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ABSTRACT

CONTEXT-SENSITIVE MATCHING OF TWO SHAPES
Bageski, Emre
M.Sc., Department of Computer Engineering

Supervisor: Assoc. Prof. Dr. Sibel Tar1
July 2006, 70 pages

The similarity between two shapes is typically calculated by measuring how well
the properties and the spatial organization of the primitives forming the shapes
agree. But, when this calculations are done independent from the context, i.e.
the whole set of shapes in the experiments, a priori significance to the primitives
is assigned, which may cause problematic similarity measures. A possible way of
using context information in similarity measure between shape A and shape B is
using the category information of shape B in calculations. In this study, shapes
are represented as depth-1 shape trees and the dissimilarity between two shapes
is computed by using an approximate tree matching algorithm. The category
information is created as the union of shape trees that are in the same category
and this information guides the matching process between a query shape and a

shape whose category is known.

Keywords: tree editing distance, shape matching.
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IKI SEKLIN BAGLAMA DUYARLI KARSILASTIRILMASI
Basgeski, Emre
Yiiksek Lisans, Bilgisayar Miithendisligi Boliimii
Tez Yoneticisi: Assoc. Prof. Dr. Sibel Tar1

Temmuz 2006, 70 sayfa

Iki sekil arasindaki benzerlik, tipik olarak sekilleri olusturan yapitaglarimm ozellik-
leri ve uzaysal organizasyonlarinin ne kadar uyumlu oldugunu olcerek hesaplanir.
Fakat, bu hesaplamalar baglamdan, 6rnegin deneylerin yapildigi tiim sekillerin
kiimesinden, bagimsiz yapilirsa yapitaglarina fazla onem atanir ki bu da prob-
lematik benzerlik 6l¢iitlerine sebebiyet verebilir. A ve B gekilleri arasindaki ben-
zerlik olctitiinde baglam bilgisini kullanmanin muhtemel bir yolu, B geklinin kat-
egori bilgisini hesaplarda kullanmaktir. Bu ¢aligmada, sekiller 1 derinlikli sekil
agaclar1 olarak betimlenmektedir ve iki sekil arasindaki benzerlik, yaklagimsal
bir agac karsilagtirma algoritmasi ile hesaplanmaktadir. Kategori bilgisi, ayni
kategorideki sekil agaclarinin birlegtirilmesi ile yaratilmaktadir ve bu bilgi, sorgu-
lanan bir sekil ve kategorisi bilinen bir gekil arasindaki karsilagtirma islemine yol

gostermektedir.

Anahtar Kelimeler: aga¢ degistirme mesafesi, gekil karsilagtirma.
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CHAPTER 1

INTRODUCTION

Matching two shapes and measuring their similarity is an important task for vi-
sion. Typically, shape similarity is a measure of how well the primitives forming
two shapes and their spatial organization agree. Hence the tree data structure
provides a very natural way of storing the shape primitives according to their
spatial organization (inclusion relation), it is widely used to represent a shape.
When a shape (primitives + inclusion relations) is expressed by a tree, the shape
dissimilarity can be computed as the tree editing distance. To find the similarity
among two shapes using skeletal trees, the basic steps are: a) computation of
shape primitives, b) formation of shape trees, ¢) comparison of shape trees.

Quite a significant majority of tree or graph based shape matching schemes
make use of some axial a.k.a skeletal representation to determine the primitives
and the inclusion relations [4, 5, 6, 7]. Skeleton extraction is quite a sensitive
procedure and one of the most promising developments is the concept of shape
scale space by Kimia, Tanenbaum and Zucker. [8]. Alternative formulations are
in Tari, Shah and Pien. [9], Latecki and Lakamper [10] and Imiya and Eckhardt
[11].

The obtained shape primitives and their spatial organization are used in
shape tree formation. In the shock tree of Siddiqi et. al. [4], the center of

the largest circular piece is designated as the root and the primitives (pieces

1



of skeletons) are represented by vertices. In the shape axis tree of Liu and
Geiger [5], on the other hand, primitives are represented by the tree edges. A
major source of difficulty in tree based approaches is that small changes in a
shape can lead to a major reorganization of the tree making the representation,
hence, the matching schemes built on this representation very unstable. To
make skeletal tree based methods work in practice, various ideas have been
developed. An interesting idea is the incorporation of top-down verification
process as in [6] to adjust bottom-up skeleton extraction. To compensate for the
errors in the skeleton computation, Liu and Geiger [5] consider not only node-to-
node correspondences but also node-to-path correspondences. The motivation
behind both approaches is to allow multiple parses of the same shape to deal

with instabilities of the skeleton extraction.

After shape tree formation, the similarity between two shapes can be found
by comparing their shape trees. One alternative is to formulate the partial
match computation as a sub-graph isomorphism problem. Another alternative
is to formulate it via tree edit operations which transforms one tree to another
as in Shasha and Zhang [12]. In such case, the distance between two shapes
is measured by the minimum cost of editing which is referred as the tree edit

distance.Typically, this cost is symmetric.

In the shape matching literature, similarity is traditionally defined via met-
rics as such it is symmetric and satisfies triangle inequality, with the exception
of most recent works in computer vision, including [1, 13]. Jacobs, Weinshall
and Gdalyahu [13] discuss the motivations for using non-metric measures of sim-
ilarity and gives a good account of examples from the recent literature, focusing
on the departure violation of triangle inequality. In Figure 1.1, an experiment
from [1] is presented. Hence the observers states that the dissimilarity between
person and horse is more than twice as great as the dissimilarity between either

shape and the centaur, there is a violation of triangle inequality.

Experimental studies also demonstrates that human similarity judgements
are asymmetric [14, 15]. Both Mumford [16] and Edelman et.al. [17] interprets

this asymmetry as context dependence. The experiment conducted by Tversky



Figure 1.1: An experiment from [1]

[14] shows that, for the discrimination of A;B,C, and D, if C and D are very
different from A and B, A and B are often confused.

In this study, the effect of context to the calculation of similarity between
two shapes is discussed. The main idea is using the guidance of context to obtain
a bias which is used to find a similarity measure. To test the approach, image
retrieval problem is studied, where the aim is finding the most similar shapes in
an image database for a query shape.

Context sensitive matching is investigated by letting the category descrip-
tions to represent the context information and influence the process of editing
one skeletal tree into another. Even though the underlying similarity measure is
symmetric, the bias due to assumed category distorts the symmetry. Departure
from a symmetry may be very useful in a shape retrieval application, where a
query (stimulus input) is compared against a prototype (memory benchmark).

For the experiments, a shape database composed of 180 shapes with 30 cat-
egories, collected from various sources [7, 2] is used (see Figure 1.2).

In this thesis, attributed, ordered, depth-1 tree is the main data structure for
both category and shape representation. A category tree is sort of a union tree
which captures the within category variability of the primitives and the inclusion
relations via vector valued attributes attached to nodes and vertices. Forming
union of tree representations has been addressed by Torsello and Hancock [18].
Unlike Torsello and Hancock’s construction in which union of trees may not
result in a tree structure, our category construction always produces a depth-1
tree.

As demonstrated in this work, using depth-1 trees offer both computational
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Figure 1.2: The shape database used in the experiments. There are 180 shapes
from 30 categories.

and conceptual advantages as:

e tree editing distance computation becomes equivalent to string edit dis-

tance computation
e category prototype construction process becomes trivial

e representing both individual shapes and categories with the same data
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structure leads to a quite trivial mechanism for introducing bias for shape

primitives

e allows individual shape and category comparison via a tree editing distance

algorithm

What makes depth-1 trees partially possible is a new axis extraction method
of Aslan and Tari [2] which extracts the axes at a very coarse scale at which
the shape is perceived as a single blob. He refers to this representation as the

disconnected skeleton.

Thesis Organization

In Chapter 2, the disconnected skeleton representation of Aslan and Tari [2] is
reviewed. In Chapter 3, the methodology that is used to parse a disconnected
skeleton into a pair (or more) of ordered depth-1 trees is discussed. An approx-
imate tree matching algorithm is given in Chapter 4. In Chapter 5, the branch
and bound matching scheme in [2] is studied from a tree matching perspective
and its limitations are explored. Then, by letting the category of second shape
to influence the tree-to-tree matching in Chapter 6, the matching problem is
examined by using a context, which is referred as context-sensitive matching.

Finally, in Chapter 7, the presented work is concluded.

Contributions

The contributions of this thesis are: a) reducing the algorithmic complexity of
the matching scheme presented in [2] by using an approximate tree matching
algorithm b) calculating dissimilarity between two shapes by paying attention
to the context, in which the calculation is performed c¢) allowing shape-category

and category-category comparisons by using the shape-category tree.



CHAPTER 2

REVIEW OF DISCONNECTED SKELETON

In this chapter, the disconnected skeleton representation of Aslan and Tari [2]
is reviewed. After presenting how disconnected skeletons are computed, the
canonical coordinate frame that is used to determine the spatial organization of

primitives is discussed.

2.1 Disconnected Skeleton

Consider a shape whose boundary is I'. Let v be the solution of the following

differential equation:

Vi = - vlp=1 (2.1)

As shown in [9], successive level curves of v are gradually smooth versions
of I' and the amount of smoothing increases with increasing p. v function is
closely related to the Ambrosio-Tortorelli approximation [19] of Mumford-Shah
segmentation functional [20]. In [9], this connection is explored and v function is
proposed as a multiscale alternative to distance transform which can be directly
computed from unsegmented real images. Recently, Aslan et. al. [2] showed
that, by selecting a small p in Equation (2.1) and increasing it until a function
with a single extremum point is obtained, all shapes shrink into a single point.

This numerical trick leads to unique shape center for any shape.
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Resulting surface v permits to a very stable shape analysis by capturing the
ribbon-like sections in the form of a disconnected skeleton — a set of disconnected
protrusion and indentation branches. Each protrusion branch emanates from a
boundary protrusion and ends at an interior point or at the shape center. The
interior points are very stable to articulations and boundary perturbations [3]
(see Figure 2.1). There are at least two protrusion and two indentation branches
which reach to shape center. These branches are called major branches. If the
symmetry at the center is more than 2-fold than the number of major branches

increase to n > 2 to reflect the n-fold symmetry [3].

(a) (b)

Figure 2.1: Disconnected skeletons from [2, 3]

The evolution of level curves determines the sign of symmetry branches.
Symmetry points that track the evolution of the protrusions of a shape form
positive symmetry branches and symmetry points that track the evolution of
the indentations of a shape form negative symmetry branches.

In case of perfect mirror symmetry about a skeletal branch, three branches
(two positive and one negative) may join, forming a triple junction. A sample
shape with a triple junction is shown in Figure 2.2 (a). The object part that
is shown in Figure 2.2 (b) is mirror symmetric and the two positive branches
emanating from the two curvature maxima (corners) and the negative branch
emanating from the curvature minima intersect and continue as a single positive
branch(Figure 2.2 (¢)).

Triple junctions are instable configurations. Slight deviation from perfect
mirror symmetry will change the axis section shown in Figure 2.2(c) to the either
one of the axis sections shown in Figure 2.2(d) and 2.2(e). Triple junctions also
disappear when sharp corners are replaced by smooth corners. Consider the

sample in Figure 2.3(a). When corners are smoothed (Figure 2.3(b)), the triple

7



A L
(a) (b) (c) (d) (e)

Figure 2.2: Triple junction example (a) Shape with mirror symmetry (b)Part of
the shape that causes triple junction (c)Part of the symmetry axis: Intersecting
branches at junction point (d)-(e) Skeletal configurations which arise as a result
of slight deviation from mirror symmetry

junction disappear. As such, the descriptions shown in Figure 2.2(d)-(e) are

more stable.

Figure 2.3: (a) Triple junction in the case of perfect mirror symmetry. (b)Triple
junction disappear when corners are smoothed.

The good news is that, triple junctions rarely occur in disconnected skeletons.
The bad news is that they are not completely impossible.Hence, whenever a

triple junction is detected, both stable alternatives are kept as multiple parses.

2.2 Canonical Coordinate Frame

The center point of a shape and one of the major axes can be used to set up a
canonical coordinate frame (Figure 2.4). The line connecting the shape center
and a nearby point on the selected major axis defines the reference axis. In
[2], the negative major axes are used as reference axis. Spatial organization of
symmetry branches and their lengths are measured according to the selected
coordinate frame.

The length between the termination point of a symmetry branch and the
shape center is called . The angle between the reference axis and the arrow
connecting the shape center and the termination point of a symmetry branch

defines #. Note that, even under significant bendings and articulations, since



Figure 2.4: Four possible reference axes of the hand shape from [2]

the termination points of symmetry branches remain stable as demonstrated in
[3, 2], they are used to determine the polar location of branches. An example
coordinate frame is shown in Figure 2.5. Note that, in [2], the shape is divided

into two halves for efficient matching and polar angles are calculated in counter-

S\

clockwise direction.

Figure 2.5: A sample coordinate frame from [2]

For each major negative branch, a different coordinate frame is created.
Therefore, if there are n major negative axes that reach the shape center, n

possible descriptions are generated.



CHAPTER 3

FROM DISCONNECTED SKELETON TO
SHAPE TREE

In previous chapter, the computation of disconnected skeletons has been re-
viewed. In this chapter, ordered, unlabeled, attributed, depth-1 tree is presented
as our basic data structure to represent a shape. Notice that, two important
properties of the disconnected skeleton scheme in [2] that allows this study to
obtain shape trees from the disconnected skeletons are: a) the unique shape

center b) canonical coordinate frame.

3.1 Construction of Ordered Attributed Depth-1 Shape

Tree from Symmetry Branches

We consider a disconnected skeleton as an initial shape description which will
be parsed into a tree. Due to uniqueness of its center, we express a shape as a
rooted tree whose nodes are the disconnected branches. Using n major negative
branches, we define n rooted ordered trees by clockwise ordering to serve as
alternative descriptions (parses) of the same object as illustrated in Figure 3.1.
Root of the tree holds the unique shape center and the leaves hold the discon-
nected branches. Each leaf is associated with a set of attributes (normalized
length and sign of the branches and the location of the interior (disconnection)

points) presented in the previous chapter.
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(a) (b) ()

Figure 3.1: (a) Disconnected skeleton of an elephant shape. (b)-(c) Two alter-
native parses.

Skeleton to tree conversion process is illustrated in Table 3.1 using human
and star shapes. In the first column of the table, the shapes and their discon-
nected skeletons are shown. Both shapes have exactly two negative branches
flowing into the shape center. Therefore, two shape trees are created for each
shape. The first descriptions are located in the first and third rows of the sec-
ond column. The branches are numbered according to a post-ordered numbering
scheme. The reference branch is numbered as 0 and other branches are num-
bered according to their relative order. For a branch denoting an object section,
the numbering depends on the choice of reference axis. In the first description of
the human shape, since the branch labeled as a is used as the reference branch,
the node corresponding to the branch that denotes the head of the human shape
is located as the fourth child of the root in the shape tree. But in the second
representation of the human shape, the branch labeled as ¢ is used as the refer-
ence branch. Therefore the node corresponding to the branch that denotes the
head of the human shape is located as the eighth child.

Note that, the character labeling is merely used for illustrative purposes. We
neither explicitly compute parts that form the shape structure nor associate any

meaning to any branch.

3.1.1 Attributes of a Node in the Shape Tree

A nodal attribute can be defined as an application-dependent, user-defined value.
In this study, attributes of a node are used to store the polar location, normalized
length and the sign of a symmetry branch. In the canonical frame of Aslan and

Tari [2], these attributes are all invariant to Euclidean transformations (scaling,

11



Table 3.1: Sample Skeleton to Tree Conversions

0= a 6= g
1= b 7= h
2= ¢ 8= 1
3= d 9=j
4= e
o= f

first description first shape tree
O=g 6= c
1= h 7= d

ol

o 2= i  8=e
3= 9= f
4= a
5= b
skeleton second description | second shape tree

0= a 6= g
1= b 7= h
2= ¢ 8=1
3= d 9= j

4= e
o= 1
star first description first shape tree
0= e 6= a
1= f 7= b
—Nl 2= g 8= ¢
/\ - 3= h 9= d
/ \ 4= i
5= ]
skeleton second description | second shape tree

rotation, translation) and very insensitive to articulations and local deforma-

tions.

Polar Coordinate

Polar coordinate of end-point of a symmetry branch is used to represent the
location of the branch. The location information is used to find the relative
arrangement of the branches. For example, if the symmetry branch representing
the head of a human shape is between the branches representing the arms, this

arrangement must be preserved in representation of the shape.

12



Normalized Length

Normalized lengths of similar branches must also be similar. Therefore, normal-

ized length of a branch is stored as an attribute in the corresponding node.

Sign

Because of different type of deformation, two branches with similar normal-
ized length and polar location can not be similar, if their signs are different.
Therefore, sign information of a branch must be taken into account in visual

recognition processes.

3.2 Sample Shape Trees

In retrieval processes that are discussed in following chapters, shape trees are
used to obtain similarity measure among shapes. Therefore, in Table 3.2, some
shape trees prior to ordering are shown to give an idea about the relative ar-
rangement of branches. Note that, the skeleton branches are also shown merely

for illustrative purpose.

13



Table 3.2: Sample skeletons from each class in shape database

). S

*
A

human star
elephant tortoise ’
miscl dumbell
misc2 misc3

)2

3

palm

V

r

hand

ship
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Table 3.2 (continued)

?

7

N -

embryo turtle
club flower

'y
A

/A

o

misch crocodile
‘¢ &

squirrel frog

rabbit misc6
. SRl » B

misc7 horse
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Table 3.2 (continued)

e

umbrella crown

N ooo&

dino

— "
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CHAPTER 4

APPROXIMATE TREE MATCHING

In previous chapter, we demonstrated how we parse a disconnected skeleton into
a tree data structure. In this chapter, we explain how we determine the best
partial match between two trees, using tree editing distance.

When a shape (primitives + inclusion relations) is expressed by a tree, best
correspondence or best matching between two shapes is determined by comput-
ing best partial match between the trees and the shape dissimilarity is computed
as a tree editing distance.

Tree editing distance is the minimum cost of operations necessary to convert
one tree to another. The edit-distance concept is originated in a paper by
Wagner and Fisher [21] on comparing two character strings where they have
defined three edit operations: deleting a character, inserting a character and
changing one character into another.

It is quite natural to formulate both exact and approximate matches between
two objects; i.e. string "w * tng” matches to "widen” approximately whereas it
matches to "willing” and "windsur fing” exactly.

Most of the work on edit-distance in trees addresses the computation of
distance between ordered rooted trees. Ordered trees are special kind of trees
in which the left-to-right order among the siblings is important.

The comparison of rooted trees is mostly used in applications where hier-

archies must be represented like parse trees and image decomposition. String

17



comparison is also an area where approximate tree matching is widely used.
Selkow [22] presented a restricted tree-editing distance algorithm for string-like
trees whose algorithmic complexity is O(|T1| x |T3|). The first non-exponential,
non-restricted tree-editing distance algorithm had been proposed by Tai [23].
Although it could be able to solve the approximate tree matching problem, its
space and time complexity is O(|Ty| x |Ty| x depth(Ty)* x depth(Ty)?).

In [12], Zhang and Shasha proposed an algorithm with a time complexity
O(|T1] x |T5| x min(depth(Ty),leaves(Ty)) x min(depth(T5),leaves(Ts))). The
worst case bound for this algorithm is O(n?). Klein [24] has proposed an al-
gorithm with a better worst case bound, which is O(n®log(n)). However, the
performance of these two algorithms depends on the shape of trees that are
being compared.

The focus of this chapter is to review Shasha and Zhang’s ([12]) tree editing
distance algorithm, as it forms the backbone of our matching scheme. Although
the original algorithm that calculates the editing-cost between two trees does
not create a mapping, it is possible to use back tracking on the set of whole
editing operations to find the correct mapping. The algorithm that finds the

mapping between two trees is presented in 4.2.

4.1 Tree Editing Distance Algorithm of Shasha and Zhang

Edit Operations

To convert one tree to another, three operations _ attribute change, delete,
insert_ are used. The operations are illustrated in Figure 4.1. The attribute
change operation is used to change the attribute of a node and has the meaning
"The attached properties of a given node is changed from a to ”. When delete
operation is applied to a node, all of its children becomes the children of its
parent.

The last editing operation is the insert operation. In Figure 4.1(c) a sample
insert operation is presented. The location of the new node is determined by
the context and this issue is clarified in the algorithm section.

Generally, an editing operation is denoted as a = b. When a # A and
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(a) (b) ()

Figure 4.1: Edit operations (a)label change (b)delete (c)insert

b # A, the operation is a change operation where A denotes an empty node.
When a # A and b = A, the operation is a delete operation and when a = A
and b # A, the operation is an insert operation.a = b will be used as the general

editing operation in the rest of this document.

Definitions

Each editing operation needed to convert one tree to another has a cost. Cost
function of editing operation a = b is denoted as v (a = b).

Since the goal of tree editing distance algorithms is to find the minimum
editing cost necessary to convert one tree to another,we will denote the tree to
be modified as T} and the reference tree as 75.

As a result of editing operations, a graphical representation can be obtained
that shows deleted nodes of the first tree, deleted nodes of the second tree and
related nodes of the first and the second tree. In Figure 4.2, node with label b
in T} is deleted. The lines from T} to 15 show the relations between two trees.
A line from 77 to T5 means, the node at the beginning of the line corresponds to

the node that is at the end of the line. The whole relation is called a mapping.

Figure 4.2: A sample mapping
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Let T[i] be the i* node of the tree in the specified numbering scheme. In
notation 7'[7], ¢ is the unique id number of the node.

Let [(i) be the unique number of the left-most-leaf of the sub-tree rooted at
T[i]. The concept is illustrated in Figure 4.3. Note that if T[¢] is a leaf, [(i)=.

Figure 4.3: [(5) =1 and [(2) = 2

depth(i) is used to denote the depth of T'[i].

Ti..7] is the collection of nodes from T7[i] to T'[j]. This collection is called
ordered sub-forest. Figure 4.4 shows 72..4] of the tree in Figure 4.3.

If i > j then TV[i..j] = (0. T[L(7)..i] is referred as tree(i). LR_keyroots of a tree
is defined as :

LR _keyroots(T) = {k|there exists no k' > k such that (k) = [(K")}

This definition means £ is either the root of the tree or it has no left siblings,
where k denotes the unique id number of the node. Consider the tree in Figure
4.3. By definition, root of the tree, 5, is in LR_keyroots list. Since [(2)=2 and
there exists no node with a greater unique id number and same [, 2 is also in

LR _keyroots list. So LR_keyroots of the tree in Figure 4.4 are {2,4,5}.

. ),

Figure 4.4: T[2..4] of the tree in Figure 4.3
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Editing distance between sub-forests T;[i’..i| and T»[j’..j] is denoted as
forestdist(T[i'..i), Ta[j'..j] ) or forestdist(i’..i,j’..7).

The Algorithm

In this section, the tree editing algorithm in [12] and mapping algorithm that has
been used in this study are presented. The tree editing algorithm is presented
to create a notion about the usage of editing operations, since these operations
are modified to compare two shapes in this study. Details of the algorithm and
proofs can be found in the original paper.

The following pseudo-code presents the main loop of the algorithm. Note
that, as a preprocessing, LR_keyroots and () values of compared trees are cal-

culated.

Algorithm FindDistance()

Input: Tree T7 and T5

Output: Editing distance between T; and 15
(* Compute () for Ty and T, LR_keyroots(T1),LR _keyroots(Tz)aspreprocessing *)
1. for i «— 1 to |LR_keyroots(T})]

2 for j/ — 1 to |LR_keyroots(Ts)]

3. i = LR _keyroots[i']

4 j = LR_keyroots|j']

5
6

compute treedist(i,j)

Dynamic programming is used to compute treedist(,j). So a computed value
does not need to be computed again. The following pseudo code presents the
algorithm that computes treedist(i,j).

Algorithm treedist (i, ;)
forestdist(¢,¢) =0

for iy — (i) to i

forestdist(T1[1(i)..i1], §) = forestdist(T1[1(i)..ir — 1], ) +v(Ti[ir] = A)

forestdist(p, To[l(j)..j1]) = forestdist(¢, T2[l(j)..51 — 1]) + (A = Ta[j1])

1
2
3
4. for j; — I(j) to]
5
6. fori; —1I(i)toi
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7. for j; — I(j) toj

8. if [(41) = 1(¢) and I(j1) = 1(5)

9. forestdist(Ty[1(7)..i1], Ta[l(f).-J1]) = min{

10. forestdist(Ty[1(3)..i1 — 1], T2[1(j)..j1]) + v(T1[i1] = A),

11. forestdist(Ty[1(7)..i1], To[l(5)..J1 — 1]) + v(A = Tr[j1]),

12. forestdist(Ty[1(2)..i1 — 1), To[l(§)..j1 — 1)) + y(T1[i1] = Te[51])}
13.

(* put in permanent array x)

14. treedist(iy, j1) = forestdist(Ty[1(i)..i1], T2[1(5)..71])

15. else

16. forestdist(T1[1(7)..11], Ta[l(j).-J1]) = min{

17. forestdist(Ty[1(2)..i1 — 1), To[l(§).-J1]) + v(T1[i1] = A),

18. forestdist(Ty[1(7)..i1], To[1(5)..51 — 1]) + v(A = Ts[51]),

19. forestdist(Ty[1(2)..i1 — 1], To[l(§)..j1 — 1]) + treedist(i1,51)}
20.

The time complexity of the algorithm is O (|71} |x| 13| xmin(depth(1y), leaves(T})) X
min(depth(Ty), leaves(T3))) and the space complexity is O(|T1| x |T»|). The

proofs can be found in [12].

4.2 Mapping Algorithm

In this section, the used back tracking algorithm for mapping is discussed. Note
that a left-to-right post-order numbering scheme is used for tree nodes.

The editing distance between two trees is calculated from a set of sub-forest
distance costs. One can find the correct mapping between the nodes of com-
pared trees by traversing the sub-forest costs that are used in editing distance
cost calculation. For each forest-distance calculation, two sub-forests and an
operation are stored in a list to find the sub-forest that has been used in the

calculation of forest-distance.For example, for the forest-distance:
forestdist(iy..is, j1..jo) = forestdist(iy..iz, j1..J2) + Y(Th]ia]) — Talis])

forestdist(iy..iz, ji1..jo) is stored as resultant forest-distance, forestdist(iy..iz, ji..jo)
is stored as used forest-distance and ATT RIBUTE_CHANGE is stored as the

used operation.
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Before going into the details of the algorithm, some definitions have to
be done. Let editOps be the list that contains the set of whole editing op-
erations. Every element in the list contains a resultant forest-distance, used
forest-distance and a used operation. For the i element of the list, these val-
ues are denoted as, editOps[i|.resForestDist, editOps|i].usedForestDist and
editOpsli].usedOp respectively. Let results be the stack that stores the map-
ping. A node is pushed into the stack with its operation. For example, for the
compared trees T} and 75, if the i node of T} is detected as deleted, it is pushed
into the stack as results.push(i,deleted). The elements of the stack gives the
correct mapping with inserted and deleted nodes.

The following pseudo-code fills the results stack. Note that, the list editOps
had to be filled with the whole set of forest-distance calculation operations,

before calling the following function.

Algorithm FindMapping(index, editOps, results)

Input: Index of the list element,list of editing operations,stack that holds results

1. subforest(il.i}, ji..j3) = editOps[index].resForest Dist
2. subforest(i?..i3, j2..53) = editOps|index).used Forest Dist
3. if editOps[inder].usedOp = DELETE

4. for i — (i3 +1) to i3

5. if ¢ # 0 results.push(i, deleted)

6. if editOps[index].usedOp = INSERT

7. for i — (j3+1) to j3

8. if ¢ # 0 results.push(i, inserted)

9. if editOpslindex].usedOp = ATTRIBUTE_ CHANGE
1. it (i~ i2) > (i} 72

11. s—iy kg3 145 meii+1
12. else

13. s o keid le—i2 mej2+1
14. fori—ktoli——

15. results.push(s, 1)

16. §— —

17. for i — m to s

18. if (i3 —i3) = (jz — 43)
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19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

results.push(i, deleted)
else
results.push(i, inserted)
if (2 = 0)and(j? = 0)
for i « i? to i3
if ¢ # 0 results.push(i, deleted)
return
if (2 = 0)and(i3 = 0)
for i — j? to j3
if ¢ # 0 results.push(i, inserted)
return
find index of subforest(i3..i3, j2..72) in editOps list and assign it to newIndex

FindMapping[newIndex, editOps, results]
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CHAPTER 5

SHAPE MATCHING USING TREE EDITING
DISTANCE

In this chapter, we utilize the editing distance algorithm given in Chapter 4
to compute the best partial correspondence between two shape trees and the
corresponding cost of morphing one shape tree into another. The key idea in
these computations is using the shape primitives in editing cost calculations.
Because of insertion and deletion costs, not only the scalar values of primitives
but also their spatial organization play role on calculation of similarity. Note
that, in [2], two shapes are compared with a branch and bound algorithm that
uses the same shape primitives. By using a tree comparison algorithm, the

algorithmic complexity of the matching operation is reduced.

If two trees are identical, the cost of converting one tree to the other is 0 and
the cost increases proportional to the degree of dissimilarity between the trees.
Therefore, the conversion cost is a measure of dissimilarity. Since dissimilarity is
reversely proportional to similarity, a tree editing cost can be used as a similarity

measure.

To test the approach, shape retrieval problem is used. The experiments are
performed on the shape database shown in Figure 1.2. Note that, the corre-

spondence between two shape trees is symmetric.
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5.1 Calculation of Dissimilarity Measure

The idea behind the computation of the measure of dissimilarity between two
shapes is calculating the tree editing distance between all descriptions of the
shapes and using the minimum cost as the measure of dissimilarity. To use the
tree editing distance algorithm in [12] for shape trees, shape primitives must be
incorporated in the calculation of tree-to-tree conversion cost. By using shape
primitives in editing operations, the tree-to-tree conversion cost becomes the
dissimilarity measure between compared shape trees. The focus of this section

is to present how shape primitives can be used in editing operations.

5.1.1 Insertion and Deletion Costs

The longest branch in a shape is one of the positive main axes. Usually, the
contribution of a long axis to represent the characteristics of a shape is higher
than a short axis with the same sign. The importance of a long branch in a
shape can easily be seen in Figure 5.1. If the longest branch is deleted as shown
in Figure 5.1 (b), the remaining branches may not represent a shape similar to

the original one.

(a) (b) (c)

Figure 5.1: Deleting a long branch may convert the shape to a totally different
shape. (a)Original shape (b)Shape tree of a (¢) The longest branch in b is deleted

In calculation of deletion cost, the following rules are applied:

e the deletion cost of a branch must decrease, as the distance between the

branch and the shape center increases.

e the deletion cost of a long branch must be higher than the deletion cost of

a shorter branch

According to these rules, (a) the deletion cost of two branches with same

length and same polar distance to shape center must be equal, (b) the deletion
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cost of the longest branch must be high and deletion cost of other branches must
be calculated proportional to this node.

Let (r}, 6}), (r7, 67) be the polar coordinates of two branch nodes i and j
of the shape trees T} and T5 respectively. Also let I} and ljz- be the normalized

lengths of corresponding branches. The deletion cost is defined as:

[} x DEL_COST
ll

max

DELETION COST = (1 — ;) x

where [} is the normalized length of the longest branch of 7} and DEL_COST is

a constant which corresponds to the deletion cost of the longest branch.
Similar arguments can be made for insertion cost. If trees 7T} and T2 are

being compared, in an insertion to 7}, the node to be inserted must already

exist in T5. Hence, the insertion cost of the node must be calculated relative to

the longest branch of T;. We define the insertion cost as:

1]2 x INS_COST
l2

max

INSERTION COST = (1 — 7“]2) X

where [2 _ is the normalized length of the longest branch of T, and INS_COST is

max

a constant which corresponds to the insertion cost of longest branch.

5.1.2 Attribute Change Cost

If the attribute change cost is used as 0, deletion cost is used as 1 and insertion
cost is used as 1, the tree editing distance algorithm in [12] can be used to
compare two trees according to the relative arrangement of their nodes. In
Figure 5.2, the shape trees of a human shape and a star shape are shown. If the
tree editing distance algorithm is used to find the tree-to-tree conversion cost as
defined above, since the number of nodes in Figure 5.2(a) is equal to the number
of nodes in Figure 5.2(b), the cost is calculated as 0. Therefore, attributes of
nodes must incorporate in the calculation of attribute change cost.

For the calculation of attribute change cost, the following rules are applied:
e if two branches are similar, their lengths must be similar

e if two branches are similar, their polar coordinates must be similar
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X k-

Figure 5.2: Number of nodes in shape trees of different shapes may be equal

According to these rules, if two branches are identical, the attribute change
cost between the nodes corresponding to these branches must be 0 and the cost
increases as the similarity between branches decreases. The attribute change

cost (ATTRIBUTE_-CHANGE) is defined as:

mam(l},l?)—min(l,},l?) max(r%,r?)—min(r},r?) max(@},@?)—mm(&},@?)

maz(l%,l?) max(ril,r?) maz(@},@?)

4

2%

where (r}, 0}), (r2, 62) are the polar coordinates of two branch nodes 7 and j of
the shape trees T} and T respectively and [} and l? are the normalized lengths
of corresponding branches.

For the attribute change cost, more emphasize is given to normalized length
of branches. As will be discussed later, this behavior is not always valid and

may cause mismatches for some shapes.

5.2 Mapping

The editing operations give rise to a mapping that is a graphical specification
of matching branches of shape trees. In Figure 5.3, two sample mapping results
are shown. In Figure 5.3(a), the branches of two shapes that are in the same
category are matched. Despite significant articulations, correct correspondence
between the branches are found. In Figure 5.3(b), the mapping of branches
of two shapes from different categories is presented. Since not only the branch
lengths, but also the polar locations of branches are used in tree editing distance
calculations, similar parts of objects are mapped.

The mapping process is also successful for objects with missing parts. In

Figure 5.4, the mapping result of a normal hand shape and a hand shape with
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M=9+—98—87+—7,6—6,5+—5 4—43—32—21— 1,0 0)

(a)

1

M=(13—9, 12+ 8,11 + deleted, 10 — deleted, 9 +— 7, 8 — 6,7 — 5,

6 — deleted, 5 +— deleted, 4 — 4,3+—3,2+— 2, 1+ 1,0 0)
(b)

Figure 5.3: Sample mappings

a missing finger is shown. The branches that correspond to the missing finger
(the branches that are numbered as 6 and 7) are deleted and other branches of

two shapes are matched properly.

M=(11+ 9,10 + 8,9+ 7, 8 — 6, 7+ deleted, 6 — deleted,
5—54+—43+—32—21—1,0+—0)

Figure 5.4: Mapping of two hand shapes one with a missing finger

5.3 Experiments

After computing all costs for all shape pairs in the database (total 180 x 180),

each one of the 180 shapes is selected as a query shape(stimulus input) and the
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top twelve (twice the number of shapes in a category) lowest cost matches are
retrieved. The retrieval rate is 98.7%. This scoring, referred to as Bull’s eye test,
is the common practice [25, 10]. If we consider only the top 6 matches, retrieval
rate is 92.3%. The results are presented in Table 5.1. Note that, number of

wrong retrievals in the top 5 category are [1,6,13,21,41] respectively.

5.3.1 Clustering Results

Normalized cuts clustering algorithm [26] is a graph based clustering algorithm
that is used for perceptual grouping of a feature space where the nodes of the
graph are the points in this space and an edge is formed between every node
whose weight is a function of similarity between corresponding nodes. After
applying the matching algorithm to the image database, we obtain a symmetric
matrix that contains the degree of dissimilarity between each shape. If we con-
vert this dissimilarity matrix into a similarity matrix, we can apply normalized
cuts clustering to obtain an idea about the perceptual grouping of the shapes.
To obtain a similarity matrix, the following function has been applied to the

dissimilarity measures between shapes.

f) = 2

(5.1)

In Figure 5.5, a subset of the database which is used in clustering experiments
is shown. When these shapes are grouped into three disjoint sets by using
normalized cuts algorithm, three clusters shown in Figure 5.6 are obtained. As
seen in Figure 5.6, the dumble-like shapes form one group, star-like shapes form

one group and remaining shapes form another group.

X £ A X 4+ >3 &k & F

X ¥ & K
X% ¥ X
AN & 3
oV 3 S |
L 2 A

X
3 % % & % B P &
™ I A kR R K
A W W mwHh £47T

X < ¥
X 4 %

Figure 5.5: Sample shapes to be clustered with NCuts clustering algorithm
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Figure 5.6: Shapes in 5.5 clustered into 3

When the shapes shown in 5.5 are seperated into 5 groups, the clusters shown
in Figure 5.7 are obtained. In this case, tortoise-like shapes form the first group,
four leg animals form the second group, star-like shapes form the third group,
dumble-like shapes form the fourth group and remaining shapes which are also

in the same class form the last group.
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Figure 5.7: Shapes in 5.5 clustered into 5

When the shapes shown in 5.5 are seperated into 10, the clusters shown in
Figure 5.8 are obtained. As presented in the results, shapes in classes cat, miscl,
cat, misc3, elephant and human are perceptually grouped perfectly. Although
shapes from two different classes form the first and third groups, the shapes are
structurally similar. Also, the high dissimilarity measure among dumbell shapes

has split the class into 3 more similar subclasses.

5.4 Discussions

The aim of this section is to discuss the behaviors that causes mismatches, to
give a notion about how matching can be improved. We categorize the sources

of mismatches into 4 and analyze them separately.
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Figure 5.8: Shapes in 5.5 clustered into 10

5.4.1 Structurally Different Shapes with Similar Shape Trees

Two perceptually dissimilar shapes may have similar shape trees. A sample
situation is illustrated in Figure 5.9. One can observe the close resemblance
between shape trees of elephant and squirrel when branches 4 and 5 are deleted
from the shape tree of the former. Since branches 4 and 5 of the elephant are
short branches, their deletion cost is small and this small penalty gives raise to
a wrong match. Clearly, assigning importance by branch length is not always
valid. Branches 4 and 5 are two characteristic branches of an elephant shape.
Therefore, they should not be treated as spurious branches and the penalty of

deletion must be high to overcome this kind of mismatches.

=(9— 7,8+ 6,7+— 5,6+ 4, 5 deleted, 4 — deleted,3 — 3,2 +— 2,1+ 1,0+ 0)

Figure 5.9: Similar skeletons for an elephant shape and a squirrel shape
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5.4.2 Structurally Similar Shapes

The second type of problematic shapes contains shapes that looks like each
other. Perceptually similar shapes have naturally similar shape trees. Notice
that, in Figure 5.10,the cat shape and horse shape have same number of branches
with similar characteristics. Therefore, the dissimilarity measure between these

shapes is similar to the dissimilarity measures among cat shapes.
1
0 il
il

=11+ 11,10~ 10,9— 9,8 — 8, 7+— 7,6+ 6,5+— 54— 43+ 3,2— 2,1+ 1,0 — 0)

Figure 5.10: Similar shapes. A cat shape and a horse shape

5.4.3 Shapes with Extra Branches

Indentations and protrusions may give raise to extra branches in a shape. Dur-
ing the matching process, these extra features increase the matching cost and
may cause mismatches. In Figure 5.11, two embryo shapes are shown one with
extra branches. The extra branches in the second embryo shape cause a high

dissimilarity measure which is the source of a mismatch.

1

M=(5— 9,4+ 8,3 — 7, inserted — 6, inserted — 5, 2 — 4,

inserted — 3,inserted — 2,1 — 1,0 — 0)

Figure 5.11: Problematic embryo shapes one with more branches



5.4.4 Outliers in Distribution of Lengths of Branches

Certain irregularities in the distribution of branch lengths may also cause prob-
lems, i.e the existence of an outlier branch. Since the insertion/deletion costs
are calculated relative to the longest branch, an outlier causes short branches to
have small insertion/deletion costs. An example shape is shown in Figure 5.12
(a). Most of the branches are short and there exists a long branch which reduces
the insertion/deletion costs of other branches although the sort branches are also
important. Since deleting a short node is not too costly, the short branches in
Figure 5.12 (a) are deleted to convert the shape tree into the shape tree in Figure
5.12 (b) and causes a mismatch. As also became clear in 5.4.1 and 5.4.3,using

branch length as a significance measure is not always valid.

) (b)

(a
M=(9+ 58— 4, 7T+ 3, 6 +— deleted, 5 — deleted,
4+ 2,3+ 1,2 — deleted,1 — deleted,0 — 0)

Figure 5.12: A mismatch because of an outlier. (a)key shape (b)misch shape
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Table 5.1: Retrieval results
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Table 5.1 (continued)
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Table 5.1 (continued)
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Table 5.1 (continued)
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CHAPTER 6

CONTEXT SENSITIVE MATCHING

In the previous chapter, we concluded that assigning a priori significance to
the shape forming primitives is the primary source of wrong correspondences
between two shapes. In this chapter, we explore how we can modify the im-
portance of primitives by putting them in a context. Thus, matching A to B is
interpreted as matching the stimulus input A to memory benchmark B, whose
category is known. It is assumed that, the general characteristic of category is

known and is called context information.

A category of objects is a group of similar type of objects. In this study, con-
text information is used to put some restrictions on the possibility of occurrence
of shape primitive values. For example, for the human category, if the normal-
ized length of the branch that represents the head of the human shape is defined
in interval [lnin--lmaz], the normalized length of a possible similar branch must
be in this interval. Otherwise, the attribute change cost is increased drastically
to penalize this abnormal behavior.

Context information is not only used for restricting shape primitive values
but also used to minimize the effect of non-salient branches in a class. Notice
that, additional branches in a shape increase the dissimilarity between a shape
in the same category, because of the extra insertion and deletion costs.

In this study, since the shape primitives are stored as ordered trees, a com-

mon tree is constructed from the shape trees in the same category to find the
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Figure 6.1: Shapes in the same category may contain extra branches

general characteristic of the category. We call this common tree a shape-category
tree. The main idea behind using shape-category trees in this study is to find pos-
sible occurrence intervals for shape primitives. These intervals are taken into
account during the comparison of shape primitives in cost calculations. While
comparing shape A and shape B with context sensitive matching, the key point
is using the shape-category tree of B in cost calculations. Notice that, the
category of A is not known.

In this chapter, details of the context sensitive matching and its results are
discussed. Note that, the construction process of shape-category trees is a pre-
processing for context sensitive matching and because of the multiple description
property of the representation, more than one shape-category tree can be con-

structed for a shape category.

6.1 Construction of Shape-Category Tree

Since a shape category is composed of similar shapes, shape trees of the shapes
in the category must also be similar. For example, a human shape is composed
of a head, two legs, two arms and a body. All shapes in the human category
must include at least one of these parts. Due to within category variability or
local deformation and articulations, some shapes in the category may contain
extra branches as shown in Figure 6.1.

A shape-category tree must hold all the observed and required nodes of each
shape tree in the category. Therefore, the category tree construction process
must unite the related nodes. Since all shape trees in a category are depth-1,

the union of shape trees can be used as the shape-category tree.
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To construct a shape-category tree, the shape tree in the category with most
populated nodes is chosen as the base-tree. The key idea in the construction
process is to find the correspondence between the branches of base-tree and the
branches of other trees in the same category. Once a correspondence is found,
shape primitives of the non-base node is stored in the corresponding node of the
shape-category tree.

Before discussing the pseudo code of the shape-category tree construction
process, let us work on an example to clarify the concept. An example category
that is composed of three shapes is shown in Figure 6.2. Assume that, all shapes
in this category have only one description. For each shape, the attributes are

listed at the bottom of the related tree figure.

Node Attributes Node Attributes
Node Attributes
(li,71,01,+) a (ls, 76,96, +)
a (la;74,04, +)
b (l217’27®27_) b (l77T77®77_)
c (5,75,05,+)
c (I3,73,03,+) c (Is,rs,Os,+)
T, T T3

Figure 6.2: A sample shape category

The first step of shape-category tree construction process is the determina-
tion of a base-tree. Number of nodes in T} and T3 are equal and greater than
the number of nodes in T5. Therefore, one of T} or T3 can be chosen as the
base-tree. We choose T _the tree with smaller index_ as the base-tree.

The second step is the initialization of the shape-category tree. Shape-
category tree is a clone of base-tree which stores not attributes but list of at-
tributes in its nodes. In Figure 6.3, the initial category tree of our example is
presented. As shown in the figure, the attribute lists are initialized with the
attributes of the base-tree.

The third step is the formation of mapping between T; and 7,. In the
resultant mapping, node of T} labeled as a is mapped to node of T; labeled as
a and node of T} labeled as c¢ is mapped to node of T5 labeled as c¢. Since the

mapping between T} and category tree is one-to-one, the mapping between T5
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Node Attribute Lists
° a ([ll}’[rl]7[91]7+71/1)
e @ o b ([lQL[TQL[e?L_vl/l)

C ([l3}7 [T3]7 [93]7 +,1/1)

Figure 6.3: Initial shape-category tree of the category in Figure 6.2

and category tree is equivalent to the mapping between 77 and T7. The attributes
of nodes of T5 are inserted into attribute lists of category tree according to the
mapping between the nodes of 75 and category tree. The resultant category tree

is shown in Figure 6.4.

o Node Attribute Lists
([t1,14],[r1,74], [©1, ©4], +,2/2)

a
©10]0. b ([12], [r2], [©2], —, 1/2)

C ([l37l5},[7‘3,7‘5],[@3,@5},+,2/2)

Figure 6.4: Shape-category tree of the category in Figure 6.2 after adding 75

The last step is finding the mapping between T and T3, then, inserting
the attributes of nodes of T3 to attribute lists of category tree. The resultant
category tree is shown in Figure 6.5. The important point is that, the final
category tree (Figure 6.5) contains all nodes that are contained in the category.
Notice that,at the end of attribute lists, a term indicating the frequency of

occurrence of branch is added.

o Node Attribute Lists
a ([t1,14,16], [r1,74,76), [©1,©4,O6],+,3/3)

) () b ([l2, 7] [r2, 7], [©2, ©7], —, 2/3)
c ([l3,15,18], [r3,75, 78], [©3,©5, O8], +,3/3)

Figure 6.5: Shape-category tree of the category in Figure 6.2 after adding T3

At this point, the shape-category tree construction process is over, however,
multiple descriptions of shapes must be handled. Although only one description
exists for all shapes in this example, real life shapes may contain more than one
descriptor for any of the shapes in a category. Therefore, the contributor tree
descriptions also must be stored in the shape-category tree. In this example,
11,15 and T3 are stored as the contributor trees.

The following pseudo-code summarizes the shape-category tree construction
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process. Let S7..5, be a shape category containing n shapes, Tzfj be the i
description of S;, Sp be the shape whose descriptions are used as base-tree,
B(S;) be the number of descriptions of S;,|T/| be the number of nodes in T} and

CT:..CTp(sy) be the list of resultant category trees.

Algorithm ConstructCategoryTreeList()
Input: Shape class (5..5,)
Output: List of category trees (CT1..CTp(s,))
* Find the first most populated shape )
B+~1
for j —1ton
if |77] > |72

4. B«—j

for i — 1 to B(SB)

(

1.

2

3

5

(x Create category trees *)

6.

7. insert attributes of TF to CT;
8.

(

* Find mappings with other trees and complete construction )

9. for k< 1to 3(Sg)

10. for j«—1ton

11. if j#£B

12. cost «+— 00

13. index — —1

14. for i — 1 to 3(Sg)

15. temp «— editDistance between T,f and Tij
16. if temp < cost

17. cost < temp

18. index «— 1

19. Insert attributes of TZJn dew 10 TP
20. Insert T ljn Jew 8 contributor to T2

The category tree generated for the hand category is shown in Figure 6.6,for
illustrative purposes. Gaussians are fit to disconnection points and the boundary
of one of the shapes in this category is drawn.

To conclude, just like shape trees, category trees are ordered and depth-1.

The difference lies in the attributes. Each edge (inclusion property) of a category
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Figure 6.6: Category tree for the hand.

tree carry an attribute denoting the probability that the edge exists in a random
shape in that particular category. Unlike scalar-valued nodal attributes of a
shape tree, nodal attributes of a category tree are vector-valued, reflecting the

observed distribution.

6.2 Using Shape-Category Trees In Matching

Let B be a shape in category k& and A be a shape that is queried to find a
similarity measure with B. If shape A is similar to shape B, it must be also
similar to the other members of the category k. Therefore, attribute lists that
are stored in shape-category tree of k£ guides the matching between shape A and

shape B. The process is shown in Figure 6.7.

Figure 6.7: Using shape-category tree in matching

As discussed before, shape-category tree construction process may lead to
more than one category tree for a category. Each category tree construction

process has a construction cost which is the summation of editing distance costs
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between base-tree and contributor trees of the category tree. Because of inden-
tations and articulations, the shape whose descriptions are used as base-tree
may have more descriptions than other shapes in the same class. This behav-
ior leads to unequal construction costs for shape-category trees. The category
tree of a class with minimum construction cost is called best shape-category tree.
In matching process of a queried shape and a benchmark shape, for efficiency,
all descriptions of queried shape are matched with only the description of the

benchmark shape which is a contributor tree to the best shape-category tree.

6.2.1 Context Guided Editing Operation Costs

The matching of two shapes is the process of matching two shape trees. Let the

it" node of T}, be associated with the j node of the category tree Tf(‘f) where

[

c(k) denotes the category to which shape & may belong. Then a node in 7,
holds information related to n nodes from m shape trees forming the category
tree (n < m). The observed range values for r, 6, | of the j*h node of TCC(“,f) are
[Tomin - - - Tmaz)js [Omin - - - Omaz); a0d [Lnin - - lnas]j-

Let T} be one of the shape trees of the queried shape and T, be the shape
tree of the benchmark object. Matching of T} and 75 can be guided or influenced
by the category tree Tf&t). For that purpose, we have defined a generic function

f(z,y, [min, max]) which calculates a cost in a given range (see Figure 6.8). In

the experiments, we take ¢, = 7 and 0, = %”.

Figure 6.8: The cost function f(x,y, [min, maz]) used in prior-guided matching.

CHANGE_COST which is the modified cost of changing the attributes of the *
node of T to the attributes of the j* node of T, with the assumption that both

nodes are associated to the k" node of the category tree Tf&t) is given by:
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3 X f(l117 l]27 [lmma lmaa:]k:) + f(rilv 7‘]2,7 [rmina /rmaa:]k) + f(ezla [szﬁm 0]2a emam]k) 5 E
5) m

where ™ can be interpreted as the frequency term which reflects the promi-
nent strongness of the primitive.
Similarly, deletion and insertion costs are defined as follows:

I} x DEL_COST
ll

max

DELETION COST = (1 —17}) x

l? x INS_COST n
- >< —_

2
lmaac m

INSERTION COST = (1 — 7“]2) X

Note that we always apply operations to T} to morph it to T5. Hence, deletion
implies deleting a primitive from 7} whereas insertion implies inserting a node of

T5 to T} which does not exist in T;. This fact is reflected in the cost definitions.

6.3 Experiments

To test the approach, the retrieval problem is used. Each shape in the image
database is used as query shape and compared with all other shapes, except itself.
Note that, the query shape is not used in any shape category tree construction.
The results are presented in Table 6.2.According to Bull’s eye test[25, 10], the
retrieval rate is 99.111% for top 12 matches. The retrieval rate decreases to
97.44%, if top 6 matches are taken into account.

When the query shape is very different from other shapes in the same cat-
egory, the retrieval lives trouble, as shown in Figure 6.9. In Table 6.1, the
normalized lengths of tails of crocodiles are presented. Observe that, the tail of
second crocodile (query shape in Figure 6.9) is smaller than others. Because of
the high penalizing to primitives that do not lie in the possible occurrence in-
terval determined by category, outlier primitives cause problems. This problem
occurs for the categories that have shapes containing primitives with low vari-
ability. Notice the continues dissimilarity measures in Figure 6.9. For successful

retrievals, the dissimilarity measures are not continues (see Table 6.2), i.e. the
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4R AR SN AR AV S NP

2.588 | 2.604 | 2.612 | 2.671 | 2.676 2.678 | 2.705 | 2.751 | 2.751 | 2.794 | 2.813

Figure 6.9: An outlier shape in the category

Qe /N[N

0.5487 | 0.4730 | 0.6368 | 0.5492 | 0.5502 | 0.5311
Table 6.1: Normalized lengths of tails of crocodiles

dissimilarity measures belonging to shapes from other categories are relatively
high.

When a shape containing outlier primitives is refused by its own category,
it may be accepted by another category that have shapes containing primitives

with high variability. A sample situation is illustrated in Figure 6.10.

AEIRIEJE IR IR RS0 AF NP AR ]

1.922 | 2.094 | 2.133 | 2.207 | 2.227 2.292 | 2.363 | 2.427 | 2.431 | 2.484 | 2.490

Figure 6.10: A shape accepted by another category

A shape in a category may be more similar to some shapes in other categories,
as illustrated in Figure 6.11. Observe that, for such shapes, the dissimilarity

measures do not contain strong jumps for similar categories.

X FIXN |4 T =k F X XX

1.434 | 1.505 | 1.539 | 1.539 | 1.616 1.618 | 1.646 | 1.659 | 1.719 | 1.832 | 1.880

It b A E X s » L S

2.056 | 2.085 | 2.196 | 2.263 | 2.309 2.322 | 2.627 | 2.726 | 2.751 | 2.768 | 3.353

Figure 6.11: Structurally similar shapes from different categories

As seen in Table 6.2, the dissimilarity measures are not symmetric. That is,
if the dissimilarity measure between shape A and shape B is «, the dissimilarity
measure between shape B and shape A does not need to be a. The reason of this
behavior is that the used shape-category trees for matching between A-B and
B-A may be different. During the matching process of A-B, the shape-category
tree of B restricts the attribute intervals and determines the frequency terms.

But, during the matching process of B-A, the shape-category tree of A guides
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the matching. Therefore, the context sensitive matching is not symmetric.
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Retrieval results

Table 6.2:
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Table 6.2 (continued)
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Table 6.2 (continued)
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Table 6.2 (continued)
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CHAPTER 7

CONCLUSION

In this thesis,calculation of dissimilarity between two shapes using skeletal trees
has been presented. After converting shapes into depth-1 shape trees, a tree
editing distance algorithm is used to find the dissimilarity between the shapes.
Shape primitives and their spatial organizations are used to find the cost to
morph one shape tree into another. As discussed in detail, assigning a priori
significance to shape primitives may cause wrong correspondence between two

shapes.

To modify the importance of primitives, they are put in context. In this
study, characteristics of shape categories are used as context information. To
find the dissimilarity between shape A and shape B, category characteristics of
shape B guide the cost calculations. Recall that, characteristics of a category are
obtained from shape-category trees that are constructed by uniting the shape

trees in a category.

The shape retrieval problem is used for experiments. When dissimilarity
calculations are done with the guidance of context, better retrieval results are
obtained. Also, the obtained dissimilarity measures violate the symmetry met-
ric. That is, the dissimilarity between A and B is not equal to dissimilarity
between B and A. This behavior is supported by experimental results of [14, 15]
and a natural result of using the guidance of different category trees to compare

A-B and B-A.
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Hence the shape category trees are also depth-1, it is possible to compare
a shape with a category and a category with a category.Therefore, as a future
work, it is possible to use the shape category trees for classification. Also, the
proposed context sensitive approach can be used for clustering, if a technique

that uses asymmetric similarity matrix is developed.
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