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Resumen en castellano:

Esta tesis se centra en la identificacion de personas a través de la
forma de caminar. El problema del reconocimiento del paso ha sido tratado
mediante diferentes enfoques, en los dominios 2D y 3D, y usando una o varias
vistas. Sin embargo, la dependencia con respecto al punto de vista, y por
tanto de la trayectoria del sujeto al caminar sigue siendo atin un problema
abierto.

Se propone hacer frente al problema de la dependencia con respecto
a la trayectoria por medio de reconstrucciones 3D de sujetos caminando. El
uso de reconstrucciones varias ventajas que cabe destacar. En primer lugar,
permite explotar una mayor cantidad de informacién en contraste con los
métodos que extraen los descriptores de la marcha a partir de imagenes, en
el dominio 2D. En segundo lugar, las reconstrucciones 3D pueden ser alin-
eadas a lo largo de la marcha como si el sujeto hubiera caminado en una
cinta andadora, proporcionando asi una forma de analizar el paso indepen-
dientemente de la trayectoria seguida.

Este trabajo propone tres enfoques para resolver el problema de la
dependencia a la vista:

1. Mediante la utilizacién de reconstrucciones volumétricas alineadas.
2. Mediante el uso de reconstrucciones volumétricas no alineadas.
3. Sin usar reconstrucciones.

Se proponen ademas tres tipos de descriptores. El primero se centra en
describir el paso mediante analisis morfoldgico de los volimenes 3D alineados.
El segundo hace uso del concepto de entropia de la informacién para describir
la dindamica del paso humano. El tercero persigue capturar la dindmica de una
forma invariante a rotacion, lo cual lo hace especialmente interesante para



ser aplicado tanto en trayectorias curvas como rectas, incluyendo cambios de
direccion.

Estos enfoques han sido probados sobre dos bases de datos publicas.
Ambas estan especificamente disenadas para tratar el problema de la de-
pendencia con respecto al punto de vista, y por tanto de la dependencia con
respecto a la trayectoria. Los resultados experimentales muestran que para el
enfoque basado en reconstrucciones volumétricas alineadas, el descriptor del
paso basado en entropia consigue los mejores resultados, en comparacion con
métodos estrechamente relacionados del Estado del Arte actual. No obstante,
el descriptor invariante a rotacién consigue una tasa de reconocimiento que
supera a los métodos actuales sin requerir la etapa previa de alineamiento de
las reconstrucciones 3D.
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Abstract:

This thesis focuses on identifying people by the way they walk. The
problem of gait recognition has been addressed using different approaches,
both in the 2D and 3D domains, and using one or multiple views. However,
the dependence on camera viewpoint, and therefore the dependence on the
trajectory of motion still remains an open problem.

This work proposes to address the problem of dependence on the tra-
jectory through the use of 3D reconstructions of walking subjects. The use
of 3D models have several advantages that are worth mentioning. First, by
the use of 3D reconstructions it is possible to exploit a greater amount of
information in contrast to methods that extract descriptors from 2D images.
Second, the 3D reconstructions can be aligned along the way as if the sub-
ject had walked on a treadmill, thus providing a way to recognize people
regardless the path.

Three approaches are proposed in order to address the problem of the
dependence with respect the trajectory:

1. Using aligned 3D reconstructions of walking humans.

2. By using volumetric unaligned volumetric reconstructions of walking
humans.

3. Without using 3D reconstructions.

Three gait descriptors are also proposed. The first focuses on describ-
ing gait by means of morphological analysis of 3D aligned volumes. The
second makes use of the concept of information entropy to describe the dy-
namics of human gait. The third aims to capture the dynamics of gait in a
rotation invariant way, which makes it interesting for recognize people walk-
ing on both straight and curves path, and regardless direction changes.



These approaches have been tested on two public databases. Both
databases are specifically designed to address the problem of dependence on
the viewpoint, and therefore the dependence on the trajectory. Experimental
results show that for the approach based on aligned volumetric reconstruc-
tions, the entropy-based gait descriptor achieved the best results compared
to other closely related methods of the state-of-art. However, the rotation
invariant gait descriptor achieves a recognition rate that overcomes the com-
pared state-of-art methods, without requiring the prior step of alignment of
the 3D gait reconstructions.
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Chapter 1

Introduction

Generally, biometric is a field of technology that uses automated methods for
identifying or verifying a person based on anatomical or behavioural traits.
The term biometrics is derived from a Greek word “Bio” means life and
“metrics” means measure [1]. Thus, biometrics is the science and technology
of measuring and analysing biological data. Biometrics is classified into two
categories, anatomical and behavioural characteristics. Anatomical charac-
teristics are related to the shape of the body. Examples include, but are not
limited to fingerprints [2], iris [3], hand geometry [4], vein [5], DNA [6], Face
[7] and Ear Recognition [8]. Behavioural characteristics are related to the
pattern of behaviour of an individual and pay attention to the actions of a
person. Examples include, but are not limited to voice [9], typing rhythm
[10] and gait [11].

1.1 Gait recognition

The term “gait” refers to the walking pattern of a person. The walking
pattern is cyclic in nature and may be composed of many gait cycles, where
each gait cycle consists of at least two steps. What is especially interesting
of gait is that each individual describes an unique gait pattern, which means
it can be used as a biometric indicator [12]. Thus, gait as a biometric feature
for identification has received in recent years, a lot of attention due to the
apparent advantage that it can operate at a distance and can be applied
discreetly without needing the active participation of the subject [13].
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The first gait recognition approach was developed by Niyogi and Adel-
son on a small gait database in 1994 [14]. Subsequently, the HumanID pro-
gram, sponsored by Defense Advanced Research Projects Agency (DARPA)
[15], assists greatly in advancing automatic gait recognition. Spurred by the
HumanID program, many international famous universities and research in-
stitutes, such as the University of Southampton, the Massachusetts Institute
of Technology (MIT), Carnegie Mellon University (CMU) and the Institute
of Automation Chinese Academy of Sciences (CASIA), have made a lot of
researches on gait recognition.

Consequently, many research papers have been published in recent
years tackling the problem of human gait recognition using different sources
of data like inertial sensors [16, 17], foot pressure [18], infrared images [19],
depth images [20] or the traditional images [21, 22, 23]. For example, in
[13, 11] we can find two surveys on this problem summarizing some of the
most popular approaches. Some of them use explicit geometrical models of
human bodies, whereas others use only image features.

However, the gait recognition performance of most methods is signif-
icantly affected by changes in various covariate conditions such as clothing
[24], camera viewpoint [25, 26], load carrying [27], and walking speed [28].
According to camera viewpoint, the previous work can be categorized into
two approaches: view-dependent and view-independent approaches. The
view-dependent approaches assume that the viewpoint does not change while
walking. In such methods, a change in the appearance, caused by a view-
point change, will adversely affect to the recognition [29]. For example, when
a subject walks along a curved trajectory, the observation angle between the
walking direction of the subject and the camera optical axis is gradually
changed during the gait cycle. Fig. 1.1 shows the influence of a curved path
on the silhouette appearance. On the contrary, the view-independent ap-
proaches aim to recognize people under different viewing angles. However,
some of them do not allow curved trajectories or direction changes during
walking.

Previous studies on gait recognition have been also classified into two
categories: model-based approaches and model-free approaches [30]. The
model-based methods represent gait using the parameters of a body config-
uration model which is estimated over time, whereas model-free approaches
characterize the human gait pattern by a compact representation, without
having to develop any model for feature extraction and having practical appli-
cation even with low quality images where the color and texture information
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Figure 1.1: In a curved path, the observation angle between the walking
direction of the subject and optical axis of the camera is gradually changed,
which affects the silhouette appearance.

is lost. While most of model-free approaches are view-dependent, the model-
based approaches are generally invariant to rotational effects and slight varia-
tions in the viewpoint. However, they are characterised by complex searching
and mapping processes, which increase the computational cost.

1.2 Applications

Some potential applications of gait recognition are access control [31, 13] in
special or restricted areas (e.g. military bases and governmental facilities)
and smart video surveillance where subjects do not know they are being mon-
itored (e.g. bank offices) [32, 33]. It also could be used for staff identification
on laboratories or medical isolation zones where subjects wear special clothes
that do not allow them to show the face or use the fingerprint (e.g. protective
clothing for viral diseases).
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Figure 1.2: Example of situations where gait recognition can be applied.

1.3 Aims of this work

The main goal of this dissertation is obtaining view-independent gait recog-
nition algorithms which can recognize people independently of the trajectory
of motion. In this way, we tackle such a challenge from the standpoint of 3D
reconstructions.

The main hypothesis is that the use of 3D reconstructions can be a
valid approach to address the challenge of gait recognition on unconstrained
paths. The use of 3D reconstructions has several advantages that are worth
mentioning. On the one side, 3D volumes of walking people can be aligned
along their way, and therefore well-known 2D gait descriptors can be ap-
plied, independently of the trajectory of motion, to extract gait features
from rendered projections of the aligned 3D-reconstructed volumes. On the
other side, the use of volumetric information allows more information to be
analysed in contrast to other methods of the literature which only compute

4
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gait descriptors from silhouettes or 2D images, and therefore new 3D gait
descriptors can be proposed.

1.4 Contributions

The research work carried out during the development of this dissertation
has produced several articles that have been published in well-respected peer-
reviewed journals and conferences.

e D. Lépez-Fernandez, F.J Madrid-Cuevas, A. Carmona-Poyato,
M.J. Marin-Jiménez, R. Munoz-Salinas, and R. Medina-Carnicer.
Viewpoint-independent gait recognition through morphological de-
scriptions of 3d human reconstructions. Image and Vision Computing,
48-49:1-13, 2016. ISSN 0262-8856. doi: 10.1016/j.imavis.2016.01.003.
url: http://www.sciencedirect.com/science/article/pii/
S50262885616300014

This study presents a multi-view gait recognition method that allows
curved trajectories on unconstrained paths in indoor environments.
The recognition is based on volumetric analysis of the human gait, to
exploit most of the 3D information enclosed in it. Two new morpho-
logical gait descriptors are presented. The first consists in computing
three Cover by Rectangles (CR) descriptors [34] on the front, side, and
top projections of the aligned 3D gait volumes. The second is the Cover
by Cubes, which is defined as the union of all the cubes with the largest
size that can fit into a volume belonging to the person. The proposed
approach is experimentally validated on two gait databases. The re-
sults show that this new approach is able to identify people walking on
curved paths.

e D. Lépez-Fernandez, F.J. Madrid-Cuevas, A. Carmona-Poyato, R.
Munoz-Salinas, and R. Medina-Carnicer.  Entropy volumes for
viewpoint-independent gait recognition. Machine Vision and Applica-
tions, 26(7):1079-1094, 2015. ISSN 1432-1769. doi: 10.1007/s00138-
015-0707-9.  url: http://link.springer.com/article/10.1007%
2Fs00138-015-0707-9

This work presents an efficient multi-view gait-recognition method that
allows curved trajectories on completely unconstrained paths for indoor

5
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environments. The method is based on volumetric reconstructions of
humans, aligned along their way. A new gait descriptor, termed as gait
entropy volume (GEnV), is also proposed. GEnV focuses on captur-
ing 3D dynamical information of walking humans through the concept
of entropy. The proposed approach is experimentally validated on two
gait databases, achieving promising results in the problem of gait recog-
nition on unconstrained paths.

D. Loépez-Fernandez, F.J. Madrid-Cuevas, A. Carmona-Poyato, R.
Murnioz-Salinas, and R. Medina-Carnicer. A new approach for multi-
view gait recognition on unconstrained paths. Journal of Visual
Commumnication and Image Representation, 38:396-406, 2016. ISSN
1047-3203.  doi:  10.1016/j.jvcir.2016.03.020.  url:  http://www.
sciencedirect.com/science/article/pii/S1047320316300232

This paper proposes a new approach for multi-view gait recognition,
which focuses on recognizing people walking on unconstrained (curved
and straight) paths. A new rotation invariant gait descriptor is pre-
sented, which is based on 3D angular analysis of the movement of
the subject. This approach is experimentally validated on two gait
databases, and compared with related state-of-art work. Experimental
results demonstrate the effectiveness of this approach in the problem
of gait recognition on unconstrained paths.

D. Lépez-Fernandez, F.J. Madrid-Cuevas, A. Carmona-Poyato, M.J.
Marin-Jiménez, and Rafael Munoz-Salinas. The AVA Multi-View
Dataset for Gait Recognition. In Activity Monitoring by Multiple
Distributed Sensing, Lecture Notes in Computer Science, pages 26-
39. Springer International Publishing, 2014. ISBN 978-3-319-13322-5.
doi: 10.1007/978-3-319-13323-2_3. url: http://link.springer.com/
chapter/10.1007%2F978-3-319-13323-2_3

In this paper, we introduce the AVA Multi-View Dataset for Gait
Recognition (AVAMVG). This paper provides a comprehensive descrip-
tion of the AVAMVG database, including the studio environment and
camera setup, among other information. To validate the dataset, in
this paper are extended some appearance-based 2D gait recognition
methods to work with multi-view 3D data, obtaining very encouraging
results.

D. Lépez-Fernandez, F. J. Madrid-Cuevas, A. Carmona-Poyato, R.
Munoz-Salinas, and R. Medina-Carnicer. Multi-view gait recogni-
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tion on curved trajectories. In Proceedings of the 9th International
Conference on Distributed Smart Cameras, ICDSC"15, pages 116-121,
New York, NY, USA, 2015. ACM. ISBN 978-1-4503-3681-9. doi:
10.1145/2789116.2789122. wurl: http://dl.acm.org/citation.cfm?
1d=2789122

This paper presents a method to recognize walking humans indepen-
dently of the viewpoint and regardless direction changes on curved
trajectories. This approach is based on 3D angular analysis of the
movement of the walking humans. In this paper, it is also described a
new rotation invariant gait descriptor which is computed directly from
silhouettes obtained from multiple views, by using calibrating informa-
tion instead of 3D reconstructions.

1.5 Structure of this document

This section explains how this document is organized. Chapter 2 contains
an extensive literature review. This chapter is divided into three sections,
view-dependent approaches, view-independent approaches and closely related
works. A review on public databases is presented in Chapter 3. This chapter
also describes a new dataset created in order to test multi-view gait recog-
nition approaches. Chapter 4 addresses the topic of 3D reconstruction and
gait alignment.

Chapter 5 studies the implementation of several morphological de-
scriptors and their application on aligned 3D sequences of walking people.
Chapter 6 presents an approach which focuses on capturing 3D dynamical in-
formation of gait by means of the concept of entropy information applied on
volumetric reconstructions of humans. A rotation invariant gait descriptor
which can be computed directly on 3D gait sequences without the previous
step of alignment is presented in Chapter 7. Finally, Chapter 8 presents the
main conclusions and future research lines derived from this dissertation.


http://dl.acm.org/citation.cfm?id=2789122
http://dl.acm.org/citation.cfm?id=2789122
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Chapter 2

Background and Literature
Review

The previous work can be categorized into two approaches: view-dependent
and view-independent approaches. The third section of this chapter de-
scribes in detail some methods which are closely related with our proposed
approaches. These methods are also used to compare and evaluate the per-
formance of our proposals.

2.1 View-dependent approaches

One of the earliest model-free and view-dependent approaches can be seen
in [35], where the width of the outer contour of the binarized silhouette
from a side view is used to build a descriptor which contains both structural
features and dynamic aspects of gait. Feature vectors derived from binary
silhouettes have been also used to train Hidden Markov Models [36]. The
contours of silhouettes have been used directly [37, 38], and through their
Fourier descriptors [39, 40].

In addition, the authors of [41] present a gait recognition method
which analyses the shape of the silhouette using Procrustes Shape Analysis
and Elliptic Fourier Descriptors. The Gait Energy Image (GEI) descriptor is
introduced by Han and Bhanu in [21], which is the average of all silhouette
images for a single gait cycle. Silhouette images are also used in Lam et

9
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al. [22] to generate the gait flow image (GFI). Liu et al. [42], to improve
the gait recognition performance, propose the computation of Histogram of
Oriented Gradients (HOG) [43] from popular gait descriptors as the GEI and
the Chrono-Gait Image (CGI) [44].

In [45], the authors try to find the minimum number of gait cycles
needed to carry out a successful recognition by using the GEI descriptor.
Martin-Félez and Xiang [46] [47], using GEI as the basic gait descriptor,
propose a new ranking model for gait recognition. This new formulation of
the problem allows to leverage training data from different datasets, thus,
improving the recognition performance. Lai et al. [48] proposed a novel dis-
criminant subspace learning method (Sparse Bilinear Discriminant Analysis)
that extends methods based on matrix-representation discriminant analysis
to sparse cases, obtaining competitive results on gait recognition.

Based on the concept of GEI, Depth Energy Image (DEI) was defined
in [49], which is simply the average of the depth silhouettes taken along a
gait cycle, over the front view. GEI is also extended in [20] to consider depth
information from the side view, by means of a new feature called Depth
Gradient Histogram Energy Image (DGHEI). Depth information is also used
in Chattopadhyay et al. [50] to address the problem of occlusion in frontal
gait recognition. The Gait Entropy Image (GEnl) was presented in the work
of Bashir et al [51]. GEnl encodes in a single image, the randomness of pixel
values in the silhouette images over a complete gait cycle.

Analysis by morphological size distributions was proposed in [34]. In
this work, video cameras are placed in hallways to capture longer sequences
from the front view of walkers rather than the side view, which results in
more gait cycles per gait sequence. Despite the high recognition rate, the
main drawback of this model-free approach is the dependence with respect
to the viewpoint. To obtain a gait representation directly from silhouettes,
the authors proposed the use of a morphological descriptor, called Cover by
Rectangles, which is defined as the union of all the largest rectangles that
can fit inside a silhouette.

The Gait Energy Volume (GEV), a binary voxel-discretized volume
which is spatially aligned and averaged over a gait cycle, is presented in [52].
The authors apply GEV on partial reconstructions obtained with depth sen-
sors from the front view of the individual. An extended work from GEV that
combines the frontal-view depth gait image and side-view 2D gait silhouette
by means of a back-filling technique is presented in [53]. A spatio temporal
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representation based on point clouds in a spherical coordinate space was pro-
posed in [54], where frontal 3D point clouds of humans obtained with stereo
cameras are used.

In [55], a 3D approximation of a Visual Hull (VH) [56] is used to design
a multi-modal recognition approach. Although a VH model is computed, a
gait recognition scheme based on silhouette analysis is applied, which restricts
a large amount of discriminant information because the recognition is based
on single view silhouette analysis, instead of analyse 3D information. Seely
et al. [57] use 3D volumetric data to synthesise silhouettes from a fixed
viewpoint relative to the subject. The resulting silhouettes are then passed
to a standard 2D gait analysis technique, such as the average silhouette.

Ariyanto et al. [58] propose a model-fitting algorithm, correlation
filters and dynamic programming to extract gait kinematics features. They
use a structural model including articulated cylinders with 3D Degrees of
Freedom (DoF) which are fitted to a visual hull shape to model the human
lower legs. In [59], 3D data collected from a projector-camera system is used
to fit 3D body models and reconstruct synthetic poses in a gait cycle.

2.2 View-independent approaches

Appearance changes due to viewing angle changes cause difficulties for most
of the model-free gait recognition methods. This situation cannot be easily
avoided in practical applications. There are three major approach categories
to sort out this problem, namely: (1) approaches that construct 3D gait infor-
mation through multiple calibrated cameras; (2) approaches that extract gait
features which are invariant to viewing angle changes; (3) approaches whose
performance relies on learning mapping/projection relationship of gaits un-
der various viewing angles [25, 60].

Approaches of the first category are represented by Shakhnarovich
et al. [55], Bodor et al. [61] and Iwashita et al. [26]. In the work of
Shakhnarovich et al. [55], a polyhedral and surface-mapped 3D approxima-
tion of the visual hull [56] (VH) is used to design a multi-modal recognition
approach, that combines both face and gait recognition. Although a polyhe-
dral VH model is computed, the gait recognition scheme is based on silhouette
analysis, which does not take advantage of all the available 3D information
because the recognition is based on single view silhouette analysis, instead
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of exploiting the 3D models.

Bodor et al. [61] applies image-based rendering on a 3D VH model
to extract gait features under a required viewing angle. This approach tries
to classify the motion of a human in a view-independent way, but it has two
drawbacks. On the one hand it considers only straight paths to estimate
the position and orientation of a virtual camera. Tests were performed only
on straight path motions. On the other hand, not all the 3D information
available in the VH is used, because feature images are extracted from 2D
images rendered only from a single view.

In the work of Iwashita et al. [26], an observation angle at each frame
of a gait sequence is estimated from the walking direction, by fitting a 2D
polynomial curve to the foot points. Virtual images are synthesized from 3D
reconstructions, so that the observation angle of a synthesized image is the
same that the observation angle for the real image of the subject, which is
identified by using affine moment invariants extracted from images as gait
features. The advantage of this method is that the setup assumes multiple
cameras for training, but only one camera for testing. However, as in the
above two works, despite 3D volumes are used, descriptors are extracted from
2D images, so that, the amount of used information is restricted.

Approaches of the second category extract gait features which are
invariant to viewing angle changes. A method to generate a canonical view
of gait from any arbitrary view is described in [62]. The main disadvantage
of this method is that the synthesis of a canonical view is only feasible from
a limited number of initial views. The performance is significantly dropped
down when the angle between image plane and sagittal plane is large.

In [63], a method based on homography to compute view-normalized
trajectories of body parts obtained from monocular video sequences was pro-
posed, but this method only works properly for a limited range of views. Pla-
nar homography has also been used to reduce the dependency between the
motion direction and the camera optical axis [64], however this method seems
not to be applicable when the person is walking nearly parallel to the optical
axis. In [65] view-invariant features are extracted from GEI. Only parts of
gait sequences that overlap between views are selected for gait matching, but
this approach cannot cope with large view angle changes under which gait
sequences of different views can have little overlap.

A self-calibrating view-independent gait recognition based on model-
based gait features is proposed in [66]. The poses of the lower limbs are
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estimated based on markerless motion estimation. Then, they are recon-
structed in the sagittal plane using viewpoint rectification. This method has
two main drawbacks that are worth mentioning: (1) the estimation of the
poses of the limbs is not robust from markerless motion; (2) it is not applica-
ble for frontal view because the poses of the limbs become untraceable; and
(3) this method assume that subjects walk along a straight line segment.

In [67] is proposed the use of motion descriptors based on dense track-
lets (i.e. short-term point trajectories). This method is able to recognize
people in curved trajectories with promising results. In [68] were proposed
and evaluated diverse strategies to improve tracklet-based gait recognition
systems. Two sets of tracklet-based features were combined with audio fea-
tures in [69], to evaluate how the fusion of audio and visual features can help
in the challenging task of people identification based on their gait.

Zhao et al. [70] present a multi-camera approach for gait tracking
and recognition. The video sequences are used as input, and then a human
3D model is set up. The lengths of key segments are extracted as static
parameters, and the motion trajectories of lower limbs are used as dynamic
features. A skeletal 3D model is also used in the work of Kastaniotis et
al. [71], which presents a framework for pose-based gait recognition and
identification, as well as gender recognition.

The approaches of the third category are based on learning map-
ping/projection relationship of gaits under various viewing angles. The
trained relationship may normalize gait features from different viewing angles
into shared feature spaces. An example from this category can be read in
[72], where LDA-subspaces are learned to extract discriminative information
from gait features under each viewing angle.

A View Transformation Model (VTM) was introduced by [73] to trans-
form gait features from different views into the same view. The method of
Makihara et al. [73] creates a VIM based on frequency-domain gait features,
obtained through Fourier Transformation. To improve the performance of
this method, Kusakunniran et al. [74] created a VTM based on GEI opti-
mized by Linear Discriminant Analysis. A sparse-regression-based VI'M for
gait recognition under various views is also proposed in [25]. However, this
method cannot deal with changes in the direction of motion.

Although methods of the third category have better ability to cope
with large view angle changes compared to other works, some common chal-
lenges are the following [25]: (1) performance of gait recognition decreases as
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the viewing angle increases; (2) since the methods rely on supervised learn-
ing, it will be difficult for recognizing gait under untrained /unknown viewing
angles, (3) these methods implicitly assume that people walk along straight
paths and that their walking direction does not change during a single gait
cycle (i.e., people do not walk along curved trajectories). However, people
often walk on curved trajectories in order to turn a corner or to avoid an
obstacle.

2.3 Closely related work

As it was described in Section 2.1, Gait Entropy Image (GEnl) [51] encodes
in a single image, the randomness of pixel values in the silhouette images
over a complete gait cycle. More specifically, considering the intensity value
of the silhouettes at a fixed pixel location as a discrete random variable,
entropy measures the uncertainty associated with the random variable over
a complete gait cycle. Dynamic body areas which undergo consistent relative
motion during a gait cycle (e.g. leg, arms) lead to high gait entropy values,
whereas those areas that remain static (e.g. torso) give rise to low values.
This representation is also less sensitive to changes in covariate conditions
such as carrying and clothing.

A human silhouette is extracted from the side view of the gait se-
quence. After applying size normalization and horizontal alignment to each
silhouette image, gait cycles are segmented by estimating the gait frequency
using a maximum entropy estimation technique. GEnl is defined as

K
GEnl(z,y) = — > pile, y)logme(z, ), (2.1)
k=1
where x, y are the pixel coordinates and pi(z, y) is the probability of the pixel
(z,y) for the label k € K. The silhouettes are binary images, and therefore
K {07 1}7 so that pl(a:?y) = %2321 [(may)a and pO(xay) =1- Pl(%y),
where T is the length of the gait cycle and I is the binary image.

In [75], the use of the GEnl descriptor is proposed to distinguish the
dynamic and 