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Abstract

Shape matching has many applications in computer vi-
sion, such as shape classification, object recognition, ob-
ject detection, and localization. In 2D cases, shape in-
stances are 2D closed contours and matching two shape
contours can usually be formulated as finding a one-to-
one dense point correspondence between them. However,
in practice, many shape contours are extracted from real
images and may contain partial occlusions. This leads to
the challenging partial shape matching problem, where we
need to identify and match a subset of segments of the two
shape contours. In this paper, we propose a new MCMC
(Markov chain Monte Carlo) based algorithm to handle
partial shape matching with mildly non-rigid deformations.
Specifically, we represent each shape contour by a set of or-
dered landmark points. The selection of a subset of these
landmark points into the shape matching is evaluated and
updated by a posterior distribution, which is composed of
both a matching likelihood and a prior distribution. This
prior distribution favors the inclusion of more and consec-
utive landmark points into the matching. To better describe
the matching likelihood, we develop a contour-subdivision
technique to highlight the contour segment with highest
matching cost from the selected subsequences of the points.
In our experiments, we construct 1,600 test shape instances
by introducing partial occlusions to the 40 shapes chosen
from different categories in MPEG-7 dataset. We evaluate
the performance of the proposed algorithm by comparing
with three well-known partial shape matching methods.

1. Introduction

Inherent in object boundaries, structural shape plays an
important role in computer vision and object recognition. A
fundamental problem is to match different shape instances
and measure their shape similarity (or dissimilarity). In
the 2D case, each shape instance can be represented by a
closed contour that delineates the boundary of the structure
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Figure 1. An illustration of the 2D shape matching and partial
shape matching. (a) A template shape contour, (b) a target shape
contour without partial occlusions, and (c) a target shape contour

with partial occlusions.

of interest. Shape matching can usually be formulated as
finding a one-to-one dense point correspondence between
two shape contours. In many applications, the resulting
correspondence is expected to reflect the possible non-rigid
shape deformation between the two shape contours. For ex-
ample, Figure 1(a) and (b) show two shape contours and
their non-rigid shape matching described by a set of cor-
responded landmark points, where points A, B, C' and D
match points A’, B’, C’ and D', respectively. The corre-
sponded landmark points may also contain other landmark
points on the contours.

In practice, however, the object of interest may be oc-
cluded by other objects or cropped by image perimeters. In
this case, the extracted shape contours may contain partial
occlusions. Partial shape matching is a challenging problem
that aims to match a partially occluded shape contour to a
template shape contour without occlusion by identifying the
matched portions from these two contours. An example is
illustrated in Fig. 1, where some partial occlusions on the
shape contour shown in Fig. 1(b) lead to a shape contour
shown in Fig. 1(c). Our goal is to find a match between
this occluded shape contour, shown in Fig. 1(c), and a tem-
plate shape contour shown in Fig. 1(a), by identifying the
non-occluded contour segments A’ B’ and C’ D’ in Fig. 1(c)
that matches the contour segments AB and C'D in Fig. 1(a),
respectively.

Different from full shape matching [20, 9, 1, 16, 15], the



number, the size and the location of the matched contour
segments are usually all unknown in partial shape matching.
A shape matching cost function that considers all these un-
knowns is highly non-linear and needs advanced optimiza-
tion algorithms to find reasonable solutions. For example,
some early work on partial shape matching uses simulated
annealing and genetic algorithms to search for an optimal
solution [5, 17], where each shape contour is represented
by a set of line segments and the matching is based on some
features extracted from these segments. In [2], local invari-
ant features based on curvature or cumulative turn angle
of curves are derived for partial shape matching. Recent
work along this direction includes [18, 22]. These meth-
ods assume high similarity between the matched segments
and may not describe well the global non-rigid deformation
between the two shape contours.

Recently, Latecki er al. [14, 13] developed an elastic par-
tial shape matching algorithm to model a possible non-rigid
shape deformation. In this approach, the problem is for-
mulated as identifying a continuous segment from a tar-
get shape contour such that this identified contour segment
best matches a query contour segment. Non-rigid shape de-
formation is considered in the contour-segment matching
and a shortest-path-like algorithm is developed to efficiently
search for an optimal solution. Note that the problem han-
dled in [14, 13] is different from our problem from two per-
spectives. First, the query (or template) shape contour is a
contour segment that will be fully matched to a segment of
the target contour, while in our problem both template and
target are full contours and the matched contour segments
need to be identified from both template and target shape
contours. Second, in [14, 13], only one continuous contour
segment is identified for matching the template segment,
while in this paper we may get multiple matched segments
that are not connected, as shown in Fig. 1(c).

More closely related to this paper is a partial shape
matching method recently developed by Chen, Feris and
Turk [3]. In this method, two shape contours are first sam-
pled at a sequence of points and various features are ex-
tracted from each sampled point. This way, the partial shape
matching problem is reduced to the molecular subsequence
matching problem studied in computational biology. In [3],
the Smith-Waterman algorithm [21], which is widely used
for molecular subsequence matching, is used to achieve ef-
ficient partial shape matching.

In this paper, we propose a new algorithm for mildly
non-rigid partial shape matching by using MCMC (Markov
chain Monte Carlo) simulation. Similar to [3], we repre-
sent each shape contour by a sequence of landmark points.
The selection of subsequences of these landmark points into
the shape matching is evaluated and updated by a poste-
rior, which is composed of both a matching likelihood and
a prior. This prior favors the inclusion of more and consecu-

2346

tive landmark points into the matching. The matching like-
lihood is defined by the full Procrustes distance [7] between
the selected subsequences of landmark points. To better
describe the matching likelihood, we develop a contour-
subdivision technique to highlight the contour segment with
highest matching cost from the selected subsequences of
the landmark points. And the matching cost of the high-
lighted contour segment will contribute to the speed-up of
the convergence of the MCMC algorithm to an optimum
matching solution. In our experiments, we construct 1, 600
test shape instances by introducing partial occlusions to the
40 shapes chosen from different categories in the MPEG-
7 dataset. We evaluate the performance of the proposed
algorithm by comparing with 3 well-known shape match-
ing methods which are ‘Elastic Matching’[14, 13], ‘Shape
Contexts’[1] and ‘Smith-Waterman’[3].

The remainder of the paper is organized as follows. Sec-
tion 2 describes the details of the proposed algorithm. Sec-
tion 3 describes the experiment design, results and perfor-
mance evaluation. Section 4 is the conclusion.

2. The Proposed Method

Our model for 2D partial shape matching is built upon
a Procrustes-based likelihood with match matrix parame-
ters indicating which parts of the contours match. A prior
distribution is specified for the unknown parameters, and
then Bayesian inference is carried out by simulating from
the posterior distribution using Markov chain Monte Carlo
(MCMCO) techniques. Using Bayes theorem we have

Posterior < Likelihood x Prior

and the posterior distribution of the parameters is of primary
interest. A Bayesian estimate of the partial shape match
is the posterior mode, but this is very difficult to calculate.
However, we can find an approximation to the mode by sim-
ulating from the posterior distribution (using MCMC) and
then choosing the simulated observation which maximizes
the posterior.

2.1. The likelihood and the prior distribution

Given two (closed) shape contours s; (target) and so
(template) which are both represented by a set of ordered
landmark points, we write the complex configuration vec-
tors of s; and ss as

AR= cm™ Zoy € cm?

where Z; are complex m;-vectors each of non-coincident
landmark coordinates, ¢ = 1,2. Here m; and ms are the
number of landmark points which represent the shapes con-
tours s; and so, respectively. Note that 1m; and mo need not
be the same.



Let us first consider the situation where m; = mo = k,
say. The full Procrustes distance [7] between s; and s, can
be calculated using the following formula

1/2
} (1)

where C' = [}, — %1;&{ is the k£ x k centering matrix, [
is the & x k identity matrix, 1y, is the k-vector of ones, and
Z7 is the complex conjugate of the transpose of Z; (a1l x k
complex vector). The full Procrustes distance provides a
measure of shape distance between s; and s2, where shape
is understood to mean all the geometrical properties that are
invariant under translation, rotation and scaling. If s; and
so are identical up to an arbitrary translation, rotation and
scaling then dp = 0. The maximal distance between two
shapes is dp = 1.

In the above distance (1), it is assumed that landmark
7 on shape s; corresponds to landmark point j on so, for
j=1,..., k. However, in the partial shape matching prob-
lem we wish to obtain the best correspondence between the
landmark points of two shape contours s; and ss, including
specifying the matching points and parts of either contour
that do not match.

Given that we have closed shape contours, all landmark
points are considered ordered (counterclockwise say) with
cyclic wrapping. So, for example, the final landmark point
is a neighbor of the first landmark point. In order to specify
which parts of an object are matching we use a match matrix
M [11], which is of dimension m; X (mg + 1) and contains
either 0 or 1 in each entry. If the (4, j)th element of M is 1
this represents a match from landmark point ¢ on the target
to landmark point 5 on the template. We enforce that there
is a single 1 in each row, with Os representing non-matches.
The last column of match matrix M is called the Dummy
Column. For any target landmark point 7, if M (i, mo +
1) = 1 then the target landmark point ¢ is not included in
the matching. In addition, as one progresses down from one
row to another, if a ‘1’ is present it must be to the right of
the previous ‘1’ in the previous row (up to cyclic wrapping
at the ends). This constraint ensures there are no crossings
in the correspondence from the target to the template. The
number of free parameters in M is m; + mo + 1, since
for each shape we have an indicator variable stating if the
landmark point is present in the matching or not, and in
addition we need to specify where a start landmark point on
the target maps to the template.

As there is a single 1 in each row of M, we have the
same number of matched landmark points on each shape,
which we denote as p. Given a particular match matrix M
we can construct the matched landmark points on the target
as the p-vector A 1 and the corresponding matched landmark
points on the template as Z,. With the same number of land-
mark points we can then calculate the Procrustes distance

Z:CZyZ5C 7

dp(Zy, Zy) = {1 — 222222221
r(21,22) { 75C 7377 CZ,
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(1) between 7 and Zo (both complex p-vectors), which are
the corresponding landmark points indicated by the match
matrix.

We introduce the definition of the discrepancy between
the matching landmark points as

Dy, .5,(Z1, Zo|M) = dp(Z1, Zo) 2)

where dr is the full Procrustes Distance function (1). The
discrepancy describes the dissimilarity between the subsets
from template and target, respectively.

Using the discrepancy measure (2) we define the like-
lihood of the target given the template and the parameters
(M, ) as

L(Zo|M, 7, Z1,€) o< 78 exp(—7 Dy, o, (Z1, Zo|M))

3)
where 7 € R is a precision parameter, and £ > 1is a
fixed parameter. This likelihood is similar in spirit to that
of [6] and [19] except we have a fixed power for the preci-
sion parameter and the discrepancy measure is not squared.
Our interpretation is that the model is analogous to an ap-
proximate Laplace distribution in the shape tangent space
for the matching landmark points and the unmatched land-
mark points are independently and uniformly distributed on
aregion with area A/7, where A is fixed.

Given two shapes s; and s, represented by a set of or-
dered landmark points and proposed values for matching
parameters, we can calculate the likelihood of the proposed
match. We shall also introduce a prior distribution for the
parameters. The inclusion of the prior distribution for M
allows us to specify our prior beliefs as to how well the
model parameters conform to certain desirable properties of
the selected and unselected landmark points on s; and ss.
The first desirable property is that the larger number of land-
mark points selected for matching, the better. Without this
property, the procedure would favor choosing less and less
landmark points since the fewer the number of landmark
points, the smaller the full Procrustes distance (1) will tend
to be. The second desirable property is that we prefer unse-
lected landmark points to occur in sequence rather than be-
ing spread all over the shape contour. Without this property,
the algorithm may favor many small matching segments.
Therefore we consider the following gap penalty prior den-
sity [19]

m(Mla,b) x exp(—a-GN —b-GL) 4)

here, @ > 0 and b > 0 are the penalty parameters, GN is
the number of gaps, and G L is the total gap length. A ‘gap’
is defined as either a single unmatched landmark point or a
set of adjacent unmatched landmark points. In this paper,
we sample sparser landmark points on the target than on the
template, which usually requires m; < mag. Specifically,
we intentionally choose mo = 2 - my for all experiments.



This way, gaps on the target are the desirable ones for mea-
suring GN and GL in Eq. (4).

Furthermore the precision parameter 7 has an indepen-
dent Gamma(a,3) prior.

2.2. Posterior and MCMC Inference

The joint posterior density of the parameters conditional
on the given data has the form

(M, 7|Z1,Z5) oc 78T~ 1.
exp{—7(Ds, 5,(Z1, Z2| M) + )} - exp(—a GN — b GL)

Bayesian inference is then carried out using the posterior
distribution. However, the posterior density is very com-
plicated and so we consider Markov chain Monte Carlo
(MCMC) simulation to provide approximate values from
the posterior distribution [10]. In particular, we use the
Metropolis-Hastings algorithm to update the parameters M,
and a Gibbs update for 7. The resulting Markov chain of
simulated values has the joint posterior as its equilibrium
distribution. For the Metropolis-Hastings algorithm at each
iteration we have the current value of the parameters M and
we propose a new value M ™ from a distribution with prob-
ability q(M*|M). The proposed value is accepted with a
certain probability « as given in Algorithm 1 where 7 (M)
is the probability function of the posterior given the data
and 7. For the Gibbs step we simulate from the conditional
distribution of 7 given all other parameters.

Algorithm 1 is the Metropolis-Hastings algorithm [10]
for updating a parameter vector at iteration ¢, denoted by
6, where # = (M, 7). Note 7(6) is the posterior density
for 6 given the data Z;, Z and q(0(V)|0*) is the proposal
density from moving from 6* to §(*)

Algorithm 1 : Metropolis-Hastings algorithm

1: At each iteration .

2: Sample 0 ~ q(6*|6)). Accept with probability
3:

=(6")g(010")

®) 6% = mi AR NrA 3 S
a0\ )_mm{l’ﬂ(ﬁ(t))qw*w(t)) :

4: if acceptance then
5: glt+1) — 0,

6: else
7. 9t = g(t),

8: end if

The effectiveness of an MCMC scheme is highly depen-
dent on the choice of proposal distribution. Given a partic-
ular set of parameters M we will make a proposed move
with probability g.(M*| M), where ¢ is the potential num-
ber of unmatched landmark points on the template that land-
mark point ¢ could be matched to, respecting the cyclic or-
der of the matched landmark points on each figure. This is
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the same as the number of Os in the current row of M be-
tween the previous and next columns which include a 1 (up
to cyclic wrapping and ignoring the dummy column).

1. With probability 1/2 a match-unmatch proposal is
made. A target landmark point is selected at random.
If the landmark point is currently matched it becomes
unmatched. If the landmark point is currently un-
matched it becomes matched to one of the ¢ potential
template candidates with probability 1/c¢ (or remains
unmatched if ¢ = 0).

2. With probability 1/2 a match-match proposal is made.
A matched target landmark point is selected at random.
The landmark point becomes matched to one of the ¢
potential template candidates with probability 1/¢ (or
remains unchanged if ¢ = 0).

Some examples of possible proposals are given in Fig. 2.
In Fig. 2(a) the ¢th landmark point is currently matched and
¢ = 0 and in Fig. 2(b) it is currently unmatched and ¢ = 0.
In Fig. 2(c) the ith landmark point is currently matched and
¢ = 2 and in Fig. 2(d) it is currently unmatched and ¢ = 3.

Note that in our examples the ratios of the posteriors in
the Hastings ratio are usually much larger (or much smaller)
than the ratio of proposal probabilities, and the MCMC al-
gorithm tends to move towards parameters with high poste-
rior density. For the Gibbs step we simulate the new 7 from
the conditional distribution

F(Oé +&,8+ DS1,82(Z1a Z2|M))a

which is also a Gamma distribution, since the prior for 7
is conjugate prior here given the other parameters and the
data.

As the Markov chain is irreducible and aperiodic after
a large number of iterations the simulated values from the
MCMC algorithm are dependent realizations from the ap-
proximate posterior distribution. Estimates of interest like
the posterior mode, posterior mean, posterior credibility in-
tervals are then calculated from the chain, after ignoring an
initial burn-in period.

2.3. Contour Subdivision

By using the full Procrustes distance (1) for defining
the likelihood of the shape matching, the above developed
MCMC-based partial shape matching algorithm considers
the global similarity between the template and the target.
However, it does not consider the local shape deformation.
As a result, this algorithm may not accurately capture the
desirable cut-off points which separate the matched and un-
matched contour segments. The major reason is that the
inclusion of a small number of undesirable landmark points
to the matched segments, or the exclusion of a small number
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Figure 2. An illustration of possible proposals for MCMC. The
last column in each case is the dummy column. (a) ¢ = 0 and a
proposed change is to make the target landmark point unmatched.
(b) ¢ = 0 and the only proposal is to make the target landmark
point ¢ remain unmatched. (c¢) ¢ = 2 and the proposal possibilities
are to make the target landmark point ¢ either match to template
landmark point j + 1 or 5 + 3, or become unmatched. (d) ¢ = 3
and the proposal is to make target landmark point ¢ match one of
the three template landmark points between j and j + 4.

of desirable landmark points out of the matched segments,
do not change the value of the full Procrustes distance (1)
much, which is dominated by the majority of the matched
landmark points.

We propose to address this problem by recursively di-
viding the matched contour segments into smaller subse-
quences and then measure the discrepancy between the
matching contour segments not only globally, i.e., the full
Procrustes distance between all matched landmarks, but
also locally, i.e., the full Procrustes distances between each
possible matched segment subsets. By applying this con-
tour division technique, it will also contribute to the speed-
up of the convergence of MCMC inference. This strat-
egy is inspired by the hierarchical shape decomposition ap-
proaches developed in [8] and [16], where the goal is to find
an overall shape matching measure for shape retrieval.

Specifically, starting from the (ordered) matching land-
mark points Zl and Zg, we calculate their full Procrustes
distance. We then sequentially and uniformly divide Z; into
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two ordered landmark sets ZAfl) and Z,L@) L, 1 1,2, and

calculate the Procrustes distances between the subsets ZAF )

and ZASJ ), j = 1,2. This is performed recursively and the
Procrustes distances between further subdivided landmark
point subsets are also calculated. The largest one among all
the calculated Procrustes distances are then chosen as the
new definition of the discrepancy between Z1 and Z, and
used for calculating the matching likelihood in Eq. (3). The
recursion is finished when the length of the subdivided con-
tour segments reaches a preset threshold. In practice, we
also consider different ways of dividing 71 and Z5 with
cyclic wrapping. Assuming all landmark points are uni-
formly sampled on both the template and the target, this
recursive algorithm can be summarized as follows:

Algorithm 2 D(sq1, s2) = RecursiveDistPro(Zy, Zs, T)

1: dist = dF(Zl, ZQ)
2: forAt =1toT do

3. 7y « circularly shift Z; by 1.

4 Zg «— circularly shift Zg by 1.

5. temp= RecursiveDist(Zl, Zg, T).
6: if temp > dist then

7 dist = temp.

8:  endif

9: end for

10: Return dist.

Algorithm3: D = RecursiveDist(Zl, Zg, T)
1: length < number of landmarks in Zi.
2: dist = dp(Zy, Za).

3: if length > T then
4: Z{l) « first half of the Z;.

22(1) « first half of the 22.

ZA?) « second half of the Z; .

22(2) « second half of the Zs.

dist = RecursiveDist(Z{l), 22(1), T).

. disty = RecursiveDist(Z{Q), 2(2), T).

10:  dist = max{dist, disty,dists}.

11: end if

12: Return dist.

5
6
7:
8
9

Note that a Bayesian inference with a similar match-
ing matrix M is used in [19] for matching the molecular
structures of proteins. However, the method developed in
this paper is different from the method in [19] from many
perspectives: 1) We use recursive Procrustes distances for
measuring matching distance, 2) the proposed method deals
with mild non-rigid deformations, 3) we target at applica-
tions different from [19] — we match closed shape contours
while [19] does not, and 4) the MCMC algorithm settings in



the proposed method are different from those used in [19].

3. Experiments

In many previous papers [22, 14], the performance of
a partial shape matching algorithm is usually evaluated by
using it for shape recognition and shape retrieval. In such
cases, the performance of a shape matching algorithm is
better if it leads to larger shape-matching cost between
shape contours drawn from different shape categories and
smaller shape-matching cost between the shape contours
drawn from the same shape category. This indirect eval-
uation strategy is highly dependent on the test data: inac-
curate shape matching results may be sufficient for shape
classification if the shapes to be classified are of small num-
ber and are substantially different from each other. In addi-
tion, shape classification and retrieval are not the only ap-
plications of shape matching. For example, accurate shape
matching is an important step in constructing a statistical
shape model of a structure [4]. In this section, we develop
an approach that is independent of shape classification and
retrieval and more directly evaluates the performance of
partial shape matching.

In our experiments, we use a set of real shape contours as
the template and for each template, we construct a large set
of non-rigidly deformed and partially-occluded shape con-
tours in a synthetic way. This way, the ground-truth for
the shape matching is known, which can be used to con-
duct a more objective performance evaluation. Specifically,
we pick one shape contour from each of the 40 shape cat-
egories in the MPEG-7 dataset [12] as the template. For
each template shape contour, we construct 40 target shape
contours by adding random (mild) deformations and partial
occlusions. To generate a shape contour, the random de-
formation is added by repeating the following two sequen-
tial steps three times: (a)rotating the contour by an angle
drawn from a uniform distribution in the range of [0, 27),
and (b)scaling the contour along z- and y-directions, where
the scaling factors along these two directions are indepen-
dently drawn from a uniform distribution in the range of
[0.8,1.2]. Starting from the deformed contour S, partial oc-
clusions are added by, first, removing randomly selected n
segments from S, with n being a random integer uniformly
drawn from 1,2, 3 and 4. Second, filling the n gaps along
S by other contour segments randomly cropped from other
shape contours in MPEG-7 that are of a different shape cat-
egory from the template of S. The resulting contour S will
be included into our test data set as a target shape contour if
the total length of the newly filled segments in .S counts for
no more than 40% of the total length of S.

In total, we construct 40 x 40 = 1, 600 target shape con-
tours. Figure 3 shows some data samples of our constructed
dataset.

We then match each constructed shape contour against
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Figure 3. An illustration of the data samples of the constructed
dataset. The first column shows 5 template samples from different
class categories in the constructed dataset. From column 2 to 6,
each row shows 5 instance samples with nonrigid deformations
and occlusions.

its original template contour using the developed partial
shape matching algorithm. As introduced earlier, we need
denser landmark points on the template than these on the
target. In this experiment, we uniformly sample 256 land-
mark points on each template and 128 landmarks on each
target shape contour. The total iterations of the MCMC in-
ference is set to be 70,000. In the first 50, 000 iterations,
the likelihood is calculated based on original full Procrustes
distance. The penalty parameters for the gap length and the
gap number in Eq. (4) are set to a = b = 3. The initial
value of 7 is set to be 50. And the hyper-parameters for the
prior of T are set to be &« = 90 and 3 = 0.035, as we are ex-
pecting a small shape distance. In the remaining 20, 000
iterations, the likelihood is calculated based on our con-
tour subdivision technique. In these 20, 000 iterations, the
only difference in the parameters is that we set &« = 50 and
T = 8. Our contour subdivision strongly relies on a reason-
ably good temporary matching which is provided by the first
50, 000 iterations. Without the first 50, 000 iterations, the
contour subdivision will make the MCMC algorithm con-
verge very slowly. In addition, we apply a technique similar
to the contour subdivision to the matching results. It will
further cut off the matched segments on the template con-
tour and target contour with a dissimilarity larger than cer-
tain threshold. The success of this cut-off technique highly
depends on the quality of MCMC matching results.

Figure 4 shows eight examples of partial shape match-
ing resulting from the proposed algorithm. The target (in
blue) is shown inside the template contour (in green) and
the matched landmark point pairs are linked by red lines.
Here we intentionally scale the template and put it inside
the target to help illustrate the matching in this figure. In
fact, it would be no problem even if we zoom out or zoom
in any one of them since the proposed algorithm is invariant
to scaling deformation.



Figure 4. Sample results from the proposed partial shape matching
algorithm. The target (in blue) is shown inside the template (in
green). The matched landmark point pairs are linked by red lines.

We can quantitatively measure a shape matching score
by comparing with the known ground truth. Particularly, in
constructing a target shape contour .S, we know that .S; rep-
resents the contour segments inherent from the (deformed)
template and S; represents the contour segments newly in-
troduced to simulate occlusions. Let Sy be the segments of
S that are identified by a partial shape matching algorithm
to have matchings in the template, and S, be the unmatched
segments in .S according to this algorithm. We can define
the shape-matching score as

_ 18:0Sal +15: N Sdl
5]

p(9) ) )

where | - | measures the length of the segments. This score
definition combines both the precision and recall and takes
values in the range of [0, 1]. The larger this score, the better
the matching result. In our experiment, we have 40 target
shape contours for each template. We calculate the match-
ing score for each of them and then take the average over all
40 of them as the average matching score for this template
shape.

In this experiment, we compare the proposed method
with three existing shape matching methods: ‘Elas-
tic Matching’[14, 13], ‘Shape Contexts’[1], and ‘Smith-
Waterman’[3]. We implement ‘Smith-Waterman’ by fol-
lowing the details introduced in [3]. And for ‘Shape Con-
texts’ and ‘Elastic Matching’, we use their original code
with default parameters. For ‘Smith-Waterman’ and *Elas-
tic Matching’ methods, 128 landmark points are uniformly
sampled from each shape contour. As for ‘Shape Contexts’,
in order to make this full shape matching method applica-
ble to our partial shape matching problem, we sample 128
landmark points on each template contour and 256 land-
mark points on each target contour. This way, ‘Shape Con-
texts’ may match a subset of landmark points on the target
contour and this leads to a partial shape matching.

Figure 5 shows the average matching scores (and
the standard deviation) in terms of each shape category.
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Figure 5. The performances of the ‘MCMC+CS’(MCMC + Con-
tour Subdivision), ‘SW+DP’(Smith-Waterman + Dynamic Pro-
gramming), ‘Elastic Matching’, ‘Shape Contexts’ and two special
cases on 40 shape categories.

Clearly, our proposed method (MCMC + Contour Subdi-
vision) outperforms the three comparison methods. Besides
the performance of ‘MCMC+CS’ (MCMC + Contour Sub-
division), ‘SW+DP’(Smith-Waterman + Dynamic Program-
ming), ‘Elastic Matching’ and ‘Shape Contexts’, we also
include the performance for the case of (a) None-Selected,
where none of the segments in the target is selected for
matching, and (b) Full-Selected, where the whole target
shape contour is selected for matching. In case (a), Sq = ()
and the matching score of .S is reduced to

(6)

and in case (b), Sq = S and the matching score of S is



reduced to
|iSt|

1S]°
Note that, the matching in case (b) to achieve the score
shown in Eq. (7) is not trivial: it also assumes the correct
matching between the segments S; to the corresponding
segments in the template as in the ground truth. Figure 5
shows that the proposed ‘MCMC+CS’ method has a per-
formance better than both the None-Selected and the Full-
Selected cases except only in very few categories.

p(S) (N

4. Conclusions

In this paper, we developed a new MCMC-based algo-
rithm for partial shape matching. This algorithm considers
not only a matching likelihood using global or local Pro-
crustes distance between the selected matching segments,
but also a prior that favors longer and more consecutive seg-
ments to be included into matching. The proposed approach
can match two shape contours where both of them only
have subsets of contour segments involved in matching. It
can also well handle the non-rigid deformation between the
matched shape contours. We also constructed a shape data
set with 1, 600 shape contours with deformation and partial
occlusions for evaluating the matching performance. We
found that the proposed method outperforms the ‘Elastic
Matching’, ‘Shape Contexts’ and ‘Smith-Waterman’ algo-
rithms.
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