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Fig. 2. Illustration of 3-D geodesic transform. (a) Binary silhouettes and
(b) corresponding 3-D geodesic distributed silhouettes.

with values in the interval of [m; 55 . In the proposed approach, m
was selected to be equal to 60.

C. Normalization

In the final step of the preprocessing stage and before feature

extraction, the preprocessed binary B ) or 3-D silhouette images

R ); G ) are scaled to the same resolution as in [9] and aligned to
the center of the frame in each frame [9], [13], [14].

III. FEATURE EXTRACTION FROM GAIT SEQUENCES

In this paper, the use of two 1-D radon transformations and the
weighted Krawtchouk moments is proposed for generating the feature
vector. In all cases, the input to the feature extraction system is as-

sumed to be either the binary silhouettes (é x  orthe 3-D—distributed

silhouettes (ﬁk ;ék when the 3-D surface silhouette distribution

transform is used.

A. 1-D Radon (RIFCIT) Transformations

In this case, the feature extraction procedure transforms the input
silhouette gait sequences using the RIT and the CIT [21]. Generalized
radon transforms are proposed for feature extraction due to their capa-
bility to represent significant shape characteristics [22], [23]. Hence,
it is expected that significant outcomes about a human shape and mo-
tion style can be exploited by studying these two generalized radon
transforms. In particular, during human movement, there is a consid-
erably large diversity in the angles of lower parts of the body (e.g.,
arms and legs), which should be unique among individuals. The pro-
posed radon transforms ensure that these important dynamics of human
shape will be encoded in the corresponding coefficients of RIT and
CIT, thus enabling the classification of individuals using these com-
pact feature transforms. Furthermore, another suitable recognition fea-
ture of the generalized radon transforms (RIT and CIT) is that each
corresponding coefficient is estimated from the summation of several
silhouette pixels and, thus, the proposed methods are less sensitive to
the presence of noise on the silhouette image.

The RIT of a function f X;y) is defined as the integral of f X;y)
in the direction of a straight line that starts from the point X ;Yo) and
has angle with the horizontal axis X. The equation that calculates RIT
for each is the following [21]:

I+ ):/xfx Uco ;y ui )du 8

where U is the distance from the starting point X ;Y ).

In order to apply the RIT transform to the gait silhouettes, we assume
that the origin is the center of mass X ;y ) of the silhouette. Practi-
cally, since there in an infinite number of angles , the RIT transform is
computed in steps of A . The angle step A affects the level of detail
of the transform. The discrete form of the RIT transform is used

J
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Fig.3. Applying the (a) RIT and (b) CIT transforms on a silhouette image using
the center of gravity as its origin.

where Au and A are the constant step sizes of the distance u) and
angle ), J is the number of silhouette pixels that coincide with the
line that has orientation and are positioned between the center of the
silhouette and the end of the silhouette in that direction, Sil represents
the correspondent binary or 3-D silhouette image, and, finally, T =
36 =A (Fig. 3).

Similarly, CIT is defined as the integral of a function f X;y) along
acircle curve h ) with center X ;y ) and radius . The CIT is com-
puted using the following equation:

If)=7{fx co Yy i
Jh

where du is the arc length over the path of integration and d is the
corresponding angle.

The center of the silhouette is again used as the origin for the CIT.
The discrete form of the CIT transform is used, as depicted graphically
in Fig. 3
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where K = 1;...K, A , and A are the constant step sizes of the
radius and angle variables, K A is the radius of the smallest circle
that encloses the binary or 3-D silhouette image Sil and, finally, T =
36 =A .

Assume that a silhouette is scaled by in both directions. Then, the
RIT and CIT of the scaled Silsc X;Y) is easily found to be [21]

12)

Otherwise stated, the RIT amplitude of the scaled silhouette image
is only multiplied by the factor ~ while the CIT of the scaled image is
scaled by the factor and its amplitude is also multiplied by . There-
fore, image scaling can affect the performance of the proposed method.
For this reason, all gait sequences are normalized before feature extrac-
tion in order to overcome this scaling problem.

In addition, if the silhouette image function Sil X;y) is written in
polar form Sil r; ) and Sil r, y=Sir ) is the rotated
silhouette image by around the I, ) coordinate system’s origin,
then the RIT and the CIT of the rotated image are easily computed to
be [21]
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that is, the RIT of the rotated silhouette image is translated by and

the CIT of the rotated image is unaffected.
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TABLE IIT
COMPARISON OF THE PROPOSED METHODS TO THE BASELINE ALGORITHM [9]
FOR ALL EXPERIMENTS A-L USING THE 2.1 VERSION OF THE USF DATABASE

TABLE IV
RECOGNITION PERFORMANCE OF THE PROPOSED GENERALIZED RADON
TRANSFORMS, KRAWTCHOUK AND THE RCK-G ON BINARY,
RADIALLY, AND GEODESIC DISTRIBUTED SILHOUETTES

algorithm but the identification rate at rank 1 is still not very high. Fi-
nally, the proposed optimal weighted feature method using a genetic
system (RCK-G) outperforms the baseline algorithm in almost every
experiment.

B. Evaluation on the Proprietary HUMABIO Gait Database

The proposed methods were also evaluated using the proprietary
HUMABIO gait database that includes gait data from 75 subjects.
The experimental results are presented in Table IV for all proposed
methods on all silhouette transforms. The proposed methodologies
perform well in the experiments with the hat and the shoe (experiments
A and C). In the briefcase experiment (experiment B), the recognition
rates are lower. This confirms the results on the USF database and
verifies the hypotheses that the briefcase experiment still remains a
challenge. From the proposed feature extractors, RIT and Krawtchouk
achieve, in general, better performance than the CIT. The proposed
weighted feature methodology (RCK-G) was evaluated on the silhou-
ette extracted features and the identification rate of the system was
increased by 1% in hat (A) and 3% in slipper (C) experiment. Finally,
the proposed scheme that utilizes 3-D silhouette maps was evaluated
for the HUMABIO gait database.

It should be noted that the HUMABIO database includes depth data
for the gait sequence. The proposed weighted feature algorithm based
on 3-D silhouettes (radial and geodesic) achieve better performance
on the experiments with briefcase and shoe (experiments B and C).
Specifically, using the radial silhouette distribution transform, identi-
fication rates are increased by 3% for the briefcase (B) and 2% for
the shoe (C) experiment, when compared to the case of the binary sil-
houette images. In addition, using the geodesic silhouette distribution
transform, rank 1 is increased by 2% for the briefcase and 4% for the
shoe experiment, when compared to the radial silhouette distribution
transform. The briefcase experiment still remains a challenge, but the

Fig. 5. (a) Original silhouettes. (b) Noisy silhouettes with

rank-1 rate has increased 5% when compared to the performance using
binary silhouette sequences. The 3-D extended silhouettes perform up
to 7% better when compared to the binary silhouettes. This result was
expected during the design of the framework since 3-D information
about the silhouette is present in both extended silhouettes. The fur-
ther increased performance of the geodesic silhouette is also expected,
since it encodes very useful information regarding the topology of the
manifold that represents the 3-D silhouette.

Finally, in order to evaluate the resilience of the proposed features,
the extracted silhouettes were distorted with additive noise, as illus-
trated in Fig. 5. Specifically, the contour of the binary silhouettes was
initially partitioned into small line segments. Then, Gaussian noise

(0 ) was added in the perpendicular direction of the line segments.
The experimental evaluation did not exhibit a significant decrease in
the recognition rates for small values of the standard deviation . The
robustness of the proposed radon transforms and the Krawtchouk mo-
ments to additive noise were also proven in [21] and [25], respectively.

Besides identification, the proposed algorithms were evaluated in
terms of verification. In a verification scenario, a person presents a new
signature (probe sequence) and claims to have an identity that exists
or not in the system. The validation of the effectiveness of the pro-
posed technique for verification in terms of the rate operating charac-
teristic curves (ROC) is reported in http://www.iti.gr/~djoannid/Gait/
index.htm for the USF and the HUMABIO gait databases.

VII. CONCLUSION AND FUTURE WORK

In this paper, a novel gait recognition methodology was presented,
based on three new feature descriptors and their fusion using genetic al-
gorithms. Moreover, two new silhouette distributions were introduced
that utilize depth information from a stereo camera in order to create
3-D silhouette maps. The proposed system was evaluated with the use
of radon transformations and the weighted Krawtchouk moments as
feature extractors for identification and verification purposes. By using
the best performing proposed methodologies, improvements have been
made in recognition performance compared to other methodologies
on the reference “Gait Challenge” database. Future work involves the
use of new feature descriptors that fully exploit the depth information
available.
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