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a b s t r a c t

Deformation of gait silhouettes caused by objects under different walking speeds has a significant effect
on the performance of gait recognition. In this paper, we present an algorithm via deterministic learning
theory to eliminate the effect of walking speed for efficient gait recognition in the lateral view. Three
kinds of silhouette features are selected. They capture the spatio-temporal characteristics of each
individual's movement and represent the dynamics of gait motion. They also can sensitively reflect the
variance between gait patterns under different walking speeds. The gait recognition approach consists of
two phases: a training phase and a recognition phase. In the training phase, human gait dynamics
underlying different individuals' gaits across different walking speeds are locally accurately approxi-
mated by radial basis function (RBF) neural networks. Obtained knowledge of approximated gait
dynamics is stored in constant RBF networks. In order to handle the problem of speed change no matter
the variation is small or significantly large, the training patters under different walking speeds constitute
a uniform training dataset containing all kinds of gait dynamics of each individual under different
walking speeds. In the recognition phase, a bank of dynamical estimators is constructed for all the
training gait patterns. Prior knowledge of human gait dynamics represented by the constant RBF
networks is embedded in the estimators. By comparing the set of estimators with a test gait pattern
whose speed pattern included in the prior training dataset, a set of recognition errors are generated. The
average L1 norms of the errors are taken as the similarity measure between the dynamics of the training
gait patterns and the dynamics of the test gait pattern. Finally, comprehensive experiments are carried
out on the most well-known public gait databases: the CMU, the OU-ISIR, and the CASIA gait database C
to demonstrate the recognition performance of the proposed algorithm.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Gait, as a promising unobtrusive biometric, has attracted many
researchers in recent years. Many studies have demonstrated that
gait has the potential to become a powerful biometric for surveil-
lance, activity monitoring, clinical analysis, and access control.
However, there are a number of covariate factors that affect gait
recognition performance. Hence, in gait recognition, one impor-
tant requirement is of robustness to variations including different
lighting conditions, poses, carrying objects, view angles, shoe
types, walking surfaces and walking speeds [1].

Gait is a dynamic shape model such that it varies in pose and
size throughout a walking cycle [2]. In practice, the gait shape of

an individual can be easily altered by many factors, particularly by
the change of walking speed. Individuals can walk at various
speeds in any real-world situations, and human motion changes
nonlinearly according to its speed. This will lead to significant
changes to walking patterns and generate difficulties for gait
recognition. Understanding the above factors is crucial to develop
robust and accurate gait recognition algorithms. In this paper, we
will focus on proposing a new solution to deal with the effect of
walking speed variation on gait recognition.

Considering the effect of walking speed on recognition by gait,
previous studies can be roughly divided into two categories:
(1) identifying speed-invariant gait features; and (2) transforming
gait features under various walking speeds onto a common
walking speed [3]. In one example of the first category, six simple
projective features were proposed to describe human gait and
applied principal component analysis to reduce the dimension of
raw gait features [4]. It revealed that the projective normalization
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generally could improve the robustness of projective features
against speed variation. However, the limitation of the method is
that it cannot well deal with large change of walking speed. In [3],
Procrustes shape analysis was adopted for gait signature descrip-
tion and relevant similarity measurement. It proposed a higher
order shape configuration for gait shape description and con-
structed a differential composition model to differentiate the
different effects caused by walking speed changes on various
human body parts. This method was able to tolerate the varying
walking speed. In [5], three-way data consisting of x-, y- and time-
axes were used to effectively extract spatio-temporal local geo-
metric features characterizing the motion. It was expected to be
relatively robust against variations in walking speed since it only
used the sums of local features over a gait sequence.

In one example of the second category, a method of gait silhouette
transformation from one speed to another was proposed to cope with
walking speed changes [6]. Static and dynamic features were first
separated from gait silhouettes by fitting a human model. Then, a
factorization based speed transformation model was created to trans-
form the dynamic features from a reference speed to another arbitrary
speed. In [7], a method of a combination of cubic higher order local
autocorrelation and a statistical framework provided by hidden
Markov models was proposed, which was robust against walking
speed variations. In [8], cell phone based accelerometers and a cycle
extraction approach were used to study the influence of different
walking speeds and surfaces on gait performance. However, in most of
these methods, researchers have assumed that walking speed does not
change much within or across gait sequences. Their performance may
degrade greatly when walking speed varies significantly.

Challenges to the two categories are: (1) all the walking speeds
must be known in advance and they are not applicable to
unknown walking speed; and (2) gait recognition is carried out
under the same walking speed or under cross-speed, which means
various training datasets are needed to be constructed corre-
sponding to the testing patterns under different walking speeds.
Obviously, this is not applicable. In real-world applications, if there
exists a training dataset consisting of gait patterns under different
walking speeds such that, when a test gait pattern whose speed
pattern included in the prior training dataset appears, it can be
recognized. Then, speed-invariant gait recognition can be
achieved. However, to the best of the authors' knowledge, this
cannot be seen from previous research works in which one
training dataset only contains gait patterns under the same
walking speed [3–8]. In this paper, we focus on constructing such
a uniform training dataset containing gait patterns under different
walking speeds to tackle the problem concerning the walking
speed variation no matter it is small or large.

In our previous studies, gait dynamics represented by suitable
periodic features, such as lower limb joint angles and/or angular
velocities, will be approximated by radial basis function (RBF)
neural network (NN) via deterministic learning theory [9,10]. The
difference of gait dynamics between different individuals during
walking can be used for gait recognition. Following this idea, we
continue to search for periodic gait features that constitute gait
dynamics and can reflect the variance between gait patterns under
different walking speeds. Recent gait research revealed that
silhouette cues, such as the width of the outer contour and the
silhouette area, play a primary role in gait recognition [11–21].
This finding enlightens us to extract silhouette features for gait
identification. Since walking speed variation can significantly
change the gait shape description, suitable silhouette features
representing gait dynamics under different walking speeds will
be proposed in this paper for gait recognition. Compared with
methods presented in [9,10], the amount of discriminability
provided by the dynamics of silhouette features is similar to the
discriminability provided by the dynamics of physical parameters

like joint angles and/or angular velocities. Moreover, silhouette
features will be more easily and accurately extracted than joint
angle/angular velocity features. This will guarantee the accuracy of
the feature extraction and the performance of gait recognition.

In this paper, we propose a new silhouette-based method for
speed-invariant gait recognition in the lateral view via determi-
nistic learning theory. First, the aspect ratio of the boundingbox of
the moving silhouette, the width of the binarized silhouette of the
lower limbs, and the silhouette area model the periodic deforma-
tion of gait silhouettes. They are selected as gait features for
recognition. They capture the spatio-temporal characteristics of
each individual's movement and represent the dynamics of gait
motion. They also can sensitively reflect the variance between gait
patterns under different walking speeds. Second, human gait
dynamics underlying different individuals' gaits across different
walking speeds are locally accurately approximated by RBF net-
works. The obtained knowledge of approximated gait dynamics is
stored in constant RBF networks. Third, in order to handle the
problem of speed change no matter the variation is small or
significantly large, the training patters under different walking
speeds constitute a uniform training dataset containing all kinds of
gait dynamics of each individual under different walking speeds. A
bank of dynamical estimators is constructed for all the training
gait patterns. Prior knowledge of gait dynamics represented by the
constant RBF networks obtained from the training phase is
embedded in the estimators. By comparing the set of estimators
with a test pattern whose speed pattern included in the prior
training dataset, a set of recognition errors are generated. The
average L1 norms of the errors are taken as the similarity measure
between the dynamics of the training gait patterns and the
dynamics of the test gait pattern. The test gait pattern similar to
one of the training gait patterns can be recognized according to
the smallest error principle.

The rest of the paper is organized as follows. Section 2
introduces preliminary knowledge about deterministic learning
theory and problem formulation. Silhouette features extraction
and gait signature derivation are presented in Section 3. Training
and learning mechanism is given in Section 4 to obtain gait
dynamics of individuals across different walking speeds. In
Section 5, gait recognition scheme is presented to achieve speed-
invariant recognition. The experiments of gait recognition are
included in Section 6 to verify the effectiveness of our approach.
Section 7 contains the conclusions.

2. Preliminaries and problem formulation

2.1. Deterministic learning theory

In deterministic learning theory, identification of system
dynamics of general nonlinear systems is achieved according to
the following elements: (i) employment of localized RBF net-
works; (ii) satisfaction of a partial persistence of excitation (PE)
condition; (iii) exponential stability of the adaptive system along
the periodic or recurrent orbit; (iv) locally accurate NN approx-
imation of the unknown system dynamics [22].

The RBF networks can be described by f nnðZÞ ¼∑N
i ¼ 1

wisiðZÞ ¼WTSðZÞ, where ZAΩZ � Rp is the input vector, W ¼ ½w1;

…;wN�T ARN is the weight vector, N is the NN node number, and
SðZÞ ¼ ½s1ðJZ�μ1 J Þ;…; sNðJZ�μN J Þ�T , with sið�Þ being a radial basis
function, and μi ði¼ 1;…;NÞ being distinct points in state space. The
Gaussian function siðJZ�μi J Þ ¼ exp½�ðZ�μiÞT ðZ�μiÞ=η2i � is one
of the most commonly used radial basis functions, where μi ¼ ½μi1;

μi2;…;μiN �T is the center of the receptive field and ηi is the width of
the receptive field. The Gaussian function belongs to the class of
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