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Feature correspondence lays the foundation for many tasks in computer vision and pattern recognition. In this
paper the directed structural model is utilized to represent the feature set, and the correspondence problem is
then formulated as the structuralmodelmatching. Comparedwith the undirected structuralmodel, the proposed
directed model provides more discriminating ability and invariance against rotation and scale transformations.
Finally, the recently proposed convex–concave relaxation procedure (CCRP) is generalized to approximately
solve the problem. Extensive experiments on synthetic and real data witness the effectiveness of the proposed
method.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

As a fundamental problem in computer vision and pattern recogni-
tion, feature correspondence plays an important role in many tasks
such as image retrieval, object recognition, 3D reconstruction, and
bio-informatics. Although the correspondence using only appearance
descriptors such as SIFT descriptor [24], shape context feature [1] or
bag-of-words model [20] got good results in some tasks such as object
detection and image classification [32,10,35,36], recently much effort
has been devoted to the incorporation of spatial information into the ap-
pearance cue [6,33,25,2,15,26]. Consequently, the feature correspon-
dence can be in general formulated as a combination of a unary term
related to the appearance similarity and a pairwise term describing
the spatial consistency.

Intuitively, the pairwise constraints could improve the correspon-
dence performance. For example, if we add the distance constraint,
then a pair of feature points close to each other in one set is less likely
to be assigned to the points far away from each other in another set.
However, researchers [6] showed that the appearance only based
methods performed comparably or even better than the structural
ones. In fact, the performance of pairwise constraints depends largely
on the structural model constructed, and an unstable descriptor may
result in bad performance in practice. For instance, the same object in
different imagesmay appear in different scales, orientations, and suffers
from other types of distortions. It is thus far from easy to construct a
stable structural model invariant to these geometric transformations.
The distance descriptor is robust against rotation, but often vulnerable

to scale and other types of transformations. The orientation descriptor
is robust against scale, but not rotation.

In this paper,we propose a robust directed structuralmodel to tackle
the equal-sized correspondence problem. By representing the feature
set by the directed structural model or equivalently the directed
graph, the correspondence is formulated as a directed graph matching
and then approximately solved by generalizing the recently proposed
convex–concave relaxation procedure (CCRP).

1.1. Related works

Feature correspondence mainly consists of two parts, model
construction and optimization algorithm. We give a brief review of the
related works in literature from the two aspects.

The proposed model is related to [33,19,27,28,9,3,37] which models
utilize both the distance and orientation descriptors, though in different
ways. Considering the distance descriptor, somemodels [33,19,27,9,37]
are sensitive to the scale transformation by directly taking the distance
as the descriptor. In [28,3] they normalize the distance by the longest
distance between features, which makes it invariant to scale transfor-
mation, but the performance may deteriorate sharply when false fea-
tures exist, because they tend to affect the global measurement. By
contrast, the proposed distance descriptor takes a local measure as the
normalizer, which ismore robust than the global normalization. Consid-
ering the orientation descriptor, many existing models utilize or equiv-
alently utilize the angle between an edge and the horizontal axis as the
orientation descriptor. Such descriptors are sensitive to the rotation
transformation. In [27] they utilize the angle between dominant orien-
tation of one feature and related edge as the descriptor, which however
is limited to the feature types with local orientation like SIFT [24]. By
contrast, the proposed orientation descriptor based on the object orien-
tation is invariant to rotation.
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There exist many graph matching algorithms for the correspon-
dence problem combining both appearance and structural cues, about
which the readers are advised to refer to [8] for a comprehensive survey.
Generally speaking, the graph matching problem is a typical NP-hard
problem, which makes the approximation necessary in practical appli-
cations. Though some approximate matching algorithms [14,31] could
deal with the directed graphs, they often suffer from high computation-
al and storage complexity. Some other state-of-the-art algorithms
recently proposed, including the spectral method [19,9,34,7,29], semi-
definite basedmethod [30] and path followingmethods [38,39], are ap-
plicable only on undirected graphs. As an extension of the path follow-
ing algorithm, the CCRP [23,22] is generalized to deal with the directed
problem.

The directed structural model and the objective function are pro-
posed in detail in Section 2, and the optimization algorithm is given in
Section 3. Following the extensive experiments on both synthetic and
real data in Section 4, Section 5 finally concludes the paper.

2. Directed structural model

In this section, we will first present the directed structural model
and then give the objective function for the correspondence problem.

2.1. Distance descriptor

A feature gi in a feature set G={gi}i = 1
N is a key point with its spatial

coordinates li ∈ℝ2 and the appearance descriptor f i∈ℝd f around it. For
instance, by utilizing a 128-dimensional SIFT histogram abstract from
the patches around each key point as the appearance descriptor, there
is df = 128.

Distance is probably the most commonly used structural descriptor
between key points, due to its invariance to rotation. However, the
distance itself is vulnerable to the scale transformation, which conse-
quently makes a normalization procedure necessary. Commonly used
normalization should be the ones normalized by the maximal or
average distance between feature points. However, the performance
of such normalization may deteriorate greatly when encountering out-
liers. To overcome this drawback, the distance descriptor is given by,

adisi j ¼ exp −
∥li−l j∥2

max
j¼1⋯N

∥li−l j∥
2
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Generally aijdis≠ aji
dis, whichmeans the distance descriptor is directed.

And the descriptor is less affected by the outliers than the global normal-
ization, as shown in Fig. 1.

2.2. Orientation descriptor

The orientation descriptor is robust to the scale transformation but
in general sensitive to rotation. To overcome this problem, a fixed orien-
tation d with respect to object rotation is proposed as follows,

d ¼
X

i ¼ 1⋯N
li≠l

li−l

∥li−l∥
; ð2Þ

where

l ¼ 1
N

X
i¼1⋯N

li

is treated as the object center. A simple illustration of the object orienta-
tion d is given in Fig. 2(a). It is observed that the two ‘Houses’ retain the
same object orientation under scale and rotation transformations.

Based on d, the orientation descriptor is given by

aorii j ¼
1
π
arccos
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It is the angle between d and the link between features gi and gj,
normalized by π. Generally aij

ori≠ aji
ori, whichmeans that the orientation

descriptor is directed. Fig. 2(b) gives an illustration of the orientation
descriptor.

Fig. 3 gives a simple comparison between the orientation descriptors
in directed and undirected models, where G′ is gotten by a reflection
transformation over G. The object orientation of G (G′) is denoted

by d d0
� �

. In the undirected model, the acute angle between edge

AD and d, i.e. α, is utilized as the orientation descriptor aAD. Then aAD ¼
aDA ¼ aA0D0 ¼ aD0A0 ¼ α, and it can be noticed that this descriptor makes
no distinction between points A and D. If AB and CD are parallel, there
may bemultiple correspondence solutions, i.e., [ABCD] may be assigned
to [A′B′C′D′] or equivalently to [D′C′B′A′]. And the detailed explanation
is given in A. In the directed model, there are aAD ¼ aA0D0 ¼ α and aDA ¼
aD0A0 ¼ β, which imply that there is a unique correspondence solution
even in the case that AB and CD are parallel. Thus, the orientation de-
scriptor in the directed model provides a more discriminating ability.

(a) (b)

Fig. 1. Effect of the proposed distance descriptor. When using global normalization on the left, an outlier O replaces the original maximum distance dorigin by dO and thus affects all the
normalized distance descriptors. While the proposed distance descriptor is normalized by the local distance maximum. Thus dA and dC are the same as in the situation without O, and
only dB is different from the original dBA.
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