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ABSTRACT

Direction changes cause difficulties for most of the gait recognition systems, due to appearance changes.
We propose a new approach for multi-view gait recognition, which focuses on recognizing people walk-
ing on unconstrained (curved and straight) paths. To this effect, we present a new rotation invariant gait
descriptor which is based on 3D angular analysis of the movement of the subject. Our method does not
require the sequence to be split into gait cycles, and is able to provide a response before processing the
whole sequence. A Support Vector Machine is used for classifying, and a sliding temporal window with
majority vote policy is used to reinforce the classification results. The proposed approach has been exper-
imentally validated on “AVA Multi-View Dataset” and “Kyushu University 4D Gait Database” and com-
pared with related state-of-art work. Experimental results demonstrate the effectiveness of this
approach in the problem of gait recognition on unconstrained paths.
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1. Introduction

Research on human gait as a biometric feature for identification
has received 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 [1]. However, gait
recognition performance is significantly affected by changes in var-
ious covariate conditions such as clothing [2], camera viewpoint
[3,4], load carrying [5], and walking speed [6].

According to camera viewpoint, the previous work can be cate-
gorized into two approaches: view-dependent and view-
independent approaches. View-dependent approaches assume that
the viewpoint does not change while walking. In such methods, a
change in the appearance, caused by a viewpoint change, will
adversely affect to the recognition [7]. 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 shows the influence
of a curved path on the silhouette appearance. On the contrary, the
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view-independent approaches aim to recognize people under dif-
ferent viewing angles. However, some of them do not allow curved
trajectories or direction changes during walking.

This paper presents a new approach to recognize people walk-
ing along curved trajectories on unconstrained paths. Some poten-
tial applications of this work are access control in special or
restricted areas (e.g. military bases, governmental facilities) or
smart video surveillance (e.g. bank offices). This work also can 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).

The rest of the paper is structured as follows. Section 2 presents
the most relevant works related to ours, making a clear distinction
between view-dependent and view-independent methods. Sec-
tion 3 presents a new rotation invariant gait descriptor. Section 4
shows the details of our gait recognition method. An analysis of
the performance is given in Section 5. Finally, we conclude this
paper in Section 6.

2. Related work
2.1. View-dependent approaches
One of the earliest view-dependent approaches can be seen in

[8], where it is used the width of the outer contour of the binarized
silhouette from a side view, to build a descriptor which contains
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Fig. 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.

both structural features and dynamic aspects of gait. Feature vec-
tors derived from binary silhouettes have been also used to train
Hidden Markov Models [9]. The contours of silhouettes have also
been used [10,11].

In addition, in [12] it is presented a gait recognition method
which analyses the shape of the silhouette using Procrustes Shape
Analysis and Elliptic Fourier Descriptors. In [13] it is proposed a
gait representation called Gait Energy Image (GEI), which is the
average of all silhouette images for a single gait cycle.

Based on the idea of GEI, Depth Energy Image (DEI) was defined
in [14], which is simply the average of the depth silhouettes taken
along a gait cycle, over the front view. GEI is also extended in [15]
to consider depth information from the side view, by means of a
new feature called Depth Gradient Histogram Energy Image
(DGHEI). In [16] a time-sliced averaged motion history image
(TAMHI) alongside the histograms of oriented gradients (HOG) to
generate gait signatures.

In [17] it is presented the Gait Energy Volume (GEV), a binary
voxel-discretized volume which is spatially aligned and averaged
over a gait cycle. The authors apply the GEV on partial reconstruc-
tions obtained with depth sensors from the front view of the individ-
ual. An extended work from GEV [ 17] that combines the frontal-view
depth gait image and side-view 2D gait silhouette by means of a
back-filling technique is presented in [18]. In [19], the depth and
RGB frames from Kinect are register to obtain smooth silhouette
shape along with depth information. A partial volume reconstruc-
tion of the frontal surface of each silhouette is done and the Pose
Depth Volume (PDV) feature is derived from this volumetric model.

The performance of the above methods depends on the view-
point. As was stated above, appearance changes due to viewing
angle changes cause difficulties for most of the gait recognition
methods, and this situation cannot be easily avoided in practical
applications.

2.2. View-independent approaches

There are three major approach categories to sort out this prob-
lem [3], namely: (1) approaches that construct 3D gait information

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/projec-
tion relationship of gaits under various viewing angles.

Approaches of the first category are represented by [4,20-22].
In [21], a 3D approximation of a Visual Hull (VH) [23] is used to
design a multi-modal and model-based gait recognition approach.
Seely et al. [20] proposed an appearance-based approach which
uses 3D volumetric data to synthesize 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 aver-
age silhouette.

Another approach that applies image-based rendering on a 3D
VH model to reconstruct gait features under a required viewing
angle is presented in [22]. 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 esti-
mate 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 [4], 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 a
3D model, so that the observation angle of a synthesized image
is the same that the observation angle for the real image of the sub-
ject, 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, this approach requires
to split the sequence into gait cycles and assumes that the gait
phase of the first frame of a gait cycle of a subject is the same for
each person in the database. Besides, shadows on the floor compli-
cate the estimation of the foot points in silhouette images.

In the above four works, despite 3D models are used, the gait
recognition scheme is based on silhouette analysis, what restricts
a large amount of discriminant information because the recogni-
tion relies on single view silhouette analysis, instead of analyze
the 3D information.

Approaches of the second category extract gait features which
are invariant to viewing angle change. In [24], it is described a
method to generate a canonical view of gait from any arbitrary
view. This method can work with a single calibrated camera but
the synthesis of a canonical view is only feasible from a limited
number of initial views. The performance is significantly dropped
when the angle between image plane and sagittal plane is large.

In [25], a method based on homography to compute view-
normalized trajectories of body parts obtained from monocular
video sequences was proposed. But this method efficiently works
only for a limited range of views. Planar homography has also been
used to reduce the dependency between the motion direction and
the camera optical axis [26], however this method seems not to be
applicable when the person is walking nearly parallel to the optical
axis. In [27] 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. Neither it can be applied to recognize people
walking on curved trajectories.

A self-calibrating view-independent gait recognition based on
model-based gait features is proposed in [28]. The poses of the
lower limbs are estimated based on markerless motion estimation.
Then, they are reconstructed 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
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