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a b s t r a c t

We investigate the problem of multi-view human gait recognition along any straight walking paths. It is
observed that the gait appearance changes as the view changes while certain amount of correlated
information exists among different views. Taking advantage of that type of correlation, a multi-view gait
recognition method is proposed in this paper. First, we estimate the viewing angle of the monitor
equipment in terms of the probe subject. To this end, our method considers this as a classification
problem, where the classification signals are the viewing angles, and the classification features are the
elements of the transformation matrix that is estimated by the Transformation Invariant Low-Rank
Texture (TILT) algorithm. Then, the gallery gait appearances are converted to the view of the probe
subject using the proposed Appearance Conversion Machine (ACM), where the gait features of the
spatially neighbouring pixels of the gait feature are considered as the correlated information of the two
views. In the end, a similarity measurement is applied on the converted gait appearance and the testing
gait appearance. Experiments on the CASIA-B multi-view gait database show that the proposed gait
recognition method outperforms the state-of-the-art under most views.

& 2015 Published by Elsevier B.V.

1. Introduction

Gait has been widely accepted as a biometric feature for human
recognition. One of the proposed techniques for gait recognition is
the Gait Energy Image (GEI) [21]. This technique has inspired many
researchers to conduct human recognition based on the GEI, owing
to its high discriminative power, simplicity, and time-efficient
calculation [7,12,2]. In [25], the performance of the GEI is measured
and it is shown that the best recognition result is achieved when
recognitions are performed under the same view especially for
profiles. However, in the real world, the non-cooperate individuals
usually walk in random paths (in this paper, we assume subjects
walk in random straight paths). It is observed in [25] that gait
recognition is sensitive to varying views based on the fact that the
visual features will change as the viewing angle changes. Therefore,
it is not easy to achieve acceptable recognition accuracy when
probe subjects are walking in random directions [22].

Several methods have been proposed for gait recognition from
various different perspectives [1,5,15,18–20,23]. The state-of-the-
art methods mainly fall into 3 categories, namely, view-invariant

models estimation, viewing angle rectification, and view transfor-
mation model methods. One example that estimates the view-
invariant model is the Joint Subspace Learning (JSL) method
proposed in [20], where the view-invariant model is represented
by a weighted sum of sufficiently small number of prototypes of
the same view. Similarly, in [23], a distance metric is learned with
a good discrimination ability based on the clustered and averaged
GEI. However, this kind of methods can achieve good recognition
results only for similar views. When the probe gait sequences are
significantly different from the gallery sequences, they usually
have poor performances. For viewing angle rectification methods,
in [18], the Transform Invariant Low rank Textures (TILT) algorithm
is used to rectify the deformed human silhouette into profile
silhouette, and then a similarity measurement process is applied
on the rectified profile silhouettes. Regarding the TILT, a general-
ized framework for low-rank recovery is proposed in [27] where
the optimization problem is solved by adopting a proximal
gradient based altering direction method. However, this kind of
methods relies on the rectified result which is not stable in all
circumstances. The methods proposed in [15–17] are recently
published View Transformation Model (VTM) methods. All VTM-
based methods construct the gait features of the target view using
the information of its corresponding view, which require a
technique that can find the best corresponding information among
different views with stable performance. In [19], a technique is
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proposed for the extraction of the optimal correlation type of
information. This method involves a motion co-clustering process
that partitions gaits from different views into multiple groups.
After that, the two most correlated gait features of two views are
applied with a mapping operation to map the gait feature from
one view into another view using the trained Canonical Correla-
tion Analysis (CCA) subspaces. However, this method is quite
complicated and difficult to implement. Furthermore, the perfor-
mance of the VTM-based methods under distant views still
requires improvement. Overall, most of present methods can
achieve good recognition results for similar views but achieve
poor recognition accuracy under distant views.

This paper proposes a multi-view gait recognition method that
aims at achieving improved recognition accuracy compared to
existing methodologies. The widely researched GEI is employed as
the gait feature and the following processes will be applied based
on the GEIs. Our method includes two parts, namely, the viewing
angle estimation and the multi-view gait recognition.

For viewing angle estimation, one common sense shared among
multi-view gait recognition researchers is that two distant views
share much less correlated information than that of similar views
[15–17,19]. In that case, recognition performed among two distant
views leads to poor results. Therefore, it is reasonable to perform
similarity measurement on the probe subject and its nearest-
neighbouring view in the gallery. To this end, we start with
estimating the viewing angle of the monitor equipment in terms of
the probe subject. This is considered as a classification problem in
this paper, where the classification signals are the viewing angles.
Since the Transformation Invariant Low-Rank Texture (TILT) algo-
rithm can describe the degree of difficulty of transforming an image
into a low-rank image [26], the low-rank image can be considered as
a standard and the TILT algorithm can be used to describe this
transformation. Therefore, we propose to consider the elements of
the transformation matrices estimated by the TILT algorithm as the
classification features, and then employ the Extreme Learning
Machine (ELM) classification method to solve this classification
problem. For multi-view gait recognition, it is already known that
the appearances related to different views share certain amount of
correlated information [15–17,19]. Therefore, it is reasonable to
assume that the gait appearances referring to two different views
are able to convert between each other with tolerable error by using
the correlated information that can be considered as the connection
of two views. As can be seen from Fig. 1 that one subject exhibits
similar appearance among different views, especially for similar
views. Here, we propose the Appearance Conversion Machine
(ACM) to convert the gait appearances across views (from one view
to another view), where the view is estimated using the above-
mentioned estimation method. The proposed ACM attempts to find
the correlation function across views and then convert the subject by
exploring the information related to this type of correlation. In
contrast with the correlation coefficient method used in [16,17] or
the complicated co-clustering method in [19], we assume that one
pixel in the target view is only highly correlated with the spatial
neighbouring pixels of the source view. This enables the correlation
information to be extracted in a consistent fashion among different
views, and thus leads to a stable conversion result. The ELM is
employed as it achieves good generalization performance and solves
the regression problem in the proposed ACM. The ELMwas originally
developed from feed forward networks and later extended to kernel

learning [13]. This extension enables the ELM to achieve higherscal-
ability with less computational complexity [12]. Having acquired the
converted gallery (training) appearance, a similarity measurement is
applied on the converted appearance and the probe appearance to
identify the subject. The flowchart of the proposed gait recognition
method is shown in Fig. 2. For scenarios with more than 1 camera,
our method can be extended using the extended ACM by employing
the gait information captured from two cameras. We explore the
proposed method on the CASIA-B multi-view gait database (one of
the most widely used multi-view gait databases with 124 subjects
captured from 11 angles). As will be shown in the relative section,
experimental results show the effectiveness of the proposed method.
Furthermore, the recognition performance of the extended ACMwith
two cameras is complementary to the ACM with single camera. The
encouraging experimental results assure the possibility of monitoring
the entire scene (from 01 to 1801) with relatively high accuracy using
only two cameras.

The main contributions of this work are as follows:

� We have proposed a robust method for estimating the viewing
angle of the camera in terms of the probe subject.

� We have proposed to construct the Appearance Conversion
Machine (ACM) for converting the gait appearance from one
view to another view and thus increase the recognition
performance of multi-view gait recognition by performing a
similarity measurement based on the converted appearances.

� We have proposed a method for finding the correlated pixels
between two views for the construction of the ACM.

� We have conducted a number of experiments on the widely
used CASIA-B gait database and achieved significantly better
recognition results than existing, widely used multi-view gait
recognition methods.

The rest of this paper is organized as follows. The construction
of the GEI is introduced in Section 2. The viewing angle estimation
method and the ACM are discussed in Sections 3 and 4, respec-
tively. Experiments and performance evaluations are discussed in
Section 5. Discussions and conclusions are provided in Section 6.

2. Feature construction

In this paper, the GEI is employed as the gait feature. To
construct a GEI for each subject, image patches of walking human
are cropped from the sequential images of the CASIA-B gait

Fig. 1. The appearances of the same subject under different viewing angles (from
left to right 01, 181, 361, 541, 721, 901, 1081, 1261, 1441, 1621, 1801).

Fig. 2. The framework of the proposed recognition method.
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