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The effectiveness of a shape retrieval system depends mainly on the type of the used shape
descriptor and the efficiency of the shape matching function. There are some criteria that should be
taken into consideration when developing a shape representation and descriptor for reliable shape

matching and retrieval, which include [5]:

- Uniqueness: a representation must uniquely specify a shape; otherwise, a query may retrieve
shapes which are not similar to it, although they have similar representations.

- Robustness: a representation must be resistant to moderate amounts of distortion and noise,
which are a typical of real images with natural shapes. Because it is not possible to guarantee
that a shape representation is not affected by such factors, distortions and noise should (at least)
cause in variations of the representation of similar magnitude.

- Invariance: a representation must be invariant to geometric transformation such as affine
transformation including translation, scale, rotation, and shear. Further invariant assumptions
are a viewing angle changes, symmetric and reflection of the shapes.

- Scalability: a representation must contain information about the shape at many levels of detail
so that similar shapes can be recognized even if they appear at different view-scale (resolution).

- Efficiency: a representation must be efficient to compute and store. This is important since it

may be necessary for an object recognition and retrieval system to perform in real-time.

2.1.1 Glebal contour-based techniqu}:s
2.1.1.1 Circularity

Circularity [4] reflects the compactness of the contour of an object which is defined as follows:

. 2
circularity = perimeter’ (2.1)
Area

Circularity has a large value for elongated objects and it is roughly correlated with the complexity of the

contour. It has a minimum value of 47 for circle. It is also invariant to scaling, translation and rotation.

2.1.1.2 Shape signature

A shape signature, derived from shape boundary points, is a one dimensional function for
describing a two dimensional shape. Many shape signatures have been proposed including complex
coordinates, centroid distance, chord-length, cumulative angle, curvature, and area signature. The two
shape signatures, chord-length and area signatures, have been proposed by Zhang and Lu [4] (more

information about shape signatures is in the literature [6]).
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Figure 2.2: Shape context computation (a) edge image of character ‘A’; (b) a point p

on character and all the vectors (bins) started from p; (c) a log-polar histogram bins

Shape signatures are usually normalized into being translation and scale invariant. The area

signature is invariant to affine transforms (translation, scale, rotation, and shear).

2.1.1.3 Shape context

Shape context has been introduced by Belongie et al. [7]. An object is represented by a discrete
set of points sampled regularly along the contour. For every point, a log-polar histogram, the shape
context as shown in Figure 2.2 is computed, approximating the distribution of adjacent point locations
relative to a reference point. In order to achieve scale invariance, the outer radius for the histograms is
set equal to the mean distance between all the pair points.

For a point p; (i=12,..,N) of the shape, the shape context is a coarse histogram h; of the

relative coordinates of the remaining ¢; N-1 points:
ki (k)=#{q# p; :(9- p;)e bin(k)} (22)

The bins are uniform in log-polar space, making the descriptor more sensitive to positions of nearby
points than those of more distant points. The cost of matching a pair of points p; and 4; from two

shapes is computed as:

K [k (k)-h; (k) ]

Po;)= Z By (k) + h; (k) (23)
where h; (k) and h;(k) denote the K-bin normalized histogram at p; and g, , respectively. This
definition of shape context is not rotationally invariant, but it can be easily modified to be a completely
rotational invariant descriptor. There are several ways to obtain rotational invariance. One possibility is
to make the reference angle for shape context equal to the local tangent angle on the shape. Another

option is to align the shape context axis with the principal axis of the shape. Shape context is not



invariant for mirror transformation; therefore when computing the shape context, the mirrored shape is

also considered.

2.1.1.4 Fourier descriptor

Due to its simple computation, clarity and coarse-to-fine description capability, Fourier
descriptors (FD) are one of the most widely used as shape descriptor. Three different types of FD have
been presented in [4] such as conventional FD method, affine FD method, and short time FD method.
For the conventional FD method, it is the complex coefficients of the Fourier series expansion of
waveforms which is computed as the discrete Fourier transforms (DFT) by:

F(n)= Z_:f (k)exp(—f?”—kn) (24)
im0 N

for n,k =0,1,2,......,N —1. The complex coefficients F(n) are called the Fourier descriptors of a signal

f (k) which may be the shape signature as presented above.

2.1.2 Structural contour-based technique
2.1.2.1 Chain code representation

Chain code, which was introduced by Freeman [8], describes an object by a sequence
of unit-size line segments with a given orientation. In this approach, an arbitrary curve is represented by
a sequence of vectors of unit length and a limited set of possible directions. From a selected starting
point, a chain code can be generated by using 4-directional or 8-directional chain code as shown in
Figure 2.3. Furthermore, it can be generated by N-dimensional chain code (N >8 and N =2") called
general chain code. An example of representing a shape using 4-directional chain code is shown in

Figure 2.3. This method is sensitive to noise and to the starting point.

2.1.2.2 Polygon decomposition

The shape boundary is decomposed into line segments by polygon approximation [9]. Then, the
polygon vertices are used as primitives. Each primitive feature is a 4-element string which consists of
the internal angle, distance from the next vertex and its x and y coordinates. Obviously, this feature is

not invariant to translation, scale, and rotation.

For efficiency, only a fixed number of sharpest vertices are considered. In this approach, the
shape is represented as string of line segments which are then organized into a tree data structure. The

drawback of this method is impractical for natural objects, but it work well for artificial drawings.
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(a) 3

Figure 2.3: Chain codes: (a) 4-connectivity; (b) 8-connectivity; (c) example

2.1.3 Global region-based techniques
2.1.3.1 Geometric moment invariants

Given a binary image f(x,y), moments of order (p+gq) are defined as:

mg, =ZZ*"Y°J’(X’>’) (2.5)
x

The central moments of f(x, y) are defined as:

My =2 2 (x=F) (y=5) f(x ) (26)

where (x,y) are the pixel coordinates and (X,y) are the coordinates of the region’s centre of gravity

which can be obtained by x = %o and y=

my
Mg,

In 1962, Hu [10] published the first significant paper on the use of moment invariant for 2D
shape recognition application through his seven different moments which are invariant with respect to

translation, scale, and rotation. Then, the normalized central moments are computed:

s =L

: ptq
m —/ﬁ with /1=]+T and (p+q)22 (2.7)

The first to the seventh order moment invariant, which are derived by Hu, are defined as follows:
@ =0+,
@, = (8 =0 ) +48]
0, = (8 =30,) +(30, %)’
0= (Bt 0) + (O + o)
0 = (B0 =30,) (B + )| (B0 + 8)” ~3(th+ ) |+
(30— 0 ) (B + 0 )| 3(B0 + )"~ (8 + )’ |
06 = (8= 0 )[ (B0 + 8a)' —(B +8)" |48, (B +8,) (8 + 0
@, = (30~ 8 ) (B + 8,)[ (B0 + 8 ) -3(S+ )" |-

(83038 ) (B + 0)[3(B0 + 8. ) ~ (3 + 0 )|

(2.8)
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However, these representations are not invariant under general affine transformation. Flusser
and Suk [11) have presented a complete set of four affine moment invariants derived from second and

third order moments and computed as follows:

_ Pt ~ 1,
I = ry
Hu

I = .‘%20/133 = Oy g Mo My + 4/‘30/‘32 + 4/12|/133 - 3/1121.”122

: oo
I = Hay (/"zlﬂos '/‘lzz)"l‘ll (50105 _lu'zl/‘lz)"'/‘m (/‘30/‘12 "/"221) 2 9)

3 F] .

Foo

FEoH3y =6 o g oy — 6 s oy s oy + O Hzo en
12t 181ty Hon + 6 ooy lon Haolay — 18 1oy Mo Hor g
—8 187, yo oy — S tbao e oty + oo iy + 12183, oo o
—6 14 ook + Hankbo

4 = 1i

He

2.1.3.2 Generic Fourier descriptor
A generic Fourier descriptor (GFD) has been proposed by Zhang and Lu [4). The GFD is a 2D

Fourier transform which is applied onto a sampled shape image in a polar space. It is computed by:

T

PF(p,¢)=Z'Zf(r,0,.)exp[j27r(%p+gﬂ—i¢)] (2.10)

where f(x,y) is the sampled shape image in Cartesian space, f(r.6,) is the sampled shape image in

polar space. r=\_/(x—x:)2+(y—y‘)z (0<r<R) and 6, =i—2—Tz (0<i<T); 0<p<R,0<¢<T.R
and T are the radial frequency resolution and angular frequency resolution respectively. The normalized
coefficients are the GFD. Figure 2.4 depicis the original image in (a) and its polar-raster plotted in

Cartesian space in (b).

)

Figure 2.4: (a) An original shape in polar space

(b) A polar-raster sampled image plotted in Cartesian space
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2.1.4 Structural region-based technique
2.1.4.1 Convex hull

A region R is convex if and only if for any two points F,F, € R, the whole line segment
whose end points are P, and P, is also inside R. The convex hull of a region is the smallest convex

region H which satisfies the condition R ¢ H [12].

The convex hull can be used to build a tree structure of region concavity called concavity tree
[13]. A concavity tree is constructed recursively during the generation of the convex hull. This concept
is illustrated in Figure 2.5, where the convex hull of the whole region is constructed first, and convex
hull of concave residues are found next. The resulting convex hull of concave residues of the region
from previous steps is searched until no concave residuum exists. Thus, the nodes in a concavity tree
represent convex hulls and the root represents the convex hull of all objects in the image. Nodes in the
first level represent the convex hulls of the concavities (or holes) and nodes in the second level represent

convex hulls of meta-concavities, and so on. The resulting tree is a shape representation of the region.

N, A
S A%
/* )b 7NN
57;:2 5,5, 8,5 8
™7 /\ /\ .
@ 50 O ®) 3

Figure 2.5: (a) Convex hull and its concavities

(b) Concavity tree representation of convex hull

Figure 2.6: Medial axis of rectangular shape
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2.1.4.2 Medial axis

Like the convex hull, the skeleton of an object can be employed for shape description. The
basic idea is to eliminate redundant information while retaining only the topological structure of the
object. The medial axis is the locus of the centers of maximal circles that fit within the shape [14], as
illustrated in Figure 2.6. The skeleton is then segmented and represented as a graph according to certain
criteria. The matching between shapes becomes graph matching problem. This method is sensitive to

noise and requires high computations.

2.2 Similarity measure
2.2.1 Minkowski distance (Lp)
A large number of statistical shape analysis methods use the L, distance [15] as a similarity

measure. It works for vectors of a fixed size. Let x,y€ R", L, is defined as:

Lp(x»y) le y.IY (2.11)

where p>0. For p=1, L, becomes the Manhattan or sum of absolute difference (SAD) distance.

When p =2, L, becomes the well-known Euclidian distance. L, is a matrix.

2.2.2 Cosine distance

The Cosine distance is defined as:

(2.12)

For measuring the similarity among shapes, the minimum distance corresponds to a very similar shape.
However, it is different from the normalized cross correlation, which is defined by Eq. (2.13), the very

similar shape correspond to its maximum value.

n
Z Pi4;

R=—xi=t (2.13)
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Figure 2.7: Illustration of matching (DP) (a) two 1D sequences in [17]
(b) Two TAR representation in [19]. Both are matched by DP.

2.2.3 Dynamic time warping (DTW) distance
Since a past decade, the dynamic programming (DP), called dynamic time warping (DTW), has
been taken into consideration in a system of 2D shape matching [5]. The idea of using Dynamic
programming for matching 1D sequence originally comes from the speech recognition community [16]
where optimal alignment between two 1D sequences is searched via DP. Unlike the Euclidian distance
that provides one-to-one alignment, nonlinear alignment can be achieved by the DTW, where one point
on the sequence can be aligned to one or more points on another sequence. For example, in WARP
method [17]), DTW distance is applied for shape matching and retrieval under 1D sequence. This
distance is further utilized under 2D sequence. In [5], a DP table (the example of DP tables of WARP
method and TAR image are shown in Figure 2.7) is used to find the least cost match between segments
of two curves. Merging of segments is allowed during the matching to facilitate a more meaningful
correspondence between segments. In the MCC method [18], their DP algorithm searches for optimal
correspondence between the N-points boundaries. A window (w), which limits the optimal path to be
around the diagonal, is used to make the search more efficient. The details of DP algorithm in [19] is
described as follows: at first, the distance between two individual contour points is defined as
T,
D(n,m)=—Y [TAR, (n.t,)~TAR (m.s,) (2.14)

T,

S 1=l
where n,me (1, N) are the index of boundary points and ¢, € (1,7;) is the triangle side length.

Then, an NxN distance table, DTW, is constructed to find the optimal correspondence between the
points of the two contours. The columns of DTW represent the points of one contour and the rows

represent the points the other. Initially, the elements of DTW are set as:
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0 max(,n—w+D)Sm<min(N,n+w-1)
DT Wit () = {oo otherwise (215)
Finally, the DTW distance is computed as
DTW (n—1,m)
DTW (n,m) = D(n,m)+ min DTW (n-1,m-1) . (2.16)
DTW (n,m-1)

The least cost path through the DTW is minimum value of DTW (N.N).

2.3 Review recent shape matching algorithms

The majority of the existing techniques for shape representation and matching fall into this
section. These issues include descriptor compactness, robustness to noise, scalability, invariance to
affine transformations, and efficiency and effectiveness of the matching.

Since the nature of human perception on shapes is in a multi-scale formats; then the multi-scale
approach for shape representation and matching is considered the most promising in the system for
recognition, analysis, registration, etc. In addition, many interesting shape properties are revealed at
different scale levels, Another advantage includes its invariance to moderate amounts of deformations

and noise. In the following, recent shape matching methods and related works are reviewed.

2.3.1 Curvature scale space

The curvature scale space (CSS) is one -of the well-known shape-based techniques for shape
representation and description which has been proposed by Mokhtarian and Mackworth [20, 21] and has
been selected for MPEG-7 standard [22]. First, a parameterized representation of the shape.boundary is
extracted into two 1D curve in term of x(x) and y(u). The curvature of that shape boundary can be

formulated as follows:

_ ) () = i) 3()
3
2

(3)* + 3(u)*)

x(u) (2.17)

where x(u) is the curvature function, x and X are the first and second derivation of x, respectively.

If g(u,0) is the Gaussian kemel of standard deviation o , the components of an evolved digital

curve are:

{x(u,a)=X(u)*8(“vU) (2.18)

Y (u,0) = y(u)*g(u,0)
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I

Figure 2.8: Curvature scale space representation

According to the properties of convolution, the derivatives of every component can be

calculated:

{xu(u,a)=x(")*g.("-0) and {Xm("’a)“(“)*gn(“*a) (2.19)

V(1,0) =y (o8, (00)  |Fu(0)=y(1)* 8 (1.0)
The curvature scale space of an evolved digital curve is given by:
X, o), (uo)~X,_ (o), (uo0)

3
2

(X, 00" +¥,(u,0)°)

x(u,0)= (2.20)
where x(u,0) is the curvature scale space at location u and scale o . By setting Eq. (2.20) to zero, the
inflection points (curvature zero crossings) are located at each s;:ale. As the scale level increases, the
smoothing effect increases and the number of inflection points decreases until the contour becomes
totally convex as shown in Figure 2.8. Only the maxima of the CSS images’ contours are used for
matching two shapes [23]. In order to achieve rotation or starting point invariance, correspondence
between two sets of maxima points is established by finding the optimum horizontal shift of one CSS
image with respect to the other that results in the least cost, which represents the dissimilarity function.
The cost is defined in terms of the differences of the scale levels of the corresponding maxima. Many
heuristics are employed to find the best correspondence efficiently. This method exhibits certain degree
of robustness to affine transformation [24], where in another implementation explicit estimation of the
affine parameters using the least squares approach was employed to verify the matching results [25).

The main limitations of the CSS method include its limited representation to only the concave segments
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and its failure to discriminate a shallow concavity from a deep one. For instance, totally convex shapes
like squares and triangles have the same CSS image, which is only the background. Another

disadvantage is the requirement for a large number of scales to obtain the CSS image (may exceed 400).

2.3.2 Multi-scale Wavelet-Based

1. El Rube et al. [26, 27] have presented a multi-scale wavelet-based (MWB) representation for
2D closed shape contour. In their method, a closed-contour is represented by its x and y coordinates
and 1-D dyadic wavelet transform is applied separately to each coordinate sequence in order to
decompose the contour into multi-scale levels as shown in Figure 2.9. Then, the invariant moments of
the wavelet approximation coefficients at all scale levels are computed. For detail coefficients, it is
difficult to obtain the moments because of the nature of the detail coefficients. As a result, the areas of
the triangle between any three adjacent points on the wavelet detail coefficient of shape contour are
computed instead. In the matching process, it is performed following two steps. The first step, the global
dissimilarities are computed based on a distance matrix which is constructed from the Euclidian
distance between moment invariants. However, the detail-based gimilarity is calculated for globally
similar shapes only. This means that the detail coefficients are used only if it is necessary to
differentiate between similar shapes. This scheme provides coarse-to-fine matching in order to eliminate
dissimilar shapes. It has been demonstrated to perform well under affine transformations and small

boundary deformations.

Original

Scales ApproximM \ .

Figure 2.9: Multi-scale representation of shape using wavelet decomposition.
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(¢)

Figure 2.10: The MCC shape representation (a) original shape, (b) filtered version of

(a) at different scale levels, and (c) MCC representation.

2.3.3 Multi-scale Convexity Concavity

In a literature [18], T. Adamek and N.E. O’Connor have proposed another multi-scale
representation for closed contours that makes use of both concavities and convexities of all contour
points. It is called multi-scale convexity concavity (MCC) representation and depicted in Figure 2.10.
The MCC representation is stored in the form of a 2-D matrix where the columns correspond to contour
point location and the rows correspond to the different scale levels. The simplified contours at different
scale levels are obtained via a curve evolution process which is very similar to the way of extracting the
CSS image [20, 21, 23-25]. However, a new measure for the curvature is used based on the relative
displacement of a contour point with respect to its position in the preceding scale level. This idea is
motivated by the observation when smoothing a closed contour, convex and concave points are moved
inside and outside the contour, respectively. The amount of displacement reflects the curvature degree.
Afterwards, the matching is done using a dynamic programming (DP) approach where a global optimal
match is searched between two MCC representations using a DP table. In the DP table, each entry
denotes the distance between two points (one from each contour). This distance is chosen to be the sum

of absolute differences between the columns of each point in the MCC matrices. The search for the
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optimal match is restricted with many heuristics; for instance, no more than two points on one contour
are matched to a single point on the other. The rotation invariance is achieved in similar manner as the
CSS method, that is, by repeating the algorithm for each contour point as the starting point. The MCC
was able to achieve better average accuracy (84.9%) than the CSS method (80.5%) when they were
tested on the MPEG-7 dataset. However, the MCC is computationally expensive, O(N ’) where N is
the number of contour points. The robustness of the MCC method to affine transformation was not

demonstrated.

2.3.4 Triangle Area Representation (TAR)

1. El Rub et al. [27] have proposed the zero crossing of the triangle area representation (TAR) at
multi-scale wavelet levels (called MTAR) to construct MTAR images. First, the wavelet transform is
used for smoothing and decomposing the shape boundaries into multi-scale levels. At each scale level,
then, the TAR images are computed from each three consecutive and equally apart point on the shape
boundary and the corresponding Maxima-Minima lines are obtained. The matching of TAR images is
based on the peaks and locations of the concavity maxima in images. This scheme shows that, for the
same shape, both the MTAR image and CSS image describe concavities along the contour but measure
in different way. CSS method measures the curvature as the contour is smoothed by the Gaussian kernel
at different scales. On the other hand, each MTAR image describes the locations of the concavities
using different triangle side length at a specific wavelet-smoothed scale levels. For testing on the
MPEG-7 dataset, the results show that MTAR images outperform CSS images based on the pfecision—

recall curve.

LS

Another recent work, A. Alajlan et al. [19] have developed a multi-scale approach for 2D
closed shape matching and retrieval. In their algorithm, TAR is utilized in order to derive the multi-
scale representation for 2D closed boundary shapes. Then, this triangle area normalization is made
locally per scale, which is employed in the matching via dynamic programming (DP). The DP algorithm
(called dynamic space warping (DSW) in this literature) is employed to find the best alignment between
two shape representations. For the MPEG-7 Core Experiment CE-shape-1 part B retrieval test, this
method achieves high retrieval accuracy of 85.03% without corporation of the global parameters
(circularity, eccentricity, aspect ratio). However, when combine with the global parameters, the retrieval
efficiency is of 87.23%. Regarding the computational complexity, the matching complexity of this

algorithm is O(N?) , where N is the number of the boundary points.
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In both literatures, it has been demonstrated that TAR provides useful information about shape
features such as the convexity and concavity at each boundary point; therefore, TAR provides high
discrimination capability and affine invariant. Besides, TAR exhibits high robustness to the affine

" transformation, it is also robust against noise and moderate amounts of deformations.

In our previous work [28] have presented the algorithm for 2D shape recognition under general
affine transformation. In their techniques, TAR at various levels of triangle side length (TSL) is
computed as the shape representation. Then, the normalized cross correlation (NCC) function is utilized
for similarity measure among shapes where the achievement of being invariant to starting point is made
by repeatedly calculating the NCC for each contour point as the starting point. In the work [29], the
authors have developed their algorithms by using artificial neural network (ANN) as the classifier and
using Fisher’s discriminant technique to find the optimum TSL of the shape representation. They have
demonstrated that ANN achieves high speed and high accuracy even under a moderate rage of visual
transformation if comparing to NCC and the optimum level is found at level 20 (the maximum level

there is 49).

2.3.5 Dynamic Programming

Milios et al. proposed one of the earliest approaches for matching shapes using dynamic
programming [5, 30]. In their approach, implicit multi-scale matching takes place through matching
merged contour segments in order to avoid the cost of computing the scale space explicitly. At first, the
contour is approximated into polygons using cubic B-splines and inflection points are located, which
segments the contour into convex and concave segments. Then, a set of geometrical features is
computed for each segment to guide the merging process. The dynamic programming (DP) algorithm
examines all possible merges of small segménts of one shape to match with large segments of the other
and selects the best merge, i.e., that results in the minimum cost. An upper limit K is imposed on the
maximum number of merged segments to compromise speed with accuracy. The rotation invariance is
achieved in similar way to the MCC method. In this case, both shapes are closed, the complexity of the
algorithm is O(M’N*), where M and N are the number of inflection points of the two contours, and
reduces to O(K M®N ) when K is considered. The author did not report superior performance over
other existing methods. The main limitations of this method include the lack of robustness to the general

affine transformations and the high computational complexity of the matching process.
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2.3.6 WARP

Bartolini et al. proposed a method for shape matching and retrieval based on the Fourier
descriptor that is called WARP [17]. This literature is related to our work to resolve the problem of
starting point independency. In their approach, the phase of the Fourier descriptors is employed and
claimed to outperform the state-of-art Fourier-based methods. At first, a shape boundary is extracted to
obtain a complex discrete time periodic signal. Then, the Discrete Fourier Transform (DFT) is
computed to reduce dimension, only the first N low-frequency coefficients are retained and normalized
in terms of translation, scale, rotation and further starting point selection. For matching, the inverse
discrete Fourier transform is used to obtain normalized versions of the original contours in the spatial
domain. Finally, a dynamic programming (DP) method is employed to find the similarity between the
two transformed contours. Although this technique outperformed other Fourier-based methods, the
authors reported less retrieval accuracy than the CSS method [23]. Besides, this WARP is not invariant

to general affine transformation.

2.3.7 Inner Distance

H. Ling and D.W. Jacobs [31] have been motivated to build new shape descriptor (called inner-
distance) which are invariant to articulation and capture part structure. The inner-distance is computed
as a length of the shortest path between landmark points within the shapes silhouette. The authors have
claimed that this representation is articulation insensitive and more effective at capturing part structures
than the well-known Euclidean distance. They have further stated that it can be used as a replacement
for the Euclidian distance to build more accurate descriptors for complex shapes, especially for those
with articulated parts. In order to apply the inner-distance for shape matching and retrieval, the authors
have extended the inner-distance by combining with two main features. The first feature is
multidimensional scaling (MDS), to build articulation invariant signatures for articulation shapes. The
other one is the shape context (SC) method [7] to build another new descriptor called it inner-distance
shape context (IDSC). For matching, the dynamic programming (DP) has been used. The retrieval
performance on the MPEG-7 dataset is 84.35% of MDS+SC+DP method and 85.40% of IDSC+DP
method. The main disadvantage of this method is the use of different parameter settings for different

databases. This method has not been tested on geometrically transformed shapes.
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2.3.8 Curve Edit Distance

T.B. Sebastain et al. have proposed a curve alignment approach, which is called curve edit
distance (CED), for matching open and closed curves [32]. This approach has been employed to find the
optimal correspondence or alignment between 2D curves relies on using the intrinsic properties of the
curves. In their method, the correspondence between the points of the two curves is controlled by the
relative difference in their spatial location and their curvature. Then, a matching function is defined as
the minimum cost of such correspondence. The search for the optimal correspondence is efficiently
made by decomposing each curve into segments, and then ideally solved using dynamic programming
(DP). Moreover, merging, deletion and addition of curve segments are allowed in order to account for
shape deformations. The complexity of this method is O(N *logN ) for closed curves and the authors

reported 78.17% accuracy for MPEG-7 retrieval test.

2.3.9 Visual Parts

In another research work, L.J. Latecki and R. Lakamper [33] have proposed a shape matching
approach which works directly on the closed boundaries. It is based on visual parts ~(VP), where (part of)
a database shape is simplified in the context of the query shape prior to their matching. The
simplification process includes the elimination of particular points from the database shape such that the
similarity to the query shape is maximized. The main disadvantage of this method is the high
computational complexity of the matching algorithm, which is O(N *log N ) , Where N is the number of

the boundary points.

2.3.10 Beam Angle Statistics

N. Arica and F.T. Yarman-Vural have proposed another descriptor for closed contours based on
the convexity and concavity information of all boundary points, which called Beam Angle Statistics
(BAS) [34]. In BAS, the convexity and concavity at each boundary point are viewed as a random
variable that draws its values from the angles between each equally-distant neighboring point at that
point. Then, few order moments are computed for the random variable at each point. After getting the
shape representation, further compression is realized by using the Spectral Coefficients of the
representation. The author also has claimed that this approach can eliminate the use of a heuristic rule or
empirical threshold value in representation of shape boundaries in a predefined resolution scale. For
measuring the similarity, dynamic programming (DP) is used to find the best correspondence that
minimizes the Euclidian distance between the signatures of two shapes. The authors have reported

82.4% of accuracy using the MPEG-7 retrieval test.
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2.3.11 Symbolic Representation

A recent work, a new and different approach to object recognition and retrieval, using a string
of symbol for the possibility of representing a shape (representation of computing a string of symbol of
shape is shown in Figure 2.11), has been proposed by M.R. Daliri and V. Torre [35]. There are several
steps of this algorithm. At first, a shape contour is recovered and mapped into a pair of N points. To
reduce the cost of matching among all the points from two shapes, the shape context (SC) is considered.
Then, dynamic programming (DP) is observed to obtain the best matching (correspondence) between
the point sets of the two shapes. In this process, DP is not only recovers the best matching between
points, but also identifies outliers (M points), that is, points in two shapes which cannot be properly
matched. The authors also have stated that DP is essential for identifying partial occlusions in two
shapes. After that, two contours are aligned using Procrustes analysis [36]. After alignment, each
contour is transformed. into a string of symbols and a modified version of edit distance is used to
compute the similarity between strings of symbols. Finally, recognition and retrieval are obtained by
simple nearest neighbor procedure. The authors have reported the retrieval efficiency of 83.45%
(M =5) and 85.92% (M =3,5,7,9,11) for the MPEG-7 retrieval test. Regarding the computational

complexity, its matching complexity is O(N 2y, where N is the number of the boundary points.
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Figure 2.11: (a) A schematic of how to transform the shape into the symbolic representation

(b) The mapping obtained by the algorithm of a given contour into a string of symbols.
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2.3.12 Shape Tree

A recent approach for matching shapes based on a hierarchical description of their boundaries
has been introduced by P.F. Felzenszwalb and J.D. Schwartz [37]. This approach can be used both for
determining the similarity between two curves including open and close curves. First, the curves are
broken into two halves at their corresponding midpoint and then represented by binary tree (arc-tree
[38)), called shape tree in this literature. This representation can be thought of as a modified arc-tree in
which the only information kept at each node is the relative position of the selected midpoint. Finally,
elastic matching techniques are utilized in the matching process which can take global geometric
information into account. The authors have further proven that the hierarchical shape tree representation
can capture geometric properties at different levels of resolution. At the finest level these properties are
related to standard local descriptions (capturing local curvature, for example). At coarser levels, the
properties capture global shape aspects. For the MPEG-7 Core Experiment CE-shape-1 part B retrieval
test, this method achieves 87.70% of retrieval efficiency. Regarding, the computational complexity, the
matching complexity of this algorithm is O(N *K ’) , where N is the number of the boundary points and

K is the number of end-points.
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