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Abstract: This study aimed to develop a vision-based gait recognition system for person identification.
Gait is the soft biometric trait recognizable from low-resolution surveillance videos, where the face
and other hard biometrics are not even extractable. The gait is a cycle pattern of human body
locomotion that consists of two sequential phases: swing and stance. The gait features of the complete
gait cycle, referred to as gait signature, can be used for person identification. The proposed work
utilizes gait dynamics for gait feature extraction. For this purpose, the spatio temporal power spectral
gait features are utilized for gait dynamics captured through sub-pixel motion estimation, and they
are less affected by the subject’s appearance. The spatio temporal power spectral gait features are
utilized for a quadratic support vector machine classifier for gait recognition aiming for person
identification. Spatio temporal power spectral preserves the spatiotemporal gait features and is
adaptable for a quadratic support vector machine classifier-based gait recognition across different
views and appearances. We have evaluated the gait features and support vector machine classifier-
based gait recognition on a locally collected gait dataset that captures the effect of view variance
in high scene depth videos. The proposed gait recognition technique achieves significant accuracy
across all appearances and views.

Keywords: visual surveillance; gait recognition; motion estimation; support vector machine;

appearance variance

1. Introduction

Gait is a person’s pattern of walking. The complete gait cycle is called a stride. Strides
consist of two phases swing and stance. Vision-based gait recognition is an emerging trend
in computer vision research groups due to its adaptability to low-resolution, remotely-
accessed video data. The conventional biometric traits, including face, iris, and fingerprint
biometrics, require high-definition visuals for feature extraction. In contrast, surveillance
videos are captured from a remote distance and without the consent or cooperation of
the subject. While face, eyes, and fingerprint biometrics are morphed with face masks,
oversized glasses, and gloves, gait biometric-based person identification is the best option
for visual surveillance in this scenario. Gait recognition for visual surveillance includes age
group estimation [1-3], ethnicity classification [4], biometric identification [5-7], gender
recognition [8-10], and suspect identification in forensics [11,12]. Moreover, gait biometrics
is hard to spoof and impossible to hide [13-15]. Gait biometric is distinct enough for
person identification, age group estimation, gender recognition, and prediction of ethnic
affiliation [16-18].

Due to these advantages, researchers investigate the adaptability of gait recognition-
based person identification. The future of gait biometric-based visual surveillance relies on
the robustness of vision-based gait recognition techniques towards environment-related
and subject-related constraints. The environment-related variables include illumination,
scene depth/distance between subject and vision camera, viewing angle between subject
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and vision camera [19,20], the surface of the walk [21], static and dynamic occlusion [22,23]
the spatial resolution of vision camera, and noise [24,25]. The subject-related variables
include clothing type [19,26], carrying items [27,28] and shoes, walk speed [29-31], the
direction of walk [32], age [1,2,33-36], gender [37,38], and physiological conditions. These
variables are not controllable in real-time surveillance videos and must be addressed.

The proposed research contributes to vision-based gait recognition robust to appear-
ance variance under different views. The spatio temporal power spectral (STPS) gait
features preserve the spatio temporal pattern of gait features. The adaptability of STPS gait
features with a quadratic support vector machine (SVM) indicates the significant accuracy
of gait recognition across different appearances and views. We discuss significant contribu-
tions reported in vision-based gait recognition and their limitations in Section 2. Section 3
summarizes the methodology of the proposed work. Section 4 is dedicated to results and
discussion. Section 5 briefly indicates the future direction of the proposed work.

2. Related Work

There are different gait feature extraction techniques developed to address appearance
variance challenges. These techniques includes gait entropy image [39-42], chrono gait
image [43—45], frame difference energy image [46,47], and motion silhouette image [48,49].

The existing research work primarily focuses on the utilization of gait energy
image [39,50-64]. Gait energy image (GEI) [50] is computed by aligning and size nor-
malizing gait silhouette images followed by averaging these silhouette images of the gait
cycle (sequence). The resulting GEI is an intensity-based gait image that summarizes all key
poses observed during the gait cycle, where the intensity of each pose reflects the frequency
of occurrence [51].

The gait silhouette and contours are utilized to extract frame-wise gait features such
as angular displacement [65], skeletal movement, normal distance maps [66], and pose
estimation [31,67-69]. The gait silhouette image is adapted to analyze gait motion flow
as a sequence of images [70,71]. In [72], gait silhouette images of the complete gait cycle
are utilized to create one “Bulk motion gait silhouette image”. The contours of the gait
silhouette are previously adapted for shape analysis based [73,74], deformable active
contours based [75], normal distance maps based [66], and posture and contour analysis-
based gait recognition [76]. The gait silhouette is also utilized as the primary gait feature
with deep convolution neural network-based gait recognition, including [77-82].

A few research contributions extract gait features from motion estimation at the pixel
level, referred to as optical flow [83]. The optical flow-based gait feature extraction is
computed on pixel-wise apparent motion estimation. The optical flow-based research
work includes [84-87]. The gait optical flow image is further processed with LDA (Linear
Discriminant Analysis) and PCA (Principal Component Analysis) for gait recognition
robust to appearance and speed of walk [88]. The gait flow image (GFI) is computed by
applying optical flow to images of the gait cycle. The optical flow computed between two
gait silhouette images reflects the relative motion of the human body. The GFI-based gait
recognition includes studies [86,89,90].

The effective adaptation of GEI and gait silhouette (GS) reflects their importance,
but some inherent limitations question their adaptability for gait recognition robust to
appearance variance. Collectively, these (GEI, GS) spatial gait features rely on the shape
of the human body, and they are highly affected by appearance and view variance. That
phenomenon subsequently affects the robustness of GEI and GS for gait recognition as the
GEl-based gait recognition techniques convert spatio temporal gait patterns into a spatial
pattern, redundancy of irrelevant, trivial gait features, and adaptation of hand-crafted
features. Where adaptation of the gait silhouette as a sequenced set preserves the spatio
temporal patterns but exhibits a higher spatial variance in case of appearance variance,
the optical flow-based gait dynamics extraction has less computational complexity, and it
requires no prior human body measurements, reflecting their effectiveness for gait feature
extraction robust to appearance variance [84,85,91].
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In our previous work, we developed dynamic gait features (DGF) that are robust
toward appearance variance. In this paper, we extend our research work to retain the spatio
temporal pattern of DGF and to evaluate their robustness toward appearance and gradual
view variance.

3. Materials and Method

STPS feature-based gait recognition extends our experiments conducted to address the
impact of appearance variance on appearance variance. We identify aspects of DGF-based
gait recognition that need improvement, including preserving spatio temporal gait patterns,
feature transformation, and evaluating proposed work on different appearances (clothing
and carrying items) under different views.

3.1. Dataset

The proposed STPS feature-based gait recognition framework is evaluated on a locally
collected South Asian Clothing Variance (SACV) gait dataset [92]. The STPS features are
the extension of DGF. The STPS gait features are the extension of DGFE. The SACV-gait
dataset has multiple appearance-based gait datasets captured with gradual view variance.
Further details of use cases of appearance and views are discussed in the results in Section 4,
Table 1.

Table 1. Summary of STPS Gait Recognition Results for Use Cases and Views.

View 1 View 2 View 3
Use Case 1 98.7% 99.87% 99.5%
Use Case 2 98% 99% 99.27%
Use Case 3 99.4% 97.15% 99%
Use Case 4 99% 99.3% 99.35%

3.2. Spatio Temporal Power Spectral Feature-Based Gait Recognition

The experiments conducted in [92] backed the adaptation of the dynamic gait features,
which are proven to resolve the higher intra-class variance caused by appearance variance.

The STPS feature-based gait recognition extends our DGF-based gait recognition
technique robust to appearance variance. Here we utilize DGF for STPS gait feature
extraction and its evaluation on the SACV gait dataset. The spatio temporal power spectral
feature based gait recognition takes the input of greyscale gait video data and extracts STPS
gait features, followed by SVM-based gait recognition under different views and use cases.

The framework depicted in Figure 1 performs gait recognition in four steps. In the
first step, preprocessing of gait data is carried out with the help of an image differencing
technique for foreground extraction, followed by gait cycle detection. The second step
consists of dynamic gait features extraction. The dynamic gait features are further processed
in the third step for the spatio temporal power spectral gait feature extraction. The last and
fourth step includes utilizing STPS gait features for SVM classifier-based gait recognition.

3.2.1. Preprocessing

The preprocessing step is based on foreground extraction and gait cycle detection of
the gait data. In order to do the foreground extraction, the image differencing technique
is applied [93]. The interval of the gait cycle is defined by foot-to-floor contact by the
same foot [24].

We have adapted temporal normalization to analyze uniform numbers of gait images
of each subject in the dataset. The process of temporal normalization (uniform number of
gait images in the gait cycle) is achieved by considering a sub-sampling of spatial features.
The spatial sub-sampling is based on maximum information gained from consecutive
images of the gait cycle. Spatial sampling is taking a subset of data drawn according
to some specified rule and, based on this subset, making inferences about the spatial
population from which the data have been drawn [94].



Electronics 2022, 11, 2386

40f 15

g gy ——

/ Preprocessmg N

g 4__.L._JL__.J. g

A

_________________________________________________________

/ Dvnamic Gait Feature and HoG Transform \

Power Spectral Analysis (STPS Gait Features)

E | Wi WwWW

! PCA and SVM based Gait Recognition

]
1
1
I Subject PCA Features Fitted

1 0.364124 -0.46812 -0.15362 0.758568 0.221929
! 0.371497 -0.44007 -0.60383 -0.51409 -0.19857
: 0.425455 -0.21729 0.64456 -0.03342 -0.59599
1 0.498832 0.050403 0.332915 -0.35082 0.717441
: 1 0547319 0733106 -0.29241 0.189992 -0.20346
1

)

1

1

1

)

0.462304 -0.49604 0.024146 -0.58057 -0.45008
0.506559 0.376985 0.767894 0.033875 0.102333
0.448496  -0.3502 -0.23058 0.035458 0.788534
0.42233 -0.16165 -0.18025 0.77673 -0.39964
2 0.387506 0.68048 -0.5693 -0.23922 -0.07391

Figure 1. The framework of STPS Gait Features and SVM Classification Based Gait Recognition.

Temporal normalization helps to achieve a uniform number of gait images under each
gait cycle and reduces the total number of gait images. Thus, temporal normalization and
removal of redundant spatial features are simultaneously achieved. Temporal normaliza-
tion helps to achieve and to set the range of images required under each gait cycle. For this
purpose, we extract the DGF of each class (subject) with uniform parameters (window size,
search space). Thus, the DGF computed for subjects under different appearances lies in the
exact spatial coordinates.

We adapted the spatial normalization by taking a subset of gait images according
to the relative spatial displacement of the subject within two frames. In subsampling,
we adapt down sampling of gait images concerning their significance for relative motion
estimation between different poses of the gait cycle. The gaitimage is discarded if the spatial
displacement is minimal (magnitude of two-direction motion vector) and is visualized as
point displacement rather than vector field. Thus, we consider the proportion of relative
motion observed to include gait images for gait feature extraction. The preprocessing of
spatially and temporally normalized gait data is further processed for gait cycle detection.
Figure 2 depicts the gait cycle after preprocessing.
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Figure 2. Gait Data Obtained after Pre-Processing and Gait Cycle Detection [92].

3.2.2. Dynamic Gait Feature Extraction

Dynamic gait feature extraction with sub-pixel motion estimation [95] is extended
for spatio temporal power spectral feature extraction. Figure 3 shows the DGF computed
for consecutive steps of the gait cycle. The adaptation of sub-pixel motion estimation is
mentioned in Equations (1) and (2). Equation (3) represents the DGF computation for
different views and appearances.

[dfx, dfy| = gradient (f) (1)
_ daf df
Flx+dx, y+dy) = flxy) +dxz +dyo, 2)
1 k
DGF = )_ Y Motion Estimation(1Gy , 1Gy)...(1G,—1 , IGy) (3)
v=1uc=1
v=23
uc =4

Figure 3. DGF Extraction for Consecutive Steps of Gait Cycle [92].

3.2.3. Spatio Temporal Power Spectral Feature Extraction

STPS gait features are developed by processing DGF features with a HOG operator,
power spectral analysis, and principal component analysis. We have evaluated STPS gait
features for robustness against view and appearance variance. Thus, the gait data of each
subject under all appearances (use cases) and viewing angles (views) is considered.

HOG Computation of Dynamic Gait Feature

The Dynamic Gait Features extracted through sub-pixel motion estimation of consecu-
tive gait images are further analyzed to extract a significant flow of gait features across the
complete gait cycle. Dynamic gait features are drawn in the form of motion vectors. The
length of motion vectors indicates the magnitude of optical computed in that region. Thus,
the histogram of gradient (HOG) provides the localized summary of dynamic gait features.
Computation of HOG features involves gradient computation and orientation of gradient
computation. For gradient computation, gradient operator filters of size 11 x 11 are utilized.
The choice of gradient operator is based on metaheuristics and visualization of the result
obtained from adapting different cell sizes during data analysis. Gradient computation is
followed by orientation computation (0-180°) based on majority voting. The HOG features
of DGF-based images are computed to retain the two-dimensional motion vectors with
significant directional displacement. For this purpose, bin size 9 with cell size [10 x 10] is
utilized to optimize gait dynamics in terms of HOG features.
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The computation of HOG features is explained in Equations (4)-(6). Equation (4)
describes the magnitude of the gradient. Equations (5) and (6) summarize orientation
computation. The cell size for gradient computation was set as 11 x 11.

G =/ Gx% + Gy? 4)

tanf = Gy/Gx (5)
0 = tan" ' (Gy/Gx) (6)

The output of the HOG application on DGF is a sequence of consecutive gait images
that spatially represents gait dynamics and that is still high-dimensional, needing to be
composed into a time-varying signal as a gait signature. For this purpose, we adapt the
power spectral density estimation on HOG of DGF. Figure 4 represents the visual HOG
descriptors of DGEF. Figure 5 depicts the intensity value-based HOG descriptor of DGF,
where the number of motion vectors of the DGF motion vector along the y-axis under each
bin is mentioned along the x-axis.

Figure 4. Visual Representation of HOG Descriptor Commuted for DGF.

............
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Figure 5. Intensity value-based Representation of HOG descriptor.

Power Spectral Density Analysis of Gait Features

Power spectral density (PSD) estimation transforms time-varying spatial features into
frequency features. The PSD estimation transforms time-varying spatial data into frequency
spectra. As HOG of DGF is computed for consecutive gait images, the PSD is computed
for the entire sequence of gait images representing the gait cycle. Power spectral density
estimation of stationary single-image gait data is adapted with the help of Fast Fourier
Transform (FFT). Transforming spatial gait features into the frequency domain has two-fold
benefits: it helps to identify frequency spectra (band) for a significant spatial feature, and it
performs feature dimensionality reduction. Figure 6 depicts the spectral features obtained
by adapting FFT to the response of the HOG operator, where the PSD gait features in
frequency are plotted along the y-axis and in normalized frequency along the x-axis.
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Figure 6. Power Spectral Feature Computation for STPS Gait Features.

Adapting PSD estimation transforms the spatial DGF into frequency-based gait fea-
tures. These frequency-based gait features are further processed for dimensionality reduc-
tion and principal component analysis. The transformation of gait features from the input
image to DGF, HOG, and PSD-based gait features follows.

The dimension of gait data from input to the STPS gait signatures is mentioned
below. Here the input gait image and the DGF image are the matrices representing the
statistical values and the response of sub-pixel motion estimation on the input image. The
HOG features and their gait signature represent the corresponding feature vector and the
compilation of features matrices for the complete gait cycle, respectively. Similarly, PSD
features and their signature represent the PSD feature vector and the compilation of feature
matrices for the complete gait cycle. The STPS gait signature represents the feature matrices
fed to the SVM classification model.

1. INPUT IMAGE
I=[1200 x 451 x 3]

2. DGFIMAGE
DGFI = [656 x 875 x 1]

3. HOG FEATURES
Hog = [1 x 71,928]

4. HOG FEATURES (GAIT SIGNATURE)
HOG = [1 x 359,640]

5. PSD FEATURES
PSD = [81,938 x 1]

6. PSD FEATURES FOR GAIT SIGNATURE
PSD = [65,537 x 1]

7.  STPS FEATURES FOR GAIT SIGNATURE
STPS = [65,537 x 5]

Principal Component Analysis

The principal component analysis of PSD gait features is performed to preserve Eigen
features and dimensionality reduction. Principal component analysis-based feature ex-
traction is applied on GEI for feature extraction [56,96-99] and Eigen value-based SVD
factorization [59,100]. We transform the PSD gait feature matrix into the principal compo-
nent matrix, and we apply the SVM classification model for gait recognition. The HOG
computation signifies the dominant areas of DGF (areas of dense motion) power spectral
analysis. The visual analysis of frequency analysis in Figures 5 and 6 indicates that the
spread of meaningful STPS gait features is transformable in lower-dimensional feature
space. Thus, the PCA of STPS features helps to extract the Eigen matrix of STPS features.

The PCA of STPS gait features indicated that 96.6% variance lies in 75% of the features.
Thus, we have utilized 75% of the STPS frequency-based gait features for SVM-based
classification aiming at gait recognition.

3.2.4. Gait Recognition with Support Vector Machine

A quadratic SVM based upon cross-correlation is used for the classification. SVM
performs classification by defining relative decision boundaries between two classes. The
hyperplanes of quadratic SVM kernels work similarly to the hyperparameters of deep
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neural network. Similar techniques are used by [101-104] for gait recognition using deep
learning approaches. The quadratic kernel-based SVM is adapted for multiclass classifi-
cation as described in Equation (8). In this equation, W represents the weight vector, X
represents input data points, and b represents bias. Equations (9) and (10) define deci-
sion boundaries concerning each class in binary classification through SVM. Equation (11)
shows the quadratic SVM. The quadratic SVM kernel for a one-to-one classification schema
is adapted for CCS-based gait recognition. The dimensionality of the initial input im-
age is 1200 x 451 x 3. After preprocessing and DGF extraction, the resultant image is

656 x 875 x 1. Assuming the total number of images in one gait cycle is “n”, the number of
DGF images is “n—1". The number of use cases (appearances) and the number of subjects

is denoted as “k” and “’s”, respectively.
WX +b=0 )
WX +b >0 fordy =1 (8)
W!X +b <0 fordy =—1 )

In the case of a quadratic SVM, the equation becomes
n
W = 2 a;S; (10)
i=1

where a = classes and s = features, W’s weight factor is called polynomial depending on the
number of ‘s’. In the case of a quadratic SVM, it is 2.

4. Results and Discussion

The proposed STPS features and SVM classifier-based gait recognition is performed on
SACYV gait data collected under three views and four appearance use cases. The accuracy
achieved in the training phase with the 70/30 validation schema is summarized in Figure 7.
The accuracy of the prosed gait recognition technique in the testing phase is summarized
in Table 1.

4.1. Results

“STPS features and SVM classification model-based gait recognition” is evaluated
on a locally collected gait dataset that captures significant shape variance caused by ap-
pearance variance. The proposed research results under each use case and viewing angle
are discussed in the next section. The experimental results of “STPS features and SVM
classification model-based gait recognition” are evaluated on all four use cases of the SACV
gait dataset captured under view 1 (45°), view 2 (90°), and view 3 (135°) viewing angles.
The accuracy achieved in four use cases under each view is mentioned in Table 1. Figure 7
depicts the confusion matrix of the training phase in use cases 1-4 and views 1-3.

4.2. Discussion

We evaluate STPS gait feature-based gait recognition in the combination of all three
views and use cases mentioned in Table 2.The result of STPS-based gait recognition in
different combinations of views and use cases are further expressed as three sets of compar-
ative analyses. The first set includes use cases 1, 2, and 3 under view 1 (45°). The second
set comprises use cases 1, 2, and 3 under view 2 (90°). The third set includes use cases 1, 2,
and 3 under view 3 (135°). The evaluation of STPS gait features for gait recognition in three
views with all three appearance use cases indicates that STPS gait features are robust to
view appearances and to outperform the gait silhouette [68,77,105-108]. Figure 8 depicts
the comparative analysis of spatio temporal power spectral gait features and supports
vector machine-based gait recognition with existing work under all three views and use
cases. The accuracy achieved by STPS gait recognition under different views and use
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cases is significant compared to existing work. The accuracy of the gait silhouette and
DCNN-based gait recognition [108] also decline in use cases 2 and 3 of views 1-3.

View 2
'§§iH!ﬁ%iﬁiiifi%il!uii!i%ﬁ%ﬁ;hm!
g 5 8 i
Use Case 1 2 E 2
. ] Il}}i}im
Use Case 2 - z £ H[ HH i ﬂﬂ l}lﬂ
e ;; ' ii"iﬁﬁﬁiﬁ i
. Ilﬁiﬁifﬁilﬁfn@l%ﬂﬁﬁf | .
& n 3 g
Use Case 3 H : H
Il
l H lmh d‘ﬂlﬂimﬂiﬂu lmﬂ! !IH! lﬂ il !Hu!}}l
[ 8 3 i ‘gillllll L
Use Case 4 : 3 ﬁﬁiliﬂiiiiﬂﬂﬁilﬂH!il!inufmmilﬁgﬁi o
ll!lilllil!lillllllllﬂﬂ!l 31!!! !lﬁi!lﬁm!&.iflililil,
Figure 7. STPS Gait Recognition Results for Use Cases 1, 2, 3, and 4 and Views 1, 2, and 3.
Table 2. Comparison of the Presented Work with Existing Work under All Three Views and
Use Cases.
Accuracy %
Research Work View 1 View 2 View 3
and Methodology
Use Use Use Use Use Use Use Use Use
Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
GS + Gaitset [77] 96.9% 88.8% 77.3% 91.7% 81% 70.1% 97.8% 90% 73.5%
Pose + LSTM [68] 96.7% 76.6% 61.29% 97.6% 70.2% 56.5% 94.35% 69.35% 54.84%
GS J'[SS“]CO“" 97.9% 95.5% 87.1% 95.4% 89.3% 79% 98.9% 96.5% 87%
3DCNN [108] 99.3% 97.5% 89.2% 96% 91.7% 80.5% 99.1% 96.5% 84.3%
CSTL [106] 98.4% 96% 87.2 % 95.2% 90.5% 81.5% 98.9% 96.8% 88.4%
MSGG [107] 99.3% 97.6% 93.8% 97.5% 91.6% 89.4% 99.1% 96.6% 93.8%
STPS (Our) 98.7% 98% 99.4% 99.87% 99% 97.15% 99.5% 99.27% 99%

This pattern is evident from Table 2 that existing techniques achieve good accuracy
for use case 1 under view 1-3, but this accuracy declines in use case 2 and use case 3.
At the same time, the STPS gait feature with the SVM classification model has consis-
tent accuracy across all three views and use cases. The evaluation of STPS gait features
for gait recognition in three views with all three appearance use cases indicates that
STPS gait features are robust to view appearance and to outperform gait silhouette-based
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techniques [68,77,105-108]. Gait recognition based on STPS features has achieved consistent
accuracy in use case 4 and views 1-3, as mentioned in Table 1.

View 1
120.00%
100.00%
80.00%
60.00%
40.00%
20.00%
0.00%

GS+Glconv Pose gait ~ 3Dlocal CSTL Gaitset MSGG  STPS Gait
mUsecase 1 mUsecasse2 m Usecase3

View 2
120.00%
100.00%
80.00%
60.00%
40.00%
20.00%
0.00%

GS + Pose gait  3Dlocal CSTL Gaitset MSGG  STPS Gait
Glconv (Ours)
MUsecase 1l MUsecasse2 M Usecase3

View 3
120.00%
100.00%
80.00%
60.00%
40.00%
20.00%
0.00%

GS+ Pose gait 3Dlocal CSTL Gaitset MSGG STPS Gait
GLconv (Ours)

WUsecase 1 MUsecasse2 M Usecase3

Figure 8. Comparison of STPS with Existing Work for Views 1-3 and Use Cases 1-3.

The set of three gait silhouette images is utilized as gait features for LSTM CNN-based
gait recognition [82]. The adaptability of gait silhouette as a set outperforms GEI-based gait
recognition in rank one accuracy.

Adapting STPS gait features with SVM yields a good accuracy on all three use cases
and views. These results encourage us to analyze their adaptability with classical neural
network-based gait recognition. For this purpose, we consider STPS gait features use case 1
at 90°. In existing work, most CNN-based gait recognition is mainly addressed with deep
CNN and spatial features. The adaptability of STPS features and neural network-based gait
recognition is analyzed with different hidden layers, neurons, iterations, and activation
functions. We achieved 98.4% accuracy with 10 neurons, 100 iterations, and a time cost of
3.65 s with a computation rate of 82,000 observations per second.
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5. Conclusions

The proposed work addresses the challenges of vision-based gait recognition, includ-
ing appearance variance and view variance. The existing state of the artwork utilizes spatial
features, including GEI and gait silhouette. These spatial features are highly affected by
the significant spatial variance caused by varying clothing and carrying items. Clothing
combination and carrying items introduce different challenges, such as reduced visibility
of the lower limbs, change in the subject’s body shape, and dynamic noise caused by the
back-and-forth motion of carrying bags.

We address the problem of significant spatial variance across clothing and carrying
items by introducing sub-pixel motion estimation-based gait features named Dynamic
Gait Features. In this paper, we extend the Dynamic Gait Feature-based feature extraction
to STPS gait features that retain the spatiotemporal pattern of gait features and exhibit
robustness toward appearance variance across different viewing angles. In the future, we
will adapt the STPS gait features for neural network-based gait recognition and their fusion
with spatial features.
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