video on demand 
(VoD), audio and video conferencing, voice over IP (VoIP), television over IP 
(IPTV), etc.  RTP has been proposed by the Audio/Video Transport workgroup 
(AVT) of IETF and an important number of RFCs have been defined in order to de-
scribe standards for streaming multimedia content using RTP. 

RTP follows the principles of Application Level Framing (ALF) proposed by Clark 
and Tennenhouse [1]. ALF principle claims for breaking media data (i.e. audio or 
video content) into suitable aggregates. The frame boundaries of these aggregates are 
preserved by lower layers of the communication system (i.e. transport, network and 
data link layers). These aggregates are called Application Data Units (ADU) and are 
intended to be used as the minimal processing unit.  

RTP standards follow a header definition approach to describe every ADUs aimed 
at providing information such as payload identification, sequence numbering and 
timestamps. RTP, however, does not provide any guarantees concerning the QoS and 
real-time constraints of the data transported. Lower layers should provide these guar-
antees. However, lower layers generally not used this important QoS information 
when delivering communication services. Next paragraphs introduce the standards 
describing the common header of the RTP protocol as well as the specific headers 
used to describe legacy multimedia streams. 

2.1   Fixed RTP Header 

In this section the fields of RTP fixed headers are detailed. These fields need to be 
specified for every RTP packet composing any RTP media stream.  
 
− Version (2 bits) identifies the version of RTP (currently version 2). 
− P: Padding (1 bit) indicates if the packet contains one or more additional padding 

octets. 
− X: extension (1 bit) indicates if the fixed header is followed by exactly one header 

extension. 
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Payload
……
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Timestamp (4 bytes)
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CSRC (0-60 bytes)
SSRC (4 bytes)

Timestamp (4 bytes)
Sequence number (2 bytes)
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CSRC countXPVersion

76543210
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Fig. 1. Fixed RTP header 

− CSRC count (4 bits) contains the number of CSRC or contributing sources for the 
payload that follow the fixed header. 

− M: marker (1 bit) depends of the RTP profile, but generally is intended to specify if 
the ADU has been segmented in several RTP packets.  

− Payload type (7 bits) is used to identify the format of the RTP payload. A set of 
default format types for audio and video streams is specified in [3].  

− Sequence number (16 bits) indentifies the order of every RTP packet within the 
stream.  

− Timestamp (32 bits) reflects the sampling instant of the first octet in the RTP data 
packet.   

− SSRC (32 bits) uniquely identifies the synchronization source of the stream (e.g. 
the sender of a stream of packets derived from a media capture source such as a 
microphone or a camera). 

− CSRC list (60 bytes) contains the contributing sources for the current payload if it 
is the result of the combination of multiple streams performed by an intermediate 
entity.  

2.2   Specific RTP Profiles 

The fixed RTP header can be enhanced with specific headers including additional 
fields required for more specialized RTP streams such as MPEG1, MPEG2, MPEG4, 
H.263, H.264, etc. 

2.2.1   MPEG  
The Moving Picture Experts Group or MPEG, is a working group of ISO/IEC respon-
sible for the development of the widely used video and audio encoding standards. The 
fields included within the specific RTP/MPEG [4] video header are intended to be 
used by the receiving application in order to decode the MPEG video streams. How-
ever, some of these fields could be used by the communication system in order to 
differentiate the priority of RTP/MPEG packets and optimize the utilisation of con-
strained communication resources: 



270 E. Exposito et al. 

 

− Picture type (3 bits) indicates the type of picture being transported, 1 for I-pictures, 
2 for P-pictures, 3 for B-pictures and 4 for D-pictures. As indicated in [4], I and P 
pictures could be considered as being more important that B pictures.  

− Sequence header flag (1 bit) indicates if a sequence-header is present (value of 1). 
RTP packets containing sequence headers are considered as essential to decode the 
following packets.  

2.2.2   H.263 
H.263 is a video codec for low-bitrate, originally designed by the ITU-T. In [5] the 
standard for transporting various versions for H.263 video streams over RTP has been 
proposed. As for RTP/MPEG streams, some of the fields included within the specific 
RTP/H263 video stream could be used to optimize the communication resources, in 
particular: 

− compression mode (1 bit) indicates the video mode used for video compression. 
P=0 implies normal I and P frames and P=1, indicates I, P and B frames. As for 
MPEG codec, I pictures are more important than P and B pictures. 

− intra or inter-coded picture (1 bit) is used to identify the type of picture. I=0 for 
intra-coded picture and I=1 for inter-coded pictures. Inter-coded pictures are de-
pendent of intra-coded pictures.   

2.2.3   H.264    
The H.264 [6] video codec has a very broad application range that covers all forms of 
digital compressed video (e.g. low bit-rate Internet streaming applications, HDTV 
broadcast or Digital Cinema applications) with nearly lossless coding. The codec 
specification distinguishes between a video coding layer (VCL) and a network ab-
straction layer (NAL). The VCL contains the signal processing functionality of the 
codec and a loop filter. The Network Abstraction Layer (NAL) encoder encapsulates 
the slice output of the VCL encoder into Network Abstraction Layer Units (NAL 
units), which are suitable for transmission over packet networks.  

− NAL reference identificator (2 bits) a value of 00 indicates that the content of the 
NAL unit is not used to reconstruct reference pictures for inter picture prediction. 
Such NAL units can be discarded without risking the integrity of the reference  
pictures.  Values greater than 00, indicate that the decoding of the NAL unit is re-
quired to maintain the integrity of the reference pictures. In addition to the specifi-
cation above, according to this RTP payload specification, values greater than 00 
indicate the relative transport priority, as determined by the encoder. Intermediate 
communication components can use this information to protect more important 
NAL units better than they do for less important NAL units.  The highest transport 
priority is 11, followed by 10, and then by 01; finally, 00 is the lowest. 

3   Implicit Packet Meta Header Ontology 

The Implicit Packet Meta Header or IPMH is intended to provide information about 
the ADU properties of ALF-based multimedia streams. The attributes contained in this  
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descriptor are aimed at helping the different entities participating in the end-to-end path 
transmission to optimize the real-time operations performed over every ADU.  The 
overall IPMH architecture is illustrated in figure 2. 

ADU
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mechanisms

Layers n-1
mechanisms

Layers n-2
mechanisms

Rules

Node

Nodes

IPMH

ADU

Layers n
mechanisms
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Fig. 2. IPMH Architecture 

In this architecture, the IPHM is built from a specific set of rules associated to the 
actual multimedia stream. This header will be visible for any of the communication 
components present all along the transmission path, either from the vertical point of 
view (i.e., cross layer) or from the horizontal point of view (i.e., set of nodes crossed 
by the ADU). 

3.1   IPMH Structure 

The IPMH includes the following information semantic elements per ADU:  

− Unique Identifier, in order to express reliability and order constraints; 
− Class of ADU (e.g. I and P pictures for H.263 streams); 
− Priority Class (e.g. I pictures are “more important” than P pictures); 
− Tolerated Delay; 
− Intra-Dependency (e.g. dependency among segmented I or P pictures); 
− Inter-Dependency (e.g.  P pictures depend on I pictures); 

3.2   Mapping Rules 

In order to allow any communication mechanisms to identify or deduce the IPMH for 
a particular packet, a set of mapping rules must be proposed. These rules should spec-
ify all the necessary information in order to deduce the IPMH components: type of 
attribute (e.g. Integer, Boolean, String, etc), position of attributes within the ADU (i.e. 
offset and length) and optionally conditions to be verified and values to be set if con-
ditions are true. Of course, this set of rules depends on the implemented codec.  
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In order to facilitate the deployment of this approach, the XML language has been 
used to define a standard specification of the IPMH. Figure 3 illustrates the XSD 
schema for the IPMH. This schema can be used to map standard streams (e.g. RTP 
streams) or any proprietary codec. Proprietary applications could then use cross layer 
optimizations without publishing the codec format. 

 
 

 

Fig. 3. XML schema definition for IPMH ontology 

3.3   Using the IPMH 

QoS functions such as packet scheduling or error control could use the IPMH ap-
proach to optimize their operations. Next paragraphs present a non-exhaustive list of 
functions and possible per-packet attributes to perform this optimization:  

− Flow scheduling (forwarding of packets between end-system and networks): toler-
ated delay, classes and priorities.  

− Flow shaping (regulation of flow scheduling based on the flow requirements and 
underlying resources): tolerated delay. 

− Flow policing (actions to be taken when the flow specification is violated): toler-
ated delay, classes, priorities and inter and intra dependencies.  

− Flow synchronization (control of order and time requirements for the delivery of 
multiple streams): tolerated delay and inter and intra dependencies.  

− Error control (detection, correction of errors): unique identifier, tolerated delay, 
classes, priorities and inter and intra dependencies. 
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4   Case Study  

Packet losses are generally the consequence of network congestion in traditional IP 
networks. During data transmission, packets are temporally stored in intermediate 
nodes (e.g., proxies, routers, access points) while they are forwarded to their final 
destination. When storage capacities are exceeded, then packets are dropped. More-
over, in wireless networks, unreliability is also originated from bit-errors due to chan-
nel fades and interference.  

In order to recover packet losses, various error control mechanisms have been im-
plemented at different layers of the communication system. Losses of packets are 
usually recovered by using Automatic Repeat reQuest (ARQ) techniques. However, 
these mechanisms do not always take into account the actual requirements of the 
applications. Indeed, some applications are able to tolerate a certain amount of packet 
losses over the transmitted data (e.g., audio, video, images, etc.), while for other ap-
plications packet loss is unacceptable (i.e. binary or data files, text, etc.). Currently, 
most of the error control mechanisms offer only a fully reliable service for all the 
applications. These mechanisms could be specialized to provide a partially reliable 
service in order to be more compliant with time-constrained applications.  

In order to evaluate the feasibility of the IPMH implementation as well as the bene-
fits of using this approach in the layered communication mechanisms, an experimental 
study case including RTP-based applications and error control mechanisms has been 
carried out. This type of application presents some preference for timeliness over reli-
ability. This case study involve the achievement of various experiences, all of them 
using real RTP traffic (i.e., a VoD application using a H263 codec) and real implemen-
tations of different error control mechanisms. This software has been evaluated using a 
network emulator providing a real-time dynamic evolution of network conditions. High, 
medium and low load network conditions are emulated by varying the available band-
width and the packet loss rates.  Results of these experiments are illustrated in Figure 4.  

 

Fig. 4. Service results for error control mechanisms using IPMH 
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The performance results in terms of total duration of data transfer of a video stream 
have been compared for four kinds of error control mechanisms. Considered error 
control mechanisms are: 

− 100 reliable: full reliable service (no losses are tolerated). 
− 100% I, 50 % P: full reliability is required for I Pictures and 50 % for P pictures. 
− 100% I,   0 % P: full reliability is required for I Pictures and 0 % for P pictures. 
−  50%  I,   0 % P: 50% reliability is required for I Pictures and 0 % for P pictures. 

 
Results demonstrates that the delay accumulated for retransmission based error con-
trol mechanisms are higher when more reliability is requested for a video stream of 60 
seconds. Using IPMH properties such as ADU type, priority or dependency allows 
implementing partial reliable services, which can largely reduce the transmission 
delay while respecting the reliability constraints indicated by the applications. While 
for fully reliable services the transmission delay for the complete video transmission 
was more than 85 seconds for a high loaded network, for partial reliable services 
using IPMH, the transmission delay can be controlled when the adequate reliability 
constraints are adjusted to the network conditions. Indeed, the worst case for the par-
tial reliable service of (100%I, 50%P) was of 65 seconds (20 seconds less than the 
fully reliable service) for a high loaded network. 

5   Conclusions 

This paper presents the IPMH, a standardized way for the packet QoS properties to be 
computed and represented. The semantic offered by IPMH allows any of the underlying 
communication mechanisms to perform pattern recognition and use the computed QoS 
packet properties. It is build according to a well-defined set of rules applied onto the 
application data units. The use of the IPMH by several mechanisms situated at different 
levels of the communication architecture allows the development of optimized commu-
nication mechanisms regarding the real ADU requirements. This approach has been 
successfully implemented and evaluated in the context of various error control mecha-
nisms using the QoS Information in order to optimize the reliability and time constraints. 
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Abstract. We present a gait recognition system using infra-red (IR) images. 
Since an IR camera is not affected by the intensity of illumination, it is able to 
provide constant recognition performance regardless of the amount of 
illumination. Model-based object tracking algorithms enable robust tracking 
with partial occlusions or dynamic illumination. However, this algorithm often 
fails in tracking objects if strong edge exists near the object. Replacement of the 
input image by an IR image guarantees robust object region extraction because 
background edges do not affect the IR image. In conclusion, the proposed gait 
recognition algorithm improves accuracy in object extraction by using IR 
images and the improvements finally increase the recognition rate of gaits.  

Keywords: Active shape model, gait recognition. 

1   Introduction 

Recently, human recognition techniques have attracted increasing attention in 
intelligent surveillance applications. For recognition systems using Physiological 
feature-based human recognition systems use individual, unique characteristics, such 
as fingerprints, iris, and face. Because of the unique nature, the physiological feature-
based system provides very high recognition rate up to 99%. In spite of the high 
recognition rate, the physiological features are not easily acquired due to the 
reluctance of participants. Alternatively, human behavioral features gains increasing 
attractions in applications for in conscious recognition of humans using gaits. 
[1][2][3] 

Accurate infrared target tracking is critical in many military weapons systems 
where common knowledge indicates that improving infrared target detection and 
tracking has the potential to simultaneously minimize unwanted collateral damage 
and maximize the probability of successful target elimination. [4] 

Gait recognition is a technology to identify a human based on the difference in a 
cycle of steps representing a behavioral feature. Most existing gait recognition 
techniques use CCD camera images, which are sensitive to illumination changes. The 
proposed gait recognition method is able to extract the object region using infrared 
(IR) images. Even under row-level illumination or complex background, an IR image 
contains the easily extracting object region. 
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This paper is organized as follows. In section 2, we present the ASM algorithm for 
infrared images. Extraction method of the gait data is presented in section 3. Section 4 
presents the experimental results and section 5 concludes the paper. 

2   Active Shape Model for Object Extraction in Infrared Images 

The proposed algorithm deals with several basic computer vision problems such as 
matching and comparing temporal signatures object and background, modeling 
human motion and dynamics, and shape recovery from partial occlusions. It is well 
known that the extraction of object area is very difficult with complex background or 
partial occlusions.  

In this section we present a novel gait recognition system by deploying the ASM 
framework using the infrared video. The advantage of the proposed system is the 
robust recognition with complicated background, poor illumination, and occlusions. 

We briefly revisit the ASM theory divided by including three steps: (a) shape 
variation modeling, (b) model fitting, and (c) local structure modeling. 

2.1   Shape Variation Modeling  

Given a frame of input video, initial landmark points should be assigned on the 
contour of the object either manually or automatically. Good landmark points should 
be at or close to the desired boundary of each object. A particular shape X  is 
represented by a set of n  landmark points which approximate its outline as  

[ , , , , , , , ] ,1 2 1 2
TX x x x y y yn n= L L  (1)

Different sets of such landmark points make a training set. A shape in the training set 
is normalized in scale, and aligned with respect to a common frame. Although each 
aligned shape is in the 2n-dimensional space, we can model the shape with a reduced 
number of modes using the principal component analysis (PCA) analysis. The main 
modes of the template model, X , are then described by the eigenvectors ϕ  of the 

covariance matrix c, with the largest eigen-values. 

 2.2   Model Fitting  

We can find the best shape and pose parameters to match a shape in the model 
coordinate frame, x , to a new shape in the image coordinate frame, y , by 

minimizing the following error function  

( ) ( ),T TE y Mx W y Mx= − −  (2)

where M represents the geometric transformation of scaling ( )s , translation ( )t , and 

rotation ( )θ . For instance if we apply the transformation to a single point, denoted 

by[ , ]Tp q , we have 
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After a set of pose parameters, { , , }t sθ , is obtained, the projection of y on to the 

model coordinate frame is given as  

1 .x M yp
−=  (4)

Finally, the parameters are updated as 

( ).Tb x xpφ= −  (5)

2.3   Local Structure Modeling  

In order to interpret a given shape in the input image based on ASM, we must find a 
set of parameters that best match the model to the input shape. If we assume that the 
shape model represents boundaries and strong edges of the object, a profile across 
each landmark point has an edge like local structure. The nearest profile can be 
obtained by minimizing the following Mahalanobis distance between the sample and 
mean of the model as 

( ) ( ) ( ),, , ,
T Tf g g g S g ggi m i m i m= − −  (6)

where ,gi m  represents the shifted version of gi  by m samples along the normal 

direction of the corresponding boundary. 

3   Extraction of Gait Data 

In this section we present an object region extraction method based on the analysis of 
the object in section 2. For the analysis of human gait it is very important to extract 
the gait period. Most gait period extracting methods measure object features in the 
image on the basis of temporally proceeding frames. The proposed gait recognition 
method analyzes the shape of an object in the form of a four-dimensional (4D) vector 
as shown in Fig.1 in order to acquisition 4D data. 

 

Fig. 1. A 4D vector with four gait parameters:  [ , , , ]1 2 3 4
T

W d d d d=  
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The 4D vector consists of the height of the object shape (d1), the length of the 
upper torso (d2), from the pelvis to the foot length (d3), and the distance between the 
left and right foot (d4). We can detect the eigen gait by using the extracted 4D gait 
vectors. For normally obtained gait data, d4 data shows the periodic property and has 
the unique feature. Extracted 4D gait vectors are store in the database for future 
comparison with an arbitrary input data. 

In the recognition process the cross-correlation of the 4D gait vectors extracted 
from the input image and from the stored database as,  

( ) ( ),( ) inputDBd m d n mi ic n ∑ ⋅ +=  for 1,2,3, 4.i =  (7)

The stored gait data with the maximum correlation is selected as the best matching 

candidate. Where DB
id  represents the element of the i -th gait vector in the stored 

database, 
input
id  the element of the i -th vector extracted from the input image, and 

( )c n  the cross-correlation shifted by n  frames. 

4   Experiment Results 

We first compare object extraction performance using a CCD and an IR images. 
While the object was extracted by subtraction from background in the CCD image, 
the object in the IR image was extracted by using an experimentally chosen threshold 
as shown in Fig. 2. 

    
(a)                                                                     (b) 

    
(c)                                                                     (d) 

Fig. 2. (a) Input CCD image, (b) extracted object in the CCD image, (c) input IR image, and (d) 
extracted object in the IR image 
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Fig.3 show results of the ASM in the CCD and IR images. For the CCD image, a 
number of mismatches are observed near the contour of the object. However the IR 
image provides the significantly improved shape of the object. 

    
(a) 22th frame                                            (b) 55th frame 

    
(c) 22th frame                                               (d) 55th frame 

Fig. 3. The ASM results in the CCD and IR images 

Table 1 summarizes the value of shape-accuracy of CCD and IR images using the 
ASM, respectively. The matching-ratio is achieved by using manually-assigned 
ground truth data. 

Table 1. Font sizes of headings. Table captions should always be positioned above the tables. 

Camera object Suitability Disagreement Matching ratio(%) 
Object 1 21 11 62.6 CCD 
Object 2 18 14 56.3 
Object 1 30 3 93.8 

IR 
Object 2 29 3 90.6 

 
Fig.4 shows the ASM results and gait data in the row-level illumination images 

acquired by both CCD and IR cameras. The region of object and gait data are clearly 
extracted in the IR image. On the other hand the appearance of the object is not clear 
in the CCD image. 
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(a) CCD image                                                 (b) IR image 

  
(c) The ASM result in the IR image                            (d) Extracted 4D gait date 

Fig. 4. The ASM results in the row-level illumination images 

Fig.5 (a) shows the measured gait data using cross-correlation when the same 
object walks in the different areas, and Fig.5 (b) shows the obtained gait data using 
cross-correlation when the different object walks in the same areas. 

    
(a)                                                  (b) 

Fig. 5. The results of cross-correlations: (a) The same person walking in different locations, and 
(b) two different people walking in the same location 
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5   Conclusion 

In this paper we obtain the gait data using the ASM in the IR image. Experiment 
results show that the proposed system can robustly extract the object region at the 
row-level illumination or with partial occlusion. For the future development of the 
gait recognition system, we need to consider conditions, to acquire input images to 
accurately simulate more practical situation. 
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Abstract. Denoising and Dimensionality reduction (DR) are key issue
to improve the classifiers efficiency for Hyperspectral images (HSI). The
multi-way Wiener filtering recently developed is used, Principal and inde-
pendent component analysis (PCA, ICA) and projection pursuit (PP )
approaches to DR have been investigated. These matrix algebra methods
are applied on vectorized images. Thereof, the spatial rearrangement is
lost. To jointly take advantage of the spatial and spectral information,
HSI has been recently represented as tensor. Offering multiple ways to
decompose data orthogonally, we introduced filtering and DR methods
based on multilinear algebra tools. The DR is performed on spectral
way using PCA, or PP joint to an orthogonal projection onto a lower
subspace dimension of the spatial ways. We show the classification im-
provement using the introduced methods in function to existing methods.
This experiment is exemplified using real-world HYDICE data.

Keywords: Multi-way filtering,Dimensionality reduction, matrix and
multilinear algebra tools, tensor processing.

1 Introduction

Detection and classification are key issues in processing HyperSpectral Images
(HSI). Spectral identification-based algorithms are sensitive to spectral variabil-
ity and noise in acquisition. In recently, we have proposed multi-way Wiener
algorithms that is robust to noise [1].

The emergence of hyperspectral images (HSI) implies the exploration and the
collection of a huge amount of data. Imaging sensors provide typically up to
several hundreds of spectral bands. This unreasonably large dimension not only
increases computational complexity but also degrades the classification accu-
racy [2]. Thereof, dimensionality reduction (DR) is often employed. Due to its
simplicity and ease of use, the most popular DR is the principal component anal-
ysis (PCA), referred to as PCAdr. A refinement of PCAdr is the independent
component analysis (ICAdr) [3]. While PCAdr maximizes the amount of data
variance by orthogonal projection, ICAdr uses higher order statistics which char-
acterize many subtle materials. On the other hand, projection pursuit (PPdr)
method [4, 5, 6, 7, 8] uses an index projection, to be defined, to find interesting
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↪
ezak et al. (Eds.): SIP 2009, CCIS 61, pp. 282–296, 2009.

c© Springer-Verlag Berlin Heidelberg 2009



Classification Methods Based on Tensor Modelling for Hyperspectral Images 283

projections. Originally, the projections revealing the least gaussian distributions
have been shown to be the most interesting. Regarding its index projections,
which can be set, PPdr method generalizes the matrix algebra based methods.
In opposition with the previous DR methods, PPdr uses a deflective rather than
a global procedure by sequentially searching the projection. But all these ma-
trix algebra methods require a preliminary step which consists in vectorizing the
images. Therefore, they rely on spectral properties only, neglecting the spatial
rearrangement. To overcome these disadvantages, [9,10,11] recently introduced a
new HSI representation based on tensor. This representation involves a powerful
mathematical framework for analyzing jointly the spatial and spectral structure
of data. For this investigation, several tensor decompositions have been intro-
duced [12,13,14]. In particular, the Tucker3 tensor decomposition [15,16] yields
the generalization of the PCA to multi-way data. An extension of this decom-
position can generalize the lower rank matrix approximation to tensors. This
multilinear algebra tool is known as lower rank-(K1, K2, K3) tensor approxima-
tion [17], denoted by LRTA-(K1, K2, K3). In [1] multi-way filtering algorithms
are developed and the shown results demonstrate that this new way to built the
Wiener filter is very efficient for the multidimensional data such as HSI.

Based on this tensor approximation, this paper introduces two multilinear al-
gebra methods for DR approach. These two methods yield a multi-way decorre-
lation and jointly perform a spatial-spectral processing: p spectral components
are extracted, jointly with a lower spatial rank-(K1, K2) approximation. The
latter spatial processing yields a projection onto a lower dimensional subspace
that permits to spatially whiten the data. For the first method, the PCAdr

is considered for the extraction of the p spectral components, this multiway
method has been introduced in [10]. And for the second one, the PPdr is investi-
gated. The two introduced multilinear algebra-based methods are referred to as
LRTAdr-(K1, K2, p) and as hybrid LRTA-PPdr-(K1, K2, p). We show that the
spatial projection onto a lower orthogonal subspace joint to spectral dimension
reduction improves the classification efficiency compared to those obtained when
matrix algebra-based DR is used.

The remainder of the paper is organized as follows: Section 2 introduces ma-
trix algebra approaches to DR. Then, Section 3 reviews some tensor properties.
Section 4 introduces the multilinear algebra method before drawing comparative
classification in Section 5.

2 Matrix Algebra-Based DR Method

2.1 HSI Representation

To apply these matrix algebra-based methods, the HSI data are considered as
a sampling of spectrum. Suppose that I3 is the number of spectral bands and
I1 × I2 is the size of each spectral band image (i.e. I1 · I2 is the number of
samples). Each image pixel vector is an I3-dimensional random variable. Those
pixel vectors, referred to as spectral signatures, can be concatenated to yield a
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matrix R = [r1 r2 · · · rI1I2 ] of size I3 × I1I2. In other words, the ith row in R
is specified by the ith spectral band.

The DR approach extracts a lower number p of features called components,
with p < I3, such as

Y = TR, (1)

where T is a linear transformation matrix of size p × I3, and Y the reduced
matrix of size p× I1I2.

2.2 Principal Component Analysis Based DR Approach

In PCAdr context, the extracted components are called principal components
(PCs). Each PC is generated by projecting the data spaced onto the ith eigen-
vector associated with the ith largest eigenvalue of the covariance matrix. This
orthogonal projection maximizes the amount of data variance. Therefore the p
spectral PCs generate a reduced matrix YPCs of size p× I1I2. Let U the p× p
matrix holding the p eigenvectors associated to the p first largest eigenvalues,
the PCs are given by:

YPC = UT X. (2)

In this case the matrix UT is the transformation matrix referred to as T in Eq.
(1). Sometimes, this transformation is associated to the sphering, given by:

Y = Λ−1/2UTX.

with, Λ the p× p eigenvalue diagonal matrix of the covariance matrix.

2.3 Independent Component Analysis Based DR Approach

ICA [18] is an unsupervised source separation process, that has been applied to
linear blind separation problem [19]. Its application to linear mixture analysis
for HSI has been found in [20] and to DR approach in [3]. ICA assumes that
data are linearly mixed and separates them into a set of statistically independent
components (ICs). Since ICA requires higher-order statistics, many subtle mate-
rials or rare targets are more easily characterized. ICA finds a p× I3 separating
matrix W to generate p ICs (with p < I3) such that:

YIC = WR. (3)

Commonly, a pre-processing step performs a PCA to sphere and reduce the
samples. To generate p ICs, FastICA algorithm is selected using the absolute
value of kurtosis as a measure of non-gaussianity. But, while PCs are generated
by PCAdr in accordance with decreasing magnitude of eigenvalues, the FastICA
algorithm does not necessarily generate ICs in order of information significance.
This is emphasized since this method estimate simultaneously all the w vectors
of the matrix W (see Eq. (3)).
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2.4 Projection Pursuit Based DR Approach

Projection pursuit is a statistical analysis developed by [6] that searches the
direction of the interesting projections. The interesting concept is defined by a
projection index. Therefore, projection pursuit-based DR method (PPdr) selects
a lower dimensional projection from high dimensional data by maximizing (or
minimizing) the index projection. This technique is the generalization of the DR
approach: if the index projection is the variance, PPdr is similar to the PCAdr; if
the projection index is the kurtosis, PPdr is similar to the ICAdr. But, instead of
being a global method like PCAdr and ICAdr, the PPdr is a deflective method.
Thus, after finding the first direction which maximizes the projection index, the
data are projected onto the orthogonal subspace of this direction and so forth.

In this paper, we select the non-gaussianity index. For this investigation, the
FastICA algorithm in deflective mode estimates only one projection, wT r at a
time. When i vectors w1 · · ·wi components are estimated, FastICA is used to
estimate the wi+1 vector and projection contribution of the i previous vectors
are deducted, such as:

wi+1 ←− wi+1 −
i∑

j=1

(
wT

i+1wj

)
wj . (4)

The reduced matrix YP , holding the p projections, is equivalent to YIC (Eq. (3))
using the non-gaussianity index but generated the vectors w using the previous
process. PPdr approach finds the p first projection pursuit directions to attain
a lower p-dimensional space.

3 Tensor Representation and Some Properties

PCAdr, ICAdr and PPdr are matrix algebra-based methods which require data
rearrangement. In this paper, we use multilinear algebra tools to consider the
whole data. Our methods are based on tensor representation to keep the initial
spatial structure and insure the neighborhood effects. Tensor processing have
proven its efficiency in several domains, telecommunications [21], image process-
ing [1, 22, 23] and, more recently in hyperspectral image analysis [9, 10, 11].

In this representation, the whole HSI data is considered as a third-order
tensor, the entries of which are accessed via three indices. It is denoted by
R ∈ R

I1×I2×I3 , with elements arranged as ri1i2i3 , i1 = 1, . . . , I1; i2 = 1, . . . , I2;
i3 = 1, . . . , I3 and R is the real manifold. Each index is called mode: two spatial
and one spectral modes characterize the HSI tensor.

Tensor representation is mathematically grounded in multilinear algebra
which studies the properties of data tensor R in a given n-mode. Let us de-
fine E(n), the n-mode vector space of dimension In, associated with the n-mode
of tensorR. By definition, E(n) is generated by the column vectors of the n-mode
flattened matrix. The n-mode flattened matrix Rn of tensor R ∈ R

I1×I2×I3 is
defined as a matrix from R

In×Mn , with: Mn = IpIq and p, q �= n. An illustra-
tion of the n-mode flattening of a third-order tensor is represented in Fig. 1.
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Fig. 1. 2-mode flattening of tensor R

Algorithm 1. LRTAdr-(K1, K2, p)

input : R ∈ R
I1×I2×I3 , K1, K2, p-values

output: YPC-(K1,K2,p) ∈ R
I1×I2×p

initialization: i = 0, ∀n = 1, 2
U(n),0 ← first Kn eigenvectors of matrix E

[
RnRT

n

]

repeat
ALS loop:
forall n = 1, 2, 3 do

R̂i ←R×q U(q),iT ×r U(r),iT

with q, r �= n

E
[
R̂i

nR̂iT

n

]
eigenvalue decomposition

U(n),i+1 ← first Kn or p eigenvectors
i ← i + 1

end

until convergence of Eq. (9)

P(n) ← U(n)U(n)T

YPC-(K1,K2,p) ←R×1 P(1) ×2 P(2) ×3 Λ−1/2U(3)T

Tensor representation yields to process the whole data from spatial and spectral
perspectives.

This representation naturally implies the use of multilinear algebraic tools
and especially tensor decomposition and approximation methods. The most com-
monly used is the Tucker3 [15] decomposition, which generalizes to higher or-
der, the singular value decomposition. This tensor decomposition is expressed as
follows:

R = C ×1 U(1) ×2 U(2) ×3 U(3), (5)

where C is the core tensor, U(n) is the matrix of eigen vectors associated with
the n-mode covariance matrix RnRT

n .

4 Multilinear Algebra-Based DR Method

4.1 Tensor Formulation of PCAdr and PPdr

Here, we write the equivalent of the Eqs. (1)-(3) in tensor formulation [17, 12,
13, 14]. Let R ∈ R

I1×I2×I3 be the HSI data. The previously obtained matrix
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Algorithm 2. hybrid LRTA-PPdr-(K1, K2, p)
input : R ∈ R

I1×I2×I3 , K1, K2, p-values
output: YP -(K1,K2,p) ∈ R

I1×I2×p

initialization: i = 0, ∀n = 1, 2
U(n),0 ← first Kn eigenvectors of matrix E

[
RnRT

n

]

while
∥∥∥Yi+1

P -(K1,K2,p)
− Yi

P -(K1,K2,p)

∥∥∥
2

F
> threshold do

ALS loop:
for n = 3 do

R̂i ←R×1 U(1),i+1T ×2 U(2),i+1T

E
[
R̂i

nR̂iT

n

]
eigenvalue decomposition

U(3),i+1 ← p first eigenvectors
R̂i ← R̂i ×3 U(3),i+1T

W ← fastica, deflective approach from R̂i

end
for n = 1, 2 do

R̂i ←R×q U(q),iT ×3 Wi
with q, r �= n

E
[
R̂i

nR̂iT

n

]
eigenvalue decomposition

U(n),i+1 ← first Kn

end

P(n) ← U(n),i+1U(n),i+1T

Yi+1
P -(K1,K2,p) ←R×1 P(1) ×2 P(2) ×3 W

i ← i + 1

R (Section 2.1) is equivalent to the 3-mode flattened matrix of R denoted by
R3. Thus in tensor formulation, the DR approach (Eq. (1)) including the image
reshaping can be written as follows:

Y = R×3 T, (6)

where Y is the reduced three-order tensor ∈ R
I1×I2×p holding the p components.

×n is the n-mode product [17,12] generalizing the product between a tensor and
a matrix along an n-mode.

In the same way, the equivalent to Eq. (2) including the image reshaping is
formulated:

YPC = R×3 U(3)T

, (7)

where YPC is a three-order tensor ∈ R
I1×I2×p holding the p PCs and Λ,U(3)

the eigenvalues and eigenvectors of the covariance matrix of R3. U(3) is the
equivalent to U defined in Eq. (2).

And the equivalent to Eq. (3) including the image reshaping is formulated:

YP = R×3 W, (8)

where, YP is a three-order tensor ∈ R
I1×I2×p holding the p projections.

Eqs. (6)-(8) highlight the spectral or 3-mode processing in the traditional DR
method, neglecting the spatial modes.
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a) Simulated data b) Spectral channels

c) PCAdr d) LRTAdr-(3,3,3)

e) PPdr f) LRTA-PPdr-(3,3,3)

Fig. 2. a) simulated tensor and scatter plots of b) close and farther spectral chan-
nels (red crosses are endmembers), c) PCs, d) PCs obtained using LRTAdr-(3,3,3), e)
projections, f) projections obtained using hybrid LRTA-PPdr-(3,3,3)

4.2 Multilinear Algebra and PCA-Based DR Method

The multilinear algebra-based DR method has two objectives: (i) estimate the
matrix U(3) of Eq. (7) using spatial information; (ii) make a joint spatial-spectral
processing with the aim of whitening and compressing the spatial and spectral
modes. Consequently, the proposed method performs simultaneously a dimen-
sionality reduction of the spectral mode (p < I3), and a projection onto a lower
(K1, K2)-dimensional subspace of the two spatial modes.

To attain these two objectives, the PCA-based DR proposed multilinear alge-
bra tool has two approaches [10]: (i) find the lower rank-(K1, K2, K3) approxi-
mation tensor ofR, this method is referred to as the LRTA-(K1, K2, K3) and the
resulting tensor as Y(K1,K2,K3); (ii) keep only the p first principal spectral com-
ponents. Thereof, the proposed method that is the association of these two ap-
proaches, is referred to as the LRTAdr-(K1, K2, p) and the resulting reduced and
approximated tensor to as YPC-(K1,K2,p). Contrary to the LRTA-(K1, K2, K3),
the LRTAdr-(K1, K2, p) extracts p principal components in the spectral mode.
The spatial subspace dimension is the Kn-value, for n = 1, 2 and p (< I3) the
number of retained features. For convenience, the Kn-value is denoted by K1,2

in the following.
The LRTA-(K1, K2, K3) minimizes the following quadratic Frobenius norm:

‖R − Y‖2F . Finding the lower rank approximation, using the Tucker3 decom-
position, consists in estimating the U(n) orthogonal matrix. [17] shows that
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minimizing the quadratic Frobenius norm with respect to Y amount to max-
imize with respect to U(n) matrix the quadratic function:

g
(
U(1), U(2),U(3)

)
=

∥∥∥R×1 U(1)T ×2 U(2)T ×3 U(3)T
∥∥∥

2

F
(9)

The least square solution involves the LRTA-(K1, K2, K3) expression:

Y(K1,K2,K3) = R×1 P(1) ×2 P(2) ×3 P(3), (10)

where P(n) = U(n)
1···Kn

U(n)T

1···Kn
, n = 1, 2, 3.

The reduced tensor, YPC-(K1,K2,p), is obtained by simultaneously performing
the previous approximation and by extracting the p PCs using PCAdr. This
statement can be written as follows [10]:

YPC-(K1,K2,p) = R×1 P(1) ×2 P(2) ×3 Λ−1/2U(3)T

. (11)

The joint estimation of the orthogonal matrix U(n), ∀n, which solve the Eq. (9),
is feasible using an alternating least squares algorithm (ALS). The algorithm 1
summarizes the LRTAdr-(K1, K2, p) method.

Fig. 3. Classes in the HYDICE image HSI02 and its ground truth

4.3 Multilinear Algebra and PP -Based DR Method

To pursue this previous work, we introduce a generalized multilinear algebra
approach to DR using projection pursuit. The same objectives, presented in the
previous section, are considered. This multilinear algebra-based method is re-
ferred to as the hybrid LRTA-PPdr-(K1, K2, p) and the resulting approximated
and reduced tensor as YP -(K1,K2,p). Finding YP -(K1,K2,p) consists in minimizing
the frobenius norm:

∥∥YP − YP -(K1,K2,p)

∥∥2

F
, with YP defined in Eq. (8).
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Fig. 4. Classes in the HYDICE image HSI03 and its ground truth

Using the Tucker3 representation, the reduced tensor YP (Eq. (8)) can be
decomposed as follows:

YP = C ×1 U(1) ×2 U(2) ×3 U(3) (12)

The lower rank-(K1, K2) approximated tensor of YP to be estimated, can be also
decomposed following the Tucker3 representation as:

YP -(K1,K2,p) = D ×1 U(1) ×2 U(2) ×3 U(3) (13)

Following the minimizing criterion, we can express the core tensor D such as:

D = YP ×1 U(1)T ×2 U(2)T ×3 U(3)T

As a result:
D = R×1 U(1)T ×2 U(2)T ×3 U(3)T W (14)

Finally, the LRTA-PPdr-(K1, K2, p) method is expressed as:

YP -(K1,K2,p) = R×1 P(1) ×2 P(2) ×3 W (15)

As previouly, the joint estimation of the orthogonal matrix U(n), ∀n, and the
demixing matrix W is feasible using an alternating least squares algorithm
(ALS). The algorithm 2 summarizes the hybrid LRTA-PPdr-(K1, K2, p) method.

5 Experimental Results

In this section, two experiments are introduced. First, the interest of the multi-
linear algebra-based filtering and DR methods are highlighted using simulated
data and showing the scatter plots. Secondly, the classification improvement is
exemplified using two real-world HYDICE data.

5.1 Experiment on Simulated Data

In order to show the interest of multi-way filtering on the classification, we
consider a simulated data shown Fig. 5, where for the original image a gaussian
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Table 1. Information classes and samples

HSI02 HSI03

Classes Training Test Classes Training Test
samples samples samples samples

field 1 002 40 811 house 65 613
trees 1 367 5 537 road 210 2364
road 139 3 226 trees 148 11482
shadow 372 5 036 field 325 5353
target 1 128 519
target 2 78 285
target 3 37 223

noise with variable variance is added. To quantify the benefits of our filter, for
each SNR we calculate the overall(OA) classification rate exhibits after multi-way
Wiener filtering. for example, the Spectral-Angle Mapper (SAM) is investigated.

For this experiment, a simulated data is considered (see Fig. 2a). The spatial
size of this simulated data is 50×50 with 150 spectral channels. Three endmem-
bers are present associated with a each class. The endmembers spectral signature
are introduced in Fig. 2a to appreciate the similarity. A Gaussian random num-
ber generator simulated 2100 samples associated with the first class, 300 with
the second class and 100 with the third one. The scatter plot in Figs. 2b show
that close spectral channels are more correlated as farther ones. The set of dots,
that portray the samples, highlights that the three classes are sometimes not
distinct enough.

DR methods are applied to extract three components. Figures 2c and 2e
respectively show the scatter plot of the spectral components obtained using
PCAdr and ICAdr. Two scatter plots are represented: first and second com-
ponents then the second and third components. This very basic classification
context does not allow to compare the PCAdr and ICAdr-based spectral DR,
but yields to show the interest of the multilinear algebra based methods. Then,
the scatter plot obtained using PCAdr and ICAdr can be compared with those
obtained using the LRTAdr-(K1, K2, p) and hybrid LRTA-PPdr-(K1, K2, p) in
Figs. 2d and 2f respectively. For this experiment, the K1,2-value are set to
3.Those comparisons denoted that the sets of dots are more concentrated and
more distinct in Figs. 2d and 2f than those in Figs. 2c and 2e respectively. This
is due to the spatial decorrelation of the components by projecting the data
onto an orthogonal lower subspace of the LRTAdr-(K1, K2, p) and the hybrid
LRTA-PPdr-(K1, K2, p) DR methods. This interesting remark forecasts classi-
fication improvement, that is exemplified, in the next section, using real-world
HYDICE data.

5.2 Experiment on Real-World Data

Two real-world images collected by HYDICE [24] imaging are considered for this
investigation, with a 1.5 m spatial and 10 nm spectral resolution. The first one,
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referred to as HSI02, has 150 spectral bands (from 435 to 2326 nm), 310 rows and
220 columns. HSI02 can be represented as a three-order tensor, referred to as
R ∈R

310×220×150. The second one, referred to as HSI03, has 164 spectral bands
(from 412 to 2390 nm), 170 rows and 250 columns. HSI03 can be represented as
a three-order tensor, referred to as R ∈R

170×250×164.
Two experiments are introduced in this section. The first one shows the effi-

ciency of the ALS algorithm and, the K1,2 value influence is highlighted in the
second experiment. To quantify the improvement, we focus on the overall classi-
fication (OA) rate exhibits after DR methods. Three classifiers are investigated:
(i) maximum likelihood (ML), (ii) Mahalanobis distance (MD) and (iii) spectral
angle mapper (SAM).

Efficiency of the ALS algorithm. The ALS algorithm guarantees the cross-
dependency between the spatial and spectral processing realizing by the pro-
posed multilinear algebra-based methods. To exemplified the ALS efficiency,
Fig. 5 shows the OA evolution in function of the iteration index of the ALS

LRTAdr-(40, 40, 20) using HSI02 LRTAdr-(60,60,20) using HSI03

LRTA-PPdr-(40,40,20) using HSI02 LRTA-PPdr-(60,60,20) using HSI03

Fig. 5. OA value evolution in function of the number of ALS iteration
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algorithm, when ML, SAM and, MD classifiers are considered. For this simula-
tion the K1,2 and p values are set to (40,40,20) and (60,60,20) according to the
use of HSI02 and HSI03 respectively. It is worth noting that the OA collected
values at the iteration 0 are the classification results obtained on the real-world
image without DR processing. This reading highlights the noteworthy improve-
ment from the first iteration of the ALS when LRTAdr-(K1, K2, p) and hybrid
LRTA-PPdr-(K1, K2, p) are used. Figure 5 shows that the classification result
is iteratively improved until a maximum value is reached whatever the classifier
and HYDICE data used. This state is attained after few iterations, less than
10. However, when hybrid LRTA-PPdr-(K1, K2, p) DR method is considered,
the OA value obtained from the SAM classifier, after notable increase, oscillate
around a value. The SAM classifier results seem to have more variations than
the others classifiers in function of the hybrid LRTA-PPdr-(K1, K2, p) iteration
index. This is due probably to the fact that the hybrid LRTA-PPdr-(K1, K2, p)
performs a demixing matrix (W) estimation at each iteration. The estimation
of W using FastICA algorithm is not unique since it crucially depends of the
initialization step. Moreover, the SAM classifier has an unclassified class for the
pixel which has a spectral angle measure, with all classes, superior to a thresh-
old (fixed to 0.15 in the experiment). Then, from one iteration to another, some
samples with spectral angle measure close to the threshold can be unclassified
or well-classified, this can explain the iterative fluctuation of the SAM classifier.
Note that these classification results are obtained for a specific K1,2 and p values
and, the maximum attained OA value depends on these values.

Influence of the (K1,2)-value. The influence of the number p of retained
components is conceded. In this section, we assess the influence of the spatial
dimension (K1,2) of the projection subspace which is required by the proposed
multilinear algebra-based DR methods. The K1,2 value is the number of first
eigenvalues of the Rn covariance matrix, kept in the Algorithms 1 and 2, for n
= 1,2.

In this experiment, the classification results are assessed as a function of the
(K1,2)-value. For sake of clarity, only the OA exhibits by the Mahalanobis dis-
tance classifier are illustrated.

Figure 6 specifies the cumulative proportion variance in function of the num-
ber of eigenvalues kept. It concerns the eigenvalue of the covariance matrix of
flattened Rn, for n = 1, 2. Thereby, we appreciate at what time this gain is
negligible and, we consider that the others eigenvalues providing no more in-
formation, can be suppressed. For example, concerning HSI02, we consider that
from K1,2 value equal to 50, the gain is less than 1% and becomes insignificant.
Concerning HSI03, it is reached when K1,2 value equal to 90. At the following,
the K1,2 is set to 50 when HSI02 is used and 90 when HSI03 is used.
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Fig. 6. Cumulative proportion of the variance in function of the eigenvalue number
K1,2 of the 1-mode covariance matrix

6 Conclusion

In this paper, we show the intrest of multi-way filtering in terms of classification.
We also introduced two multilinear algebra-based DR methods, the LRTAdr-
(K1, K2, p) and the hybrid LRTA-PPdr-(K1, K2, p). These techniques make a
joint spatial/spectral processing with the aim of decorrelated and compress-
ing the spatial and spectral dimension simultaneously. The cross-dependency
of the spatial and spectral processing is guaranteed using an alternating least
squares (ALS) algorithm. The spatial/spectral processing concerns: (i) a lower
spatial rank-(K1, K2) approximation is performed to project the spatial dimen-
sion onto a lower subspace dimension (K1,2 < I1,2); (ii) a spectral dimension
reduction is performed to extract p components (p < I3). For this latter is-
sue, when LRTAdr-(K1, K2, p) is considered, PCAdr is used and, when hybrid
LRTA-PPdr-(K1, K2, p) is considered, PPdr is used.

Classification results are exemplified using two real-world HYDICE data and
highlight the overall classification improvement when multilinear algebra-based
methods are used rather than the traditional matrix algebra-based methods.
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Abstract. In this paper, we present comparative analysis of scale-invariant fea-
ture extraction using different wavelet bases. The main advantage of the wave-
let transform is the multi-resolution analysis. Furthermore, wavelets enable  
localigation in both space and frequency domains and high-frequency salient 
feature detection. Wavelet transforms can use various basis functions. This re-
search aims at comparative analysis of Daubechies, Haar and Gabor wavelets 
for scale-invariant feature extraction. Experimental results show that Gabor 
wavelets outperform better than Daubechies, Haar wavelets in the sense of both 
objective and subjective measures. 

Keywords: Daubechies, Haar wavelets, Gabor wavelets, Feature extraction. 

1   Introduction 

Extraction of image feature has been an active area in the object recognition research 
for decades. Feature extraction is based on the local property of an image. Many exist-
ing methods utilize Harris corner detectors [1], difference of Gaussian (DoG) [2], and 
the behavior of local entropy [3], to name a few. The description of the detected image 
features is based on the properties of the associated local regions, the simplest solution 
being the grey-level histogram. Lowe has proposed scale-invariant feature transform 
(SIFT), which provides distinctive, stable, and discriminating features [1], [4]. 

The main advantage of using such SIFT is the simplicity due to the unsupervised 
nature. However, the SIFT method is practically classified into semi-supervised since 
it requires a certain degree of supervision. In this paper propose a more efficient ap-
proach when the image feature detector uses supervised learning. It is clear that the 
semi-supervised methods are the most suitable for the cases where the object instance 
remains the same, such as in the interest point initialization for object tracking [5], but 
they cannot tolerate appearance variation among different instances of the object class 
on the local level. In this paper, comparative analysis of wavelet transform using 
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Daubechies, Haar and Gabor wavelets for evaluating performance of scale-invariant 
feature extraction. 

2   Comparison of Feature Extraction Performance Using  
Different Wavelet Bases 

The wavelet transform can selectively use various basis functions. In this section, we 
compare two orthogonal basis functions including Daubechies and Haar wavelets. 
Gabor wavelets is Gaussian enveloped basis functions that are orthogonal -like basis 
functions. 

2.1   Feature Extraction Using the Daubechies, Haar Wavelets 

The discrete wavelets transform (DWT) decomposes an input signal into low and high 
frequency component using a filter bank. Daubechies, Haar wavelet, which character-
istics the filter bank, has important properties of orthogonality, linearity, and com-
pleteness. We can repeat the DWT multiple times to multiple-level resolution of  
different octaves. For each level, wavelets can be separated into different basis func-
tions for image compression and recognition.  

 

Fig. 1. Level-3 DWT representation of a Lena image 

Figure 1, shows the result of multi-resolution expansion using Daubechies wave-
lets. The wavelet transform can be used to represent a two-dimensional (2D) signal by 
the 2D resolution decomposition procedure, where an image is repeatedly decom-
posed into an approximation and several detail components at each level. In Figure 1, 
Level-3 wavelet decomposition of a Lena image is shown. A 256x256 Lena image is 
first decomposed into four sub-images including one approximation (low-frequency 
part of the signal) and nine details (high-frequency part of the signal) images. The 
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approximation image is again decomposed into four sub-images. In the experiment, 
we use Daubechies-4(db4) wavelets to obtain Level-3 wavelet decomposition [6]. 

In order to construct the wavelet pyramid, we decide the number of Daubechies 
coefficients and approximation levels. We would like to extract salient points from 
any part of the image where “something” happens in the image at any resolution. A 
high wavelet coefficient (in absolute value) at a coarse resolution corresponds to a 
region with high global variations. The properly chosen length of the Daubechies, 
Haar wavelet and the number of the approximation levels provides the optimum local 
key points or features [7]. 

2.2   Feature Extraction Using Gabor Wavelet 

The Gabor wavelet transform uses a set of Gaussian enveloped basis functions that 
are orthogonal-like basis functions [8]. Gabor wavelets provide analysis of the input 
signal in both spatial and frequency domains simultaneously. In addition, the Gabor 

domain function provides efficient extraction edges. The Gabor wavelet , ( )u v zψ  is 

defined as [9], 
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where z=(x,y) represents the point with the horizontal coordinate x and the vertical 
coordinate y. The parameters μ  and v  define the orientation and scale of the Gabor 

kernel, || ||i denotes the norm operator, and σ  is related to the standard derivation of 

the Gaussian window and determines the ratio of the Gaussian window width to the 

wave length. The wave vector ,u vk  is defined as 
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sent the maximum frequency, and vf the spatial frequency between kernels in the 

frequency domain. 
The Gabor kernels in (1) are all self-similar since they can be generated from the 

mother wavelet, by scaling and rotation via the wave vector ,u vk . Each kernel is a 

product of a Gaussian envelope and a complex plane wave, while the first term in the 
square brackets in (1) determines the oscillatory part of the Direct Current (DC) 
value. The effect of the DC term becomes negligible when the parameter σ, which 
determines the ratio of the Gaussian window width to wavelength, has sufficiently 
large values. In most case, one would use Gabor wavelets of five different scales, 
ν={0,….,4}, and eight orientations, μ={0,….,7}. The parameter values of wavelength,  
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Fig. 2. Gabor function for different values representation of real part 

orientation, phase offset, aspect ratio, and bandwidth are given for the Gabor function. 
Edge operator shows the salient feature of texture and Gabor energy operation is ro-
bust for isolated line, edge, and contours. 

 

Fig. 3. Gabor energy filtering 

3   Experiment Results 

The results show that orthogonal basis function of Daubechies, Haar wavelet is in 
complex background and rough texture. However, for orthogonal-like basis function 
of Gabor wavelet, noise and rough texture of the edge are removed hence image fea-
ture can be extracted. 
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(a) Daubechies features 
 
 
 
 
 
 
 
 

(b) Haar features 
 
 
 
 
 
 
 
 

(c) Gabor features 
 

Fig. 4. Scale-invariant salient points (image size 1: ¾: ¼) 

5   Discussion 

In this paper, we compared of Daubechies, Haar wavelet and Gabor wavelet. Gabor 
wavelet respond to contours and edges. However, noise and rough texture of the edge 
are removed hence image feature. Gabor wavelet basis function extracts image feature 
more efficiently than Daubechies, Haar basis function in wavelet bases.    
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(f) 

Fig. 5. Experimental results: (a),(d) Daubechies features, (b),(e) Haar features, (e),(f) Gabor 
features 
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Abstract. Automatic video segmentation plays an important role in real-time 
MPEG-4 encoding systems. This paper presents a video segmentation algorithm 
for MPEG-4 camera system. With change detection, background registration 
techniques and real time adaptive threshold techniques. This algorithm can give 
satisfying segmentation results with low computation load. Besides, it has 
shadow cancellation mode, which can deal with light changing effect and 
shadow effect. Furthermore, this algorithm also implemented real time adaptive 
threshold techniques by which the parameters can be decided automatically. 

Keywords: Adaptive threshold, background registration, object extraction, 
shadow cancellation, video segmentation. 

1   Introduction 

The MPEG-4 standard has been taken as the most important standard for multimedia 
and visual communication and will be applied to many real-time applications, such as 
video phones, video conference systems, and smart camera systems. The most impor-
tant function of MPEG-4 video part is content-based coding, which can support con-
tent-based manipulation and representation of video signal and random access of 
video objects (VO). Automatic video segmentation is the technique to generate shape 
information of video objects from video sequences. It is very important in a real-time 
MPEG-4 camera system with content-based coding scheme, since the shape informa-
tion is required for shape coding, motion estimation, motion compensation, and tex-
ture coding.  

Change detection based segmentation algorithms [1], threshold the frame differ-
ence to form change detection mask. Then the change detection masks are further 
processed to generate final object masks. The processing speed is high, but it is often 
not robust. The segmentation results are suffered from the uncovered background 
situations; still object situations, light changing, shadow, and noise. The robustness 
can be promoted by a lot of post-processing algorithms; however, complex post-
processing will make the efficiency of less computation lost. The threshold of change 
detection is very critical and cannot be automatically decided. These reasons make 
this kind of algorithms not practical for real applications. 
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In this paper, a fast video segmentation algorithm for MPEG-4 camera systems is 
proposed. The algorithm has three modes: baseline mode, shadow cancellation mode 
and adaptive threshold mode. It is based on work using change detection [6]. With 
background registration technique, this algorithm can deal with uncovered back-
ground and still object situations. An efficient post-processing algorithm can improve 
segmentation results without large computation overhead. Moreover, it has a shadow 
cancellation mode, in which light changing effect and shadow effect can be sup-
pressed. Furthermore, an adaptive threshold mode is also proposed to decide the 
threshold automatically.  

This paper is organized as follows. Sections II–VI describe baseline mode, shadow 
cancellation mode (SC mode) and adaptive threshold mode (AT mode), respectively. 
The experimental results are shown in Section V. Finally, Section VI gives a conclu-
sion of this paper. 

2   Baseline Mode 

Baseline mode is designed for stable situations. That is, the camera is still, and there 
is no light changing and no shadows. It is based on change detection and background 
registration technique. Unlike other change detection algorithms, the change detection 
mask here is not only generated from the frame difference of current frame and previ-
ous frame but also from the frame difference between current frame and background 
frame, which can be produced by background registration technique. Since the back-
ground is stationary, it is well-behaved and more reliable than previous frame. Be-
sides, still objects and uncovered background problems can be easily solved under 
this scheme. The block diagram of baseline mode is shown in Fig. 1. There are five 
parts in baseline mode: Frame Difference, Background Registration, Background 
Difference, Object Detection, and Post processing. 

Frame Difference 
In Frame Difference, the frame difference between current frame and previous frame, 
which is stored in Frame Buffer, is calculated and threshold. It can be presented as 

             FD(x, y ,t)= | I(x, y ,t) – I(x,y,t-1) (1)

    FDM(x, y, t)=   1    if  FD ≥ Th 

                                                                 0    if  FD< Th 

                                                          

(2)

Where I is frame data, FD is frame difference, and FDM is Frame Difference Mask. 
Pixels belonging to FDM are moving pixels. 

Background Registration can extract background information from video se-
quences. According to FDM, pixels not moving for a long time are considered  
as reliable background pixels. The procedure of Background Registration can be 
shown as 
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Fig. 1. Block diagram of video segmentation Algorithm Using change detection 

SI(x, y, t)= SI(x, y, t-1)+1, if  FDM=0    

                  0,                    if FDM=1                                          
(3)

BG(x, y, t)=     I(x, y, t),      if  SI(x, y, t)=Fth 

                        BG(x, y, t - 1),   else 
(4)

BI(x, y, t)= 1,         if   SI(x, y, t)=Fth  

                  BI(x, y, t - 1),     else           
(5)

Where SI is Stationary Index, BI is Background Indicator, and BG is the background 
information. The initial values of SI, BI and BG are all set to “0.” Stationary Index 
records the possibility if a pixel is in background region.  

Background difference mask: After Background Difference, another change detec-
tion mask named Background Difference Mask (FDM) is generated the operations of 
Background Difference, can be shown as. 

                                  BD(x, y, t)= | I(x, y, t) – BG(x, y, t – 1) | (6)



 A Novel Video Segmentation Algorithm with SC and Adaptive Threshold Techniques 307 

BDM(x, y, t)=    1, if BD ≥ Th 

                          0, if  BD < Th 

(7)

Where BD is background difference, BG is background frame, and BDM is Back-
ground Difference Mask, respectively. 

Both of FDM and BDM are input into Object Detection to produce Initial Object 
Mask (IOMk). The procedure of Object Detection can be presented as the following 
equation. 

IOM(x, y, t) =   BDM(x, y, t), if BI(x, y, t) =1 

                         FDM(x. y, t),   else 
(8)

Post processing 
The Initial Object Mask (IOM) generated by Object Detection has some noise regions 
because of irregular object motion and camera noise. Also, the boundary may not be 
very smooth. Therefore, there are two parts in Post-processing: noise region elimina-
tion and boundary smoothing. The connected component algorithm can mark each 
connected region with a special label. Then we can filter these regions by their area. 
Regions with area smaller than a threshold value are removed from the object mask. 
In this way, the object shape information is preserved while smaller noise regions are 
removed. Next, the morphological close–open operations are applied to smooth the 
boundary of object mask. 

3   Shadow Cancellation Mode 

Conventional change detection algorithms usually cannot give acceptable segmenta-
tion results when light changes, or shadows exist. Shadow regions are always falsely 
detected as parts of foreground regions, and the whole frame will be regarded as fore-
ground object if light changes. In these situations, shadow cancellation mode (SC 
mode) [8] is preferred.  

Proposed Shadow Cancellation Algorithm 
Based on the analysis, a shadow cancellation algorithm is proposed and is employed 
in shadow cancellation mode (SC mode). There are two different parts in SC mode: 
Gradient Filter and Post-processing. 

1) Gradient Filter: The morphological gradient is chosen because of its simple op-
erations. It can be described by given equation, 

               
(9)

Where I is the original image, B is the structuring element of morphological opera-

tions,  is morphological dilation operation,   is morphological erosion operation, 
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and GRA is the gradient image. After the gradient operation, the shadow effect will 
be reduced, and the motion information is still kept. 

2) Post-processing: After morphological gradient operation, the edges are thick-
ened. To eliminate this effect, a morphological erosion operation should be added at 
the end of Post-Processing. 

4   Adaptive Threshold Mode 

The threshold is a very critical parameter for change detection based algorithms. If the 
optimal threshold cannot be decided automatically, these kinds of video segmentation 
algorithms are hardly used in real applications. Therefore, the automatic threshold 
decision is very important in our video segmentation system.  

The proposed non-parametric algorithm[2] computes a threshold of each block of 
an image adaptively based on the scatter of regions of change (ROC) and averages all 
thresholds for image blocks to obtain the global threshold. First, the output Dn of 
change detection at time instant n is divided into K equal-sized blocks. Then a ROC 
scatter estimation algorithm  is applied, where each image block Wk, k = {1, 2, …. 
,K}, is marked either as containing ROC, denoted Wk

r , or not containing ROC, de-
noted Wk

b. The threshold Tk
b of a Wk

b is computed by a noise statistical-testing algo-
rithm. The threshold Tk

r of a Wk
r is computed by a noise-robust thresholding method. 

That is, the threshold Tk of a Wk in Dn is defined as    

 

(10)

Finally, the global threshold Tn of a difference image Dn is 

  

(11)

Since size and velocity of objects, noise, local changes in videos may affect the histo-
gram of a Wk, the first moment of histogram is used to estimate the scatter of ROC 
making the estimation adaptive to these characteristics. This also account for noise 
and local changes. 

The ROC in Dn are, in general, scattered over the K image blocks. Let i be a pixel 
in Dn that varies between 0 and 255. i is high in ROC which is caused by strong 
changes such as motion or significant illumination changes and is low in non ROC 
which is caused by slight changes such as noise or slight illumination changes. We 
use the first moment, mk, of the histogram of each image block Wk as a measure for 
determining if an image block contains ROC. If mk of Wk is greater than a threshold 
Tm, the image block is regarded as a block containing ROC, and marked as Wk

r , oth-
erwise, it is marked as Wk

b , i.e., 
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(12)

To find Tm, we first compute the mk of each block and then descending sorts the mk 
values. A straight line between the first bin and the last filled bin is then drawn. Tm is 
selected to maximize the perpendicular distance between the line and the sorted first 
moment curve. 

Threshold in Non ROC: As per the paper [2], the equation for finding out the 
threshold for non ROC is 

    
(13)

Where c is a varying coefficient to improve the robustness to noise, illumination 
changes, or background movement. The coefficient c is determined adaptively based 
on the min-max ratio of mk, rm = mmin/mmax , where mmin and mmax are minimum and 
maximum of all mk in Dn.rm is a good measure to adaptively estimate c , which is 
defined as , 

    

(14)

Where cmax is the maximum value of c determined by Eq.14, and α is a constant ex-
perimentally set to 0.9. 

Thresholding in ROC: Threshold in blocks containing ROC is determined by the 
following equation [2] 

Where gfl is the most frequent gray level in each block Wk
r , μk is average gray 

level of Wk
r  and L is total number of Wk

r . 

   

(15)

5   Experimental Results 

The performance of the proposed video segmentation algorithm is tested with many 
video sequences. A fair evaluation method named “fix frame number test” is used  
here. That is, the segmentation results of fixed frames of each sequence are picked, 
rather than chosen by the algorithm developers themselves. The quality of segmenta-
tion results is then evaluated subjectively. In these experiments, frame 50 and frame 
100 are chosen in every sequence. 

Baseline Mode: The segmentation results of sequence Akiyo and Mother and 
Daughter are shown in Fig. 3. These sequences are not influenced by shadow and 
light changing effects. The segmentation results of sequence Akiyo and Mother and 
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Daughter are shown in Fig. 2(a)–(d) respectively, where the still object problem can 
be correctly solved. 

2) Shadow Cancellation Mode: The experimental results of shadow cancellation 
mode are presented in Fig. 4. The sequence Claire, which is influenced by light 
changing effect, can be correctly manipulated in SC mode, as shown in Fig. 3(a) and 
(b). In Fig. 3(c) and (d), the segmentation results of sequence Silent Voice are shown. 
It shows that the shadow effect in Silent Voice can be reduced, and good object mask 
can be generated. 

 

Fig. 2. Segmentation results of baseline mode. (a) Akiyo #50; (b) Akiyo #100; (c) Mother and 
Daughter #50; (d) Mother and Daughter #100. 

Adaptive Threshold Mode: The experimental results of AT mode are shown in all 
the figures mentioned above because the threshold in all experiments is decided by 
the automatic threshold decision algorithm. The segmentation results show the pro-
posed threshold decision algorithm is suitable for change detection and background 
registration based video segmentation algorithms. 

 

Fig. 3. Segmentation results of SC mode. (a) Claire #50; (b) Claire #100; (c) Silent Voice #50; 
(d) Silent Voice #100. 
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6   Conclusion 

This paper proposes, background registration and change detection based video seg-
mentation algorithm with shadow cancellation to analyzes light changing and shadow 
effects in indoor environments and a real time adaptive threshold techniques to decide 
the parameters automatically, This algorithm can generate segmentation results with 
low computation complexity and high efficiency compare to other change detection 
based video segmentation algorithm. 

There are still limitations in the proposed segmentation system. The shadow can-
cellation cannot deal with parallel and strong light sources and may cause errors when 
the texture of background is significant. Furthermore, the decision to turn on and off 
each mode of the proposed algorithm is not automatic. Finally, this algorithm is de-
signed for moving objects segmentation; therefore, for stable and accurate results, the 
foreground object should not be still for a long time. 
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Abstract. In this paper, it is considered the image compression scheme, in 
which a part of coded data extracted in the coding process is hidden into the 
other parts of coded data of own image, especially into the block address data 
of the best matching block within restricted blocks. The proposed scheme is 
able to be used in a fractal image coding in which the best matching domain 
block is searched, in a vector quantization in image coding in which the best 
matching vector is searched, and in motion compensation of moving picture 
in which the best matching motion vector is searched. We study each image 
coding method and consider the features of each coding method using the 
proposed scheme.  
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1   Introduction 

There are some data hiding techniques. The water marking hides the personal IDs for 
protecting copyright[1]. The steganography hides the confidential information for 
confidential communication like communication data of spies[2]. The objective esti-
mation of image quality hides the marker signals for the automatic  objective estima-
tion of image quality. By the way, from the point of technical view, any data are 
available to be hidden data[3]. 

In this paper we consider an image coding scheme using the data hiding technique. 
This paper is organized as follows: in Section 2, Basic principles of the proposed data 
hiding scheme. In Section 3, image coding methods using the proposed scheme. In 
Section 4 and 5, consideration is discussed and concluded, respectively. 
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2   Basic Principles of the Proposed Data Hiding Scheme 

In the proposed image 
compression scheme, a part 
of coded data, which is 
extracted  from the image in 
the coding process, is 
hidden into the other parts 
of coded data of own image. 
Here we focus the image 
coding methods in which a 
small block is defined as an 
unit of coding and decoding 
process like a fractal image 
coding, an image coding 
using vector quantization 
and a moving picture coding 
using motion compensation. 

Fig 1 presents the 
proposed data hiding 
scheme restricting address 
of searching reference 
blocks as two bits are 
hidden. After inputting the 
pixel values of a current 
block, the pixel values of 
reference blocks for block 
matching and two bits  
hidden data “i” and “j”,  the 
hidden data(i,j) are checked. 
If “i” is “0”, then address 
Ax(address of x-axis) are 
set even values, “1”, odd 
values.  If “j” is “0”, then 
address Ay(address of y-
axis) are set even values, 
“1”, odd values. Only 
blocks having ad-
dress(Ax,Ay), even/odd, are 
searched from the reference 
blocks. And the block most 
similar to the current block 
is selected as the best 
matching block. 

Fig. 1. Proposed data hiding scheme restricting  
address of searching reference blocks (as two bits 
hidden). Ax is the coordinate of x-axis, Ay is the 
coordinate of y-axis of blocks searched in the refer-
ence blocks. 
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3   Image Coding Methods Using the Proposed Scheme 

3.1   Fractal Image Coding Method 

A fractal image coding method does the block match processing at every small block 
by using the self-similarity in an image[4][5]. An original image for the fractal image 
coding is divided into range blocks (the block size is n×n) un-overlapped each other  
which are units of coding process, and also divided into domain blocks overlapped 
each other in the image, of which block size is lager than that of range block, for ex-
ample 2n×2n.  

First of coding process, the mean value and the standard deviation of pixel value of 
the range block are calculated. The range block where the value of this standard de-
viation is smaller than or equal to predetermined threshold value T1 is classified into a 
flat block. For the flat block, only the mean value is transmitted to the decoding side. 
In the decoding side, the approximation reproduction is done by using only this mean 
value in the range block classified into a flat block. 

The range block where the value of standard deviation of pixel value is more than 
T1 is classified into a non-flat block. For the non-flat block, block matching process-
ing is done by using the technique hiding data shown by Fig.1. The range block corre-
sponds to a current block in Fig.1. Moreover, the domain blocks correspond to the 
reference blocks. And a part of bits of the mean value are selected as the hidden data. 
Odd numbers and even numbers of the address of the searched domain blocks are 
according to “0” and “1” of the hidden bits of the mean value, respectively.  

Thus, after the restricted address is 
decided, the most similar domain 
block to the given range block is 
selected from the domain blocks 
having the restricted address as the 
best matching domain block.  

By the coding process, for all 
range blocks the non-flag identifica-
tion flag and the mean value are 
transmitted to the decoding side. 

For non-flat block, the standard 
deviation, the address of the best 
matching domain block and the affine 
transform information, which is used 
for making usable block pattern much 
more by right and left rotation etc., 
are transmitted, too.  

By the decoding side, first an ini-
tial image of a low resolution is gen-
erated by using only the mean value 
of the range block received, and this 
is stored in the frame memory. The following decoding processing is repeated based 
on this initial image. 

 

Fig. 2. Relation among number of hidden bits, 
PSNR, deterioration in PSNR and data com-
pression ratio 
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In the decoding processing, pixel values of all non-flat range blocks are reproduced 
by Equation (1) by using the transmitted various information and the initial image 
restored in the frame memory. 
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where,  
( )jirp , ：The value of pixel at coordinate(i,j) in the pth range block normalized 

( )jid q ,τ ：The value of pixel in the qth domain block made small and normalized  

M：mean value 

( )prσ ：Standard deviation of the pth range block 

( )qdτσ ：Standard deviation of the qth domain block in the domain pool including 

reference blocks 
∗̂  denotes the values regenerated in the decoding side.  

The decoding image obtained by this reproduction is to be the following initial image, 
and then the decoding processing of mentioning above is done until obtaining the 
image of an enough resolution or the change in the image settles. 

The coding and decoding experiments are carried out. Test images are five, that is, 
“Lenna”, “Girl”, Airplane”, “Mandrill” and “Earth”, and 256×256 all of image size. 
Block size is 4×4 pixels in range block, 8×8 pixels in domain block. The threshold T1 
is 4.   

Fig.2 shows the relation among number of hidden bits, PSNR, deterioration in 
PSNR and data compression ratio. Horizontal axis is number of hidden bits[bits], and 
vertical axis of left side is PSNR[dB] and it of right side is data compression ratio[%]. 

Though the data compression ratio is different depending on a non-flat rate based 
on the image, the average of data compression ratio is shown by Equation (2), ap-
proximately. 

bithcompData _5.2_ ×≅  (2)

where, Data_comp denotes data compression ratio, and h_bit , number of hidden bits. 
It increases in proportion to an increase of the number of hidden bits though PSNR 

is different according to the image. The deterioration in PSNR on the average is 
shown by Equation (3), approximately. 

bithinPSNRDet _37.0_ ×≅  (3)

where, Det_inPSNR denotes deterioration in PSNR. 

3.2   Image Coding Using Vector Quantization  

In the image encoding process, pixel values are quantized to reduce volume of infor-
mation. Some pixels values included in a block are quantized simultaneously in the 
vector quantization while one pixel value is quantized in the scalar quantization[6]. 
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Fig.3 

An original image is divided into blocks(the block size is m×m), which is an unit of 
coding process. This is a vector space that consists of all pixels value included in the 
block. The output vector to which the error margin is minimized is composed refer-
ring to all the input vectors for this vector space, and the code book that consists of 
the output vector group is made. 

First of coding process, the input images are blocked by the off-line processing by 
the size of 4×4, the mean value is removed afterwards, and it normalizes it with a 
standard deviation. The code book of a predetermined size is made by using the LBG 
algorithm[7] after this processing.  

Next, the input image is blocked by the size of 4×4 as well as the time of the off-
line processing, and the mean value and the standard deviation are calculated. After 
the mean value is pulled, the input image is normalized by standard deviation in the 
on-line processing of encoding.  

After this normalizing processing for each block, block matching processing is car-
ried out using data hiding technique by Fig.1. The normalized input  block is corre-
sponds to a current block in Fig.1. Moreover, the vector codes in the vector code book 
correspond to the reference blocks. And a part of bits of the mean value are selected 
as the hidden data in Fig.1. An odd number or an even number of the address of the 
searched vector codes is according to “1” or “0” of the hidden bits of the mean value.   

Thus, after the restricted address is decided, the most similar vector code to the 
normalized input block is selected from the vector code books having the restricted 
address as the best matching domain block. And the address is output as an index for 
the best matching vector. 

The coding and decoding 
experiments are carried out. Test 
images are five, that is, 
“Airplane”, “Earth”, 
“Girl”, “Lenna” and 
“Mandrill”, and all of image 
size is 256×256. Block sizes are 
4×4 pixels. The code book used in 
the experiment is made by using 
images “Airplane”, “Lenna” and 
“Mandrill”, and the size is 4096. 

Fig. 3 shows the relation among 
the number of hidden bits, PSNR, 
deterioration in PSNR and data 
compression ratio. Horizontal axis 
is number of hidden bits, and 
vertical axis of left side is PSNR 
and it of right side is data compression ratio. 

The data compression ratio is shown by Equation (4). 

bithcompData _6.3_ ×≅  (4)

where, Data_comp denotes data compression ratio, and h_bit , number of hidden bits. 

Fig. 3. Relation among Number of hidden bits, 
PSNR, Deterioration in PSNR and data com-
pression ratio 
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Fig.4 

It increases in proportion to an increase of the number of hidden bits though PSNR 
is different according to the image. The deterioration in PSNR on the average is 
shown by Equation (5), approximately. 

bithinPSNRDet _95.0_ ×≅  (5)

where, Det_inPSNR denotes deterioration in PSNR. 

3.3   Inter-frame Coding Using Motion Compensation   

MPEG2[8] that is the motion compensated inter-frame predictive coding is studied as 
another example of doing the block match processing that uses the proposed data hiding 
technique.  

Input image is blocked by small block of 16×16 which is an unit of coding process. 
These blocks are  un-overlapped each other in the image. In the frame memory FM, 
reconstructed images past encoded and decoded have been accumulated. The blocks 
included in the FM are overlapped each other in the images from the FM. It centers on 
the position of the encoded current block, and the area of the length and breadth plus 
or minus 15 pixels in the frame memory is used as a range of the motion compensa-
tion.  It searches for the block where the block match is the best to the encoded cur-
rent block in one pixel from among the range of the motion compensation.  

Next, it searches for the block 
where the block match is the best 
to the encoding current block in 
1/2 pixels from among with 
oneself and the block of eight 
neighborhood centering on the 
block chosen at these intervals of 
one pixel. The motion vector 
obtained at intervals of 1/2 pixels 
is decided as the best motion 
vector.  

After motion compensation, the 
input block image is pulled the 
inter-frame predictive block image obtained by motion compensation. The obtained 
predictive error block image is transformed by DCT in 8×8 sizes each, and quantized.  

In the MPEG2, both the best motion vector and the predictive error are transmitted 
to the decoding side. If the difference in block pattern between the real best motion 
vector and the changed motion vector by  using data hiding technique are large, the 
volume of quantized predictive error become much more instead decrease of hidden 
data by using data hiding technique. In addition, the influence has a bad influence for 
the encoding processing of the following image frame. Then, we used the data hiding 
technology in the processing of the motion vector search with a small difference of 
the movement vector at 1/2-pixel intervals. 

The coding and decoding experiments are carried out. Test images are four, that is, 
“Football”, 125 frames and 352 ×240pixels, “Garden”,115 frames and  352 
×240pixels, “Mobile”, 140 frames and  352 ×240pixels  and “Tennis”, 112 frames and  
352 ×240pixels.  

Fig. 4. Relation between quantizing parameter and 
difference of data compression ratio 
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Fig. 4 shows the relation between quantizing parameter and data compression ratio. 
Horizontal axis is the quantizing parameter, and vertical axis is the difference of data 
compression ratio between MPEG2 with data hiding technique and without one. 
When the value on vertical axis is positive, the feature of the proposed method is 
better than that of original MPEG2. When the value is minus, worth than that of 
original MPEG2. We did not obtain an good result though we limited the use of this 
technology to the processing with a small difference of the movement vector at 1/2 
intervals.  

4   Considerations  

First of all, it thinks about the image quality degradation by the influence of the pro-
posed scheme using data hiding technique. The image quality of 25dB or more is still 
obtained though there is a sacrifice of about 3.5dB even when the data of eight bits 
are hidden like understanding the introduction into the fractal image coding from Fig. 
2 and Equation (3). The deterioration is large compared with the fractal as it is under-
stood to introduce this technology into the vector quantization from Fig. 3 and Equa-
tion (5), and even when the data of four bits are buried, 25dB or more is obtained. 

Next, it thinks about the data compression ratio by the influence of the proposed 
scheme. When the data of one bit is hidden like understanding the introduction into the 
fractal image coding from Fig. 2 and Equation (2), the data of 2.5% can be reduced. 
3.6% can be reduced like understanding this technology is introduced into the vector 
quantization from Fig. 3 and Equation (4), and this is an increase of 1.1% for the frac-
tal image coding. In this, it is a cause in the fractal image coding and the vector quanti-
zation that the volume of data transmitted  is actually different. Because a lot of kinds 
of the block pattern are prepared to the point where the fractal image coding introduces 
the affine-transformation aiming at the improvement of the image quality, the volume 
of information originally transmitted is abundant. On the other hand, it doesn't have the 
same block pattern in the vector quantizing. As a result, the data reduction ratio is 
growing more than the fractal coding as for the vector quantizing. 

MPEG2 that is encoding the motion compensated predictive  inter frame coding did 
not achieve a good effect of the introduction of this technology because a similar 
block pattern was few because the number of blocks included within the range of the 
motion compensation was little, and the prediction error quantized due to deteriora-
tion in the motion compensation accuracy grew, and it gave the influence that deterio-
ration in the predictive accuracy is bad for the following frame processing.” 

5   Conclusion  

The data hiding technology was introduced, and it proposed a new image encoding 
technology that hides a part of image encoded data in other parts of own image. It was 
examined to apply this technology to the fractal image encoding, the vector quantiz-
ing, and MPEG2 that were the block processing. Experimental results showed   that it 
was possible to put on the fractal image coding where a lot of similar block patterns 
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were included in the search reference block, because quality degradation was a little, 
and the encoding efficiency was able to be achieved . A higher data reduction   was 
able to be achieved in the vector quantization because the volume of data transmitted 
of original in the vector quantizing was a little. MPEG2 did not achieve a good result 
because a similar block pattern was few. Future tasks are the achievement of a con-
crete real machine for fractal image coding. 
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Abstract. It is shown that distance computations between SIFT-descrip-
tors using the Euclidean distance suffer from the curse of dimensionality.
The search for exact matches is less affected than the generalisation of im-
agepatterns, e.g. by clusteringmethods.Experimental results indicate that
for the case of generalisation, the Hamming distance on binarised SIFT-
descriptors is a much better choice.

1 Introduction

Histogram-based methods have become increasingly popular for object recogni-
tion approaches that use a compositional model [12,14,17,4]. While in the initial
Constellation Model [15] and related systems the appearance of the parts had
been optimised individually, later systems (e.g. [12]) used generic code books of
frequently occuring patterns. The parts of a model are often represented conve-
niently by high-dimensional feature vectors, e.g. in the shape of SIFT-descriptors
[10]. The code book can then be created by clustering the input vectors.

Recent systems incorporate spatial [5,9] or class discriminatory [16] informa-
tion, or focus on unsupervised training [7], or the meaningful combination of
different kinds of local descriptors [14].

However, the effects of the high-dimensionality of the part descriptors (“curse
of dimensionality”) on object recognition are usually ignored, except for unre-
lated or general studies [2,8]. Considering that popular descriptors have tens [6]
or hundreds of dimensions and that negative effects have already been reported
for as few as ten dimensions [2], this topic seems highly relevant.

Therefore, this paper addresses the dimensionality of the feature descriptors in
the context of object recognition. For the popular example of SIFT-descriptors,
the next section demonstrates that in fact there is a curse of dimensionality.
Section 3 offers a possible solution which is supported by the experimental results
given in section 4.

2 Distance between SIFT-Descriptors

To perform experiments on the dimensionality of part descriptors, a data set
of 200 images is sampled from ARD (a German TV network) TV news reviews
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of the year 2006. The images are sampled with a step width of 50 frames to
ensure a minimum diversity. Then SIFT features are computed for these images
with the default parameters given in the original paper [11], except for a higher
contrast threshold of 10 and no initial doubling of the image size. Depending on
the experiment, subsets with 100–500000 descriptors are selected randomly.

A prerequisite for histogram-based recognition methods is a distance measure
that allows for the clustering of descriptors and the comparison of an image
to the trained model. Lowe [10] proposes to compare SIFT-descriptors by the
Euclidean distance. More generally, the distance between two descriptors x, y
can be computed via the Lp-norm

Lp(x, y) =
( 1

n

n∑

i=1

∣∣xi − yi

∣∣p
) 1

p

, x = (x1, x2, . . . , xn) etc. (1)

Beyer et al. [2] explain the curse of dimensionality as a general unreliability of
high-dimensional distance computations that occurs if the distance distribution
becomes sparse with rising dimensionality n. Close and distant points would ap-
proach each other, thus making it more difficult to distinguish between different
objects.

To test if the curse of dimensionality affects the comparison of SIFT-descrip-
tors, sets of 1000 descriptors are created. For each set, the dimensionality of the
descriptors is set to a certain value n by projecting the descriptors to a randomly
chosen subspace. Then a full distance matrix is computed for each set.

Fig. 1. Distance distributions for different dimensionalities (left chart, using the Eu-
clidean distance) and different distance norms (right chart, for a dimensionality of 90)

Figure 1 shows histograms over the distances for different choices of the di-
mensionality n and the norm p (Eq. 1). Distances of zero occur trivially very
often, so they are not shown in the diagrams.

It can be seen that with increasing dimensionality the maximum of the dis-
tribution moves to the right, i.e. towards the maximum distance. The distances
between any two elements becomes large and the distribution becomes sparse.
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This is exactly the effect reported by Beyer et al. Figure 1 (right) shows also that
the effect is reduced by choosing a smaller, or even fractional norm as proposed
by Aggarwal et al. [1]. However, the distance computation becomes numerically
delicate for the computation of high roots. In fact, it was not possible to achieve
stable results for the L0.5-norm and descriptors with more than 90 elements.
The roughness of the curve for the L0.25-norm in Fig. 1 (right) is a result of the
beginning instability.

Fig. 2. Image patches ordered by the Euclidean distance of their corresponding de-
scriptor from a reference descriptor (first patch). The distance is written on top of each
patch. The maximum distance in the set is about 700.

What does this mean for the similarity of image patterns? Figure 2 shows a list
of image patterns arranged according to the Euclidean distance to a reference
descriptor. Generally, it appears that the image patches are only similar for
minimal distances. For medium and higher distances the Euclidean distance has
no visual effect on the ordering of the patterns. Also, some obviously similar
patterns yield clearly different distances. However, one explanation for this may
be that the SIFT operator creates multiple descriptors for a single feature if the
orientation is ambiguous.
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Generally, the Euclidean distance seems only appropriate for very small dis-
tances, i.e. the search for exact matches. For the goal of abstraction, a measure
would be desirable that also allows for a gradual comparison of more dissimilar
image regions. One possible solution is to reduce the dimensionality by sampling
less than 8 gradient orientations or less than 16 grid cells in the image area.
On the other hand, SIFT is generally a high dimensional method, so descriptors
with less than 10 dimensions can not be expected.

3 Proposed Method

Alternatively to using a lower distance norm, Korn et al. [8] propose to reduce
the dimensionality by the analysis of self-similarity of the distribution. However,
a box-count plot of a set of 200 000 descriptors (Fig. 3) does not indicate the
required constant Hausdorff-dimension.

Other approaches include a feature selection or a feature transform to reduce
the descriptor length [3,6]. While a certain reduction can be achieved by sub-
suming correlated descriptor components, all dimensions represent basically the
same kind of information. Since minor differences are only introduced during the
descriptor normalisation, the solution seems rather application dependent.

Fig. 3. Box-count plot for a set of 200 000 SIFT-descriptors

On the other hand, the box-count plot shows that even for a coarse quanti-
sation with only two bins, i.e. a grid width of 128, almost the full diversity of
the set is maintained. Since about 50% of the descriptor values are lower than
twelve, this diversity must result from the few descriptor components with higher
values. This observation suggests that a binarisation of the descriptor values, i.e.
using only the values 0 and 1 for single descriptor components, would only min-
imally affect the object recognition. Though a binarisation does not reduce the
dimensionality, the complexity of the problem would be reduced dramatically
from 256128 different SIFT-descriptors to 2128 possibilities.
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The binarisation is carried out as follows: Each of the 128 values of a SIFT-
descriptor is compared to a threshold. If the value is greater than the threshold,
it is set to one. Otherwise it is set to zero.

At first, a threshold of 128 is chosen dividing the domain of descriptor values in
the middle. The results are however bad: About 40 percent of all SIFT-descriptors
are projected to the same binary descriptor. Obviously, the distribution is not cen-
tred to the middle of the domain of descriptor values. This agrees with the already
mentioned predominance of small values.

To compensate for this, the mean values of every descriptor element are chosen
as thresholds. There is one threshold for every descriptor component, i.e. 128
together. Still up to 4000 descriptors result in the same binary descriptor while
the majority of binary descriptors corresponds to only one SIFT-descriptor in the
original set. The mapping is thus very uneven, indicating that the distribution
of SIFT-descriptors is not symmetrically centred around the mean.

To compensate for this asymmetry, the medians of each descriptor element
are chosen as thresholds. Now, only 20 binary descriptors occur more than ten
times. The binary descriptors are thus almost uniformly distributed. The re-
maining inaccuracies stem from the median computation. For an original set of
100 000 SIFT-descriptors, this method results in 94 376 binary descriptors. This
number also includes SIFT-descriptors that have already been identical before
binarisation. Since this concerns a proportion of 4.0 percent, only 1.6 percent of
original SIFT-descriptors became indistinguishable because of the binarisation.

A natural way to compare binarised descriptors is to use the Hamming-
distance, i.e. the number of differing bits between two vectors.

4 Experimental Validation

The validation addresses first the information stored in the lost 1.6 percent of the
descriptors. Is it possible that strongly differing patterns are spuriously combined
by such a coarse quantisation? Figure 4 lists the patterns that are mapped to the

A

B

C

D

Fig. 4. Patterns from the original images that are mapped to binary descriptors A–
D. No distinction is made whether the patterns are combined because the original
descriptors are identical or because the binarisation leads to identical results.
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same binary descriptor for four examples A–D. The groups are very homogeneous
and it seems that no visually important effect is disregarded. It is in the contrary
probable that different binary descriptors correspond to highly similar patterns,
as for the examples B and D. For a recognition system using a code-book of
descriptor prototypes, these descriptors are potential candidates for a further
combination.

The next question is whether the Hamming-distance is affected by the curse of
dimensionality. To answer this question, 100 000 binary descriptors are created
using the component-wise medians as thresholds. Then the Hamming-distances
between all pairs of binary descriptors are calculated, resulting in 1010 distance

Fig. 5. Hamming-distances of binary descriptors

Fig. 6. A subset of the patterns sorted by the Hamming distance to the first pattern
(the upper left one). The numbers give the distances. For every distance only one
pattern is shown. Distances greater than 104 did not occur in the set. In comparison to
the Euclidean distance, the sorting by the Hamming distance shows a softer and more
continuous increase in dissimilarity towards the maximum distance. Similar patterns
cluster more obviously.
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values. Figure 5 shows a histogram of the distance values. Because of the descrip-
tor length, the Hamming distances range from 0 to 128. The distance distribution
is symmetric and centred around the value 64. There is no general shift towards
high distance values (“sparseness”), so the curse of dimensionality does not seem
to influence the descriptor comparison.

To exclude that the Hamming distance is an artificial measure without visual
correspondence to the image data, it is important to visually compare image
patches with low and high Hamming-distances. Figure 6 shows a list of patterns
and the Hamming distances of the corresponding descriptors. The first pattern
in Fig. 6 is the reference pattern. The patterns are ordered by Hamming distance.
In the case of multiple patterns with the same distance, one pattern is chosen
randomly.

The figure shows a clear correspondence between distance and visual appear-
ance. Even for higher distances, neighboring patterns are visually related but also
different topatternswithanother distance.Thismakes theHammingdistancemea-
sure highly interesting for the application of clustering algorithms that aim at the
generalisationof visually similar object parts. Compared to the Euclideandistance
(Fig. 2), the results for the Hamming distance (Fig. 6) are obviously better.

To demonstrate the value of this method for object recognition, experiments
on the Graz-2002 image data base [13] are conducted. The data base consists of
460 images of persons, 373 images of bikes and 270 images without bikes or per-
sons. The image sets are randomly split into equally sized training and test sets.
The recognition system is a KNN-classifier that uses the mean Hamming distances
of single training images to a set of 1000 binary vectors with random values as a
model. The classifier is enhanced by the class probabilities for each configuration
within the k nearest neighbours. The system achieves a competitive accuracy of
76.7%. Averaged over all classes (person, bike, rejection), a recall of 79% and a
precision of 80% is achieved. In comparison, the authors of the image data base
[13] report a lower precision between 70% and 64% for a similar recall of 78–79%.

5 Conclusion

The experiments show that the comparison of SIFT-descriptors by Euclidean
distance suffers from the curse of dimensionality. Though this does not seem to
substantially influence the search for exact matches, it makes a gradual compari-
son of more dissimilar image regions unreliable. The gradual comparison however
is a prerequisite for many modern compositional object recognition techniques.
To solve this problem, binarised descriptors together with the Hamming distance
are proposed. The experiments show that no crucial information is lost by the
binarisation. Compared to the Euclidean distance, the proposed method is visu-
ally more plausible and does not show the sparseness of the distance distribution
seen for the Euclidean distance. Competitive object recognition results support
the use of the proposed method.

Acknowledgments. Thanks go to Arne Jacobs and Hartmut Messerschmidt
for the discussions.
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