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Abstract: Human body measurement data related to walking can characterize functional move-
ment and thereby become an important tool for health assessment. Single-camera-captured two-
dimensional (2D) image sequences of marker-less walking individuals might be a simple approach
for estimating human body measurement data which could be used in walking speed-related health
assessment. Conventional body measurement data of 2D images are dependent on body-worn
garments (used as segmental markers) and are susceptible to changes in the distance between the
participant and camera in indoor and outdoor settings. In this study, we propose five ratio-based
body measurement data that can be extracted from 2D images and can be used to classify three
walking speeds (i.e., slow, normal, and fast) using a deep learning-based bidirectional long short-term
memory classification model. The results showed that average classification accuracies of 88.08%
and 79.18% could be achieved in indoor and outdoor environments, respectively. Additionally, the
proposed ratio-based body measurement data are independent of body-worn garments and not
susceptible to changes in the distance between the walking individual and camera. As a simple but
efficient technique, the proposed walking speed classification has great potential to be employed in
clinics and aged care homes.

Keywords: 2D image; marker-less video; walking speed pattern; walking speed classification; quasi-
periodic pattern; LSTM; deep learning; rehabilitation; human mobility; gait impairment

1. Introduction

Walking ability is an important consideration during routine therapy treatment and
rehabilitation following surgery and is crucial for human mobility, which enables predic-
tions of quality of life, mortality, and morbidity [1,2]. Walking speed is a simple, rapid, and
easily obtained assessment tool [3], but significantly affects all gait parameters, such as
cadence, stride length, stance, and swing durations [4,5]. For a long time, walking speed
has been used as an independent screening indicator of demographic characteristics (e.g.,
age and sex), functional activities (e.g., kinematic and kinetic patterns and spatiotempo-
ral parameters), and various physical outcomes (e.g., activity-related fear of falling) in
normal controlled individuals (e.g., healthy) and patients (e.g., Parkinson’s disease and
osteoarthritis) [6–10]. Additionally, the functional movement performance of individuals
with neuromuscular conditions, such as post-stroke and cerebral palsy, can be assessed
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based on their walking speed, which might have an impact on gait [9,10]. The gait speed
of an individual with a physical impairment might be affected by changes in walking
conditions, which do not appear to affect the gait speed of healthy individuals. For exam-
ple, at similar walking speeds, patients with diseases such as Alzheimer’s disease exhibit
a slower walking gait speed than healthy controls, and this difference might be a good
indicator for classifying patients and healthy controls [11]. Furthermore, a slow walking
speed in elderly individuals (>60 years) predicts increased morbidity and mortality [12].
Walking speed provides a significant contribution to health assessment, including changes
in spatiotemporal, kinematic, and kinetic parameters during the gait cycle [13]. Therefore,
the efficient classification of walking speed could play a vital role in the scrutinization of
normal and abnormal gait measurements, particularly in gait-based assessments during a
rehabilitation process, and might thus help improve clinical care and our understanding of
gait balance.

Spatiotemporal gait data (e.g., walking speed, swing phase time, and double stance
time) are the second most often used parameters, among two other parameters, namely,
kinematic and kinetic walking gait parameters [14]. Spatiotemporal gait data are multidi-
mensional time-domain sequences representing the evolution of body posture during a gait
cycle [15]. Additionally, human gait is a form of cyclic motion regardless of the walking
speed, and as a consequence, the time-domain sequences estimated from this motion con-
tain periodic and/or quasi-periodic patterns [16]. Collected sequential spatiotemporal gait
data are used in gait assessments where the periodic and/or quasi-periodic patterns are
classified as normal (typical) or anomalous (atypical) gait in different neuromuscular condi-
tions [10,17]. Typically, sequential spatiotemporal gait data from a walking individual are
collected by optoelectronic motion capture systems using reflective marker-based (attached
to the individual’s body) and/or marker-less approaches [18]. These approaches for gait
recognition mostly rely on two-dimensional (2D) and three-dimensional (3D) gait analysis
methods. Both the marker-less or marker-based approaches can be applied independently
or in combination and can be widely used for gait measurement using 2D and 3D video
systems, but marker-less technologies have more potential than marker-based approaches
due to their advantages regarding cost, time, and need for highly skilled operators. In
addition, although 3D, marker-based and/or marker-less techniques are well known for
the analysis of walking gait [19,20], 3D approaches have many drawbacks, such as the
need for multiple cameras with high image resolution, which usually then results in a
longer computational time, specific repeated calibration procedures, a complex process
for time synchronization between cameras, and the need for a large space to record gait
data [21]. Therefore, a 2D technique with a less complicated camera setup (such as a single
camera) is an alternative approach for the efficient assessment of walking gait. Notably,
any sequential spatiotemporal gait data can also be estimated from a single-camera-based
marker-less 2D video system employing lateral-view video of a walking individual because
continuous 2D image sequences from the video can show the continuous body postures
of human gait [21,22]. This 2D approach is currently gaining popularity as an alternative
to the marker-based optoelectronic system due to its simplicity, rapidity, and ability to
potentially provide more significant assessments of human movement in research and
clinical practice [23–26].

Several research studies have investigated walking gait (particularly speed-related
parameters) using a 2D setup. For example, Castelli et al. estimated three types of walking
speed (i.e., slow, comfortable, and fast) using body measurement data from walking
individuals, such as the unilateral joint kinematics of the individual’s hip, knee, ankle,
and pelvic tilt [21]. However, their extracted body measurement data highly depended
on the garments worn by the walking individuals (i.e., socks and undergarments), which
were used as segmental markers for tracking foot and pelvis parameters in the image [21].
A study conducted by Verlekar et al. estimated walking speed using the lower-body
width of the walking individuals [22], but a walking individual’s body measurement data,
such as height, mid-body width, lower-body width, and body area, in an image show
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inconsistent variations depending on the distance between the individual and the camera
in different environments (e.g., indoor and outdoor settings) [27]. Thus, the results show
that body measurement data that depend on the distance between the walking individual
and camera might produce varying walking speed patterns for the same individual due to
the camera configuration [22]. One possible solution for this limitation could be to scale
or resize the image sequences of the video to normalize the walking individual’s body
measurements in each image, but this process might cause visual distortion and degrade
the image quality due to squeezing or stretching [28]. Another possible solution for this
limitation could be to use the walking individual-to-camera distance independent body
measurement data, which would produce stable walking speed patterns [27]. A study by
Zeng and Wang proposed ratio-based data (such as body height–width ratio data), which
are stable regardless of the distance between the walking individual and the camera [27].
In addition to body height–width ratio data, the study [27] also utilized inconsistent body
measurements, such as the mid-body width, lower-body width, and body area data, to
establish the walking speed pattern used for walking speed classification. The above-
described studies indicate a further need for establishing ratio-based body measurement
data that (a) can be extracted from 2D image sequences without the use of any marker,
(b) are consistent regardless of the distance between the participant and camera in both
indoor and outdoor environments, and (c) exhibit consistent periodic (or quasi-periodic)
walking patterns suitable for walking speed classification. However, to our knowledge,
this walking gait-related classification task has not been directly investigated using any
computational intelligence methods.

Artificial intelligence (AI) techniques such as machine learning and deep artificial
neural network methods successfully applied and provided new predictive models for
complex gait analysis [29,30]. Therefore, a good classification method is needed for the
classification of any gait-related task (e.g., walking speed patterns) with reliable and good
accuracy [15]. Among the published studies on walking speed estimated from lateral-view
2D images of marker-less walking individuals [21,22,27], only that conducted by Zeng
et al. directly investigated an individual’s walking speed classification; these researchers
employed the radial basis function (RBF) neural network to solve the classification task [27].
More recently, Khokhlova et al. reported a strongly predictive performance model with a
large capacity to learn, the ability to capture long-term temporal dependencies, and the
capacity to use variable-length observations that was developed based on the recurrent
neural network (RNN)-based deep learning (DL) method long short-term memory (LSTM)
for sequential data classification [15]. Additionally, some other image-related classification
tasks, such as handwriting recognition [31], speech recognition [32], and text classifica-
tion [33], have been performed using LSTM and its successor methods (e.g., bidirectional
LSTM (biLSTM) and convolution neural network LSTM (CNN-LSTM)). In support of this,
LSTM approaches are also currently gaining popularity for clinical gait classification tasks,
such as pathological [15] and impairment gait classification [34], due to their promising
applicability in labeling sequential gait data. Furthermore, previous research studies have
shown that biLSTM exhibits better classification accuracy than LSTM [35]. In general, both
the biLSTM and LSTM DL methods need large datasets for training and validation pur-
poses to obtain good accuracy and to avoid data overfitting and poor generalization [36,37].
However, there is lack of availability of sources (i.e., databases) providing a large clinical
gait dataset, particularly of lateral-view 2D images of marker-less individuals walking
over different ranges of controlled walking speed trials [38,39]. More specifically, there is
a limited number of datasets consisting of a small number of subjects with lateral-view
image sequences, few variations among controlled walking speed trials, and data collected
in limited environments (e.g., either indoor or outdoor settings) that exhibit restricted
licensing for public use [21,40]. To overcome this complexity, our study used large gait-
related datasets from two publicly available state-of-the-art databases, namely, the Osaka
University—Institute of Scientific and Industrial research (OU-ISIR) dataset A [41], and the
Institute of Automation at the Chinese Academy of Sciences (CASIA) dataset C [42]. These
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publicly available image datasets from these two databases were recorded in large popula-
tions using lateral-view videos of walking individuals obtained using a single 2D camera
(marker-less) and exhibit substantially varied controlled walking speed trials. The gait
data from OU-ISIR dataset A and CASIA dataset C were obtained in indoor (treadmill) and
outdoor (overground) settings, respectively. A number of previous studies have used these
two datasets for vision-based gait recognition and obtained a reliable performance [43–45].
One prominent study by Verlekar et al. [46] suggested that images from both datasets could
be a possible solution for studies on walking speed pattern recognition that need a large
population dataset of lateral-view 2D images of marker-less walking individuals. However,
to our knowledge, walking speed patterns have not been previously classified using these
datasets and state-of-the-art computational intelligence techniques, such as the biLSTM DL
algorithm, to obtain the most reliable and highest accuracy.

The aim of this study was to investigate potential ratio-based body measurement data
that (a) can be extracted from lateral-view 2D image sequences without any marker, (b) are
consistent with respect to the distance between the participant and camera in both indoor
and outdoor settings, and (c) exhibit consistent quasi-periodic walking patterns that are
suitable for walking speed classification. Additionally, this study aimed to investigate
whether the walking speed patterns obtained from ratio-based body measurement data
could be utilized to classify walking patterns in terms of speed using the DL model and
thereby obtain reliable accuracy. To achieve these aims, this study proposed five ratio-based
body measures: (i) the ratio of the full-body height to full-body width, (ii) the ratio of the
full-body height to the mid-body width, (iii) the ratio of the full-body height to the lower-
body width, (iv) the ratio of the apparent to the full-body area, and (v) the ratio of the area
between two legs to the full-body area. This study hypothesized that these proposed five
ratio-based body measurements exhibit the above-detailed qualities. Additionally, these
five ratio-based body measurement data could be used to classify an individual’s walking
speed pattern based on three speeds—slow, normal, and fast—by adopting the biLSTM
model with a mean classification accuracy greater than 80% in indoor settings (using a
treadmill, i.e., OU-ISIR dataset A) and greater than 75% in outdoor settings (overground,
i.e., CASIA dataset C).

2. Methods
2.1. Participants and Datasets

In this study, 2D marker-less motion image sequences in the lateral view from 187 par-
ticipants were considered to classify the walking speed patterns at three speeds: slow,
normal, and fast. These image sequences were obtained from OU-ISIR dataset A [41]
(obtained using an indoor treadmill) and CASIA dataset C [42] (obtained in outdoor over-
ground settings) and separated to obtain our own datasets based on the walking speed
patterns, namely, Dataset 1 (indoor trials) and Dataset 2 (outdoor trials), respectively, for
training and testing purposes [41,42]. Three walking speeds were categorized: slow (2 to
3 km/h), normal (4 to 5 km/h), and fast (6 to 7 km/h) [42,47,48]. With both datasets, a
walking speed pattern was established using five quasi-periodic signals calculated from the
minimum number of image sequences (i.e., frames) available for the three above-described
speeds. First, OU-ISIR dataset A consists of image sequences with a walking speed between
2 and 7 km/h for 34 participants, and these data were separated into slow, normal, and
fast. Twelve image sequences were available for each participant, and in total, these were
408 image sequences with varying length and a minimum sequence length of 240 frames.
As a result, Dataset 1 contains 136 walking speed patterns calculated consistently from
240 frames for each of the three speeds. In contrast, CASIA dataset C contains two, four,
and two image sequences for slow, normal, and fast walking, respectively, and these were
captured from 153 participants. Overall, the dataset contains 1224 image sequences of
varying length, and the shortest sequence length is 35 frames. As a result, Dataset 2 contains
306, 612, and 306 walking speed patterns calculated from 35 frames of each of the slow,
normal, and fast walking speeds, respectively.
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2.2. Data Extraction and Gait Speed Pattern Creation

The five ratio-based body measurements estimated from image sequences were the
following: (i) ratio of the full-body height to the full-body width (HW1), (ii) ratio of the
full-body height to the mid-body width (HW2), (iii) ratio of the full-body height to the
lower-body width (HW3), (iv) ratio of the apparent to the full-body area (A1), and (v) ratio
of the area between two legs to the full-body area (A2). Notably, we directly used the
original lateral-view silhouette image sequences provided in OU-ISIR dataset A and CASIA
dataset C.

Figure 1 shows a graphical representation of the extraction of the five ratio-based body
measurements obtained from an image sequence. To estimate the three height-to-width (i.e.,
HW1, HW2, and HW3) ratio-based body measurements, a rectangular boundary box was
created around the whole body in each image using the regionprops function in MATLAB
2020a (MATLAB™, Natick, MA, USA). The height and width of the boundary box, which
represent the full-body height and full-body width of the participant, respectively, were
calculated from the properties of the function. We divided the full boundary box region
into three equal parts and then placed a new rectangular boundary box around the object
in the middle part to calculate the mid-body width and another rectangular boundary box
around the object in the lower part to calculate the lower-body width. We then calculated
the three height-to-width ratio-based body measurements using Equations (1)–(3).

HW1 =
Full-body height
Full-body width

(1)

HW2 =
Full-body height
Mid-body width

(2)

HW3 =
Full-body height

Lower-body width
(3)
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Figure 1. Graphical representation showing the extraction of the five ratio-based body measurements from an image
sequence. Here, HW1—ratio of the full-body height to the full-body width; HW2—ratio of the full-body height to the
mid-body width; HW3—ratio of the full-body height to the lower-body width; A1—ratio of the apparent to the full-body
area; A2—ratio between area between legs and full-body area.
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To estimate the two area ratio-based body measurements, we calculated the partic-
ipant’s apparent-body area in the image by counting the numbers of white pixels in the
image. We also calculated the participant’s full-body area in the image by multiplying the
full-body height and the full-body width. We divided the full boundary box region into
two equal parts (upper and lower): the upper part extends from the head to the hip, and
lower part extends from the hip to the leg. We removed any noise from the lower part of
the image by deleting the smallest unconnected object to avoid even the smallest trace of a
swinging hand. After connecting the toe points by inserting a line in the noise-free lower
part of the image, the region between the two legs was filled using the imfill function in
MATLAB 2020a (MATLAB™, Natick, MA, USA) and extracted by subtracting the noise-free
lower part of the image from the image in which the region between the legs was filled.
The area between the two legs was calculated by counting the number of white pixels in
the extracted region between the two legs. We then calculated the two area-based body
measurements using Equations (4) and (5).

A1 =
Apparent-body area

Full-body area
(4)

A2 =
Area between two legs

Full-body area
(5)

The variation in each of the five ratio-based body measurements over time produces
quasi-periodic signals. All the quasi-periodic signals were normalized to 0 and 1 to
eliminate the difference in the data obtained at the three speeds [27]. Figure 2 shows the five
quasi-periodic signals calculated from image sequences in OU-ISIR dataset A (Figure 2a)
and CASIA dataset C (Figure 2b) for a representative individual walking at three different
speeds. After all quasi-periodic signals were obtained, the walking speed patterns were
established to create Dataset 1 (indoor trials) and Dataset 2 (outdoor trials). To analyze
the oscillatory behavior of the quasi-periodic signals produced by the five ratio-based
body measurements (i.e., HW1, HW2, HW3, A1, and A2), we calculated the amplitude
and frequency of the signals from a minimum sequence length of 240 and 35 frames of
each signal in Dataset 1 and Dataset 2, respectively. The occurrence of local maxima in
the quasi-periodic signals was calculated using the findpeaks function in MATLAB 2020a
(MATLAB™, Natick, MA, USA) to estimate the frequency. Additionally, to compare the
overall variation in the body measurements (such as full-body height, full-body width,
mid-body width, lower-body width, apparent-body area, full-body area, and area between
two legs) over consecutive frames at three speeds, we calculated the standard deviation
(SD) from the mean over all image sequences.
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Figure 2. Quasi-periodic signals produced by the five ratio-based body measurements estimated from image sequences
from one individual walking at three different speeds included in (a) OU-ISIR dataset A and (b) CASIA dataset C. Here,
HW1—ratio of the full-body height to the full-body width; HW2—ratio of the full-body height to the mid-body width;
HW3—ratio of the full-body height to the lower-body width; A1—ratio of the apparent to the full-body area; A2—ratio
between area between legs and full-body area.

2.3. Model Training and Cross-Validation

A biLSTM-based DL architecture was created based on the following five layers: an
input layer of size five, a biLSTM layer with 100 hidden units, a fully connected layer with
three outputs specifying the three classes, a softmax layer with an output between 0 and
1, and a classification layer with cross-entropy function for multi-class classification with
three mutually exclusive classes [49–51]. The other properties of these layers were selected
according to the default values in MATLAB 2020a (MATLAB™, Natick, MA, USA). The
specified options for the training process are reported in Table 1. Previous research has
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shown that this simple setup is sufficient for obtaining non-overfitting and high-accuracy
solutions to similar classification problems [52,53].

Table 1. Options for the training process used for cross-validation.

Options Settings

Weight optimization method Adaptive moment estimation optimizer
The initial learning rate 0.001

Decay rate of squared gradient moving average 0.99
Gradient threshold method ‘global-12norm’

Gradient threshold 0.9
Maximum epochs 200

Size of the mini-batch for each training iteration 27
Data shuffling ‘never’

Validation frequency 22

To ensure that the classification approach was robust and that the data were not
overfitted, the performance of the developed DL-based model was evaluated using two
cross-validation methods: Method 1, which consisted of k-fold cross validation with train-
ing, validation, and testing subsamples, and Method 2, which consisted of repeated random
sub-sampling cross-validation with training, validation, and testing subsamples [54]. In
this study, both Dataset 1 and Dataset 2 can be considered multiclass datasets as they consist
of three types of walking speed patterns. For Dataset 1, we applied 17-fold cross-validation
with a total of 272 combinations of training, validation, and testing subsamples (Method 1)
and repeated random sub-sampling cross-validation with 272 randomly selected training,
validation, and testing subsamples (Method 2). For each fold or subsample in Methods 1
and 2, the training, testing, and validation data consisted of 88.24% (360 walking speed
patterns), 5.88% (24 walking speed patterns), and 5.88% (24 walking speed patterns) of the
walking speed patterns, respectively. For Dataset 2, we applied 18-fold cross-validation
with a total of 306 combinations of training, validation, and testing subsamples (Method 1)
and repeated random sub-sampling cross-validation with 306 randomly selected training,
validation, and testing subsamples (Method 2). For each fold or subsample used in Meth-
ods 1 and 2, the training, testing, and validation data consisted of 88.9% (1088 walking
speed patterns), 5.55% (68 walking speed patterns), and 5.55% (68 walking speed patterns)
of the walking speed patterns, respectively. MATLAB 2020a (MATLAB™, Natick, MA,
USA) software with an Intel(R) Core (TM) i5-2400CPU, 3.10 GHz computer was used for
model training, validation, and testing the dataset. A complete workflow of the study is
shown in Figure 3.
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2.4. Statistical Analysis

To determine the differences in performance between the two cross-validation meth-
ods, SPSS statistical software (Version 25; IBM Corp., Armonk, NY, USA) was used to
obtain basic descriptive statistics, such as the means (± standard deviations (SDs)), and to
perform one-way repeated-measures analysis of variance (ANOVA) on all the classification
accuracy results. The normalization of the data was assessed using the Shapiro–Wilk test
(p > 0.05) prior to ANOVA, and Bonferroni adjustment was used for the post hoc analysis.

3. Results

The mean (± SD) amplitudes (in percentages %) and frequencies (number of maximum
peaks per sequence) of the quasi-periodic signals produced by the five ratio-based body
measurements at the three walking speeds are presented in Tables 2 and 3, respectively.
The results showed that a mean (± SD) amplitude between 51.66 (±7.33) and 80.50 (±0.99)
was obtained using the three height-to-width ratio-based body measurements (HW1, HW2,
and HW3) calculated from both datasets (Table 2). However, the area ratio-based body
measurements (i.e., A1 and A2) yielded a mean (± SD) amplitude in the range of 9.53
(±2.16) to 58.71 (±0.74). The mean (± SD) frequency of the quasi-periodic signals from the
five ratio-based body measurements showed trends similar to that found for the amplitude
for both datasets (Table 3). In addition, the maximum and minimum frequencies obtained
for the height-to-width ratio-based body measurements were 8.18 (±0.65) and 2.64 (±0.45),
respectively, and those found for the area ratio-based body measurements were 8.10 (±0.65)
and 2.47 (±0.58), respectively.

Table 2. Average amplitude (in terms of percentages, %) of the quasi-periodic signals obtained with
the five ratio-based body measurements.

Dataset Speed HW1 HW2 HW3 A1 A2

Dataset 1
Slow walk 69.07 (±0.99) 80.50 (±0.99) 61.10 (±1.08) 55.72 (±0.74) 19.53 (±2.20)

Normal walk 63.62 (±0.98) 71.78 (±0.86) 60.31 (±1.21) 58.71 (±0.74) 25.96 (±2.19)
Fast walk 57.09 (±2.00) 64.58 (±1.79) 56.67 (±2.08) 56.38 (±1.51) 22.57 (±2.38)

Dataset 2
Slow walk 60.43 (±4.77) 71.85 (±2.91) 54.86 (±4.81) 46.40 (±2.36) 11.11 (±2.01)

Normal walk 57.73 (±6.42) 66.58 (±4.67) 53.60 (±6.60) 10.77 (±0.75) 4.21 (±0.78)
Fast walk 55.15 (±7.17) 64.09 (±5.59) 51.66 (±7.33) 43.14 (±3.34) 9.53 (±2.16)

HW1—ratio of the full-body height to the full-body width; HW2—ratio of the full-body height to the mid-body
width; HW3—ratio of the full-body height to the lower-body width; A1—ratio of the apparent to the full-body
area; A2—ratio of area between legs and full-body area.

Table 3. Average frequency (in terms of the number of maximum peaks per sequence) of the quasi-
periodic signals obtained with the five ratio-based body measurements.

Dataset Speed HW1 HW2 HW3 A1 A2

Dataset 1
Slow walk 6.40 (±0.92) 6.15 (±0.78) 6.29 (±0.87) 7.03 (±1.00) 5.86 (±0.85)

Normal walk 6.86 (±0.72) 6.93 (±0.66) 6.88 (±0.73) 7.06 (±0.64) 7.21 (±0.68)
Fast walk 8.14 (±0.61) 7.60 (±1.02) 8.18 (±0.65) 8.10 (±0.65) 7.93 (±0.70)

Dataset 2
Slow walk 2.69 (±0.41) 2.76 (±0.42) 2.74 (±0.39) 3.31 (±0.45) 2.47 (±0.58)

Normal walk 2.64 (±0.42) 2.64 (±0.45) 2.68 (±0.46) 2.97 (±0.45) 2.62 (±0.50)
Fast walk 2.66 (±0.38) 2.76 (±0.36) 2.66 (±0.36) 2.88 (±0.42) 2.68 (±0.53)

HW1—ratio of the full-body height to the full-body width; HW2—ratio of the full-body height to the mid-body
width; HW3—ratio of the full-body height to the lower-body width; A1—ratio of the apparent to the full-body
area; A2—ratio of area between legs and full-body area.

The overall variation in the body measurements (such as the full-body height, full-
body width, mid-body width, lower-body width, apparent body area, full-body area, and
area between the legs) over consecutive frames at the three speeds was calculated using the
standard deviation (SD) from the mean over all image sequences and is presented (in terms
of percentages, %) in Table 4. Minor variation was found in the participants’ body height
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with both datasets (Table 4): the minimum variation was ±0.50, and maximum variation
was ±2.52. In contrast, substantial variation was found in the widths (minimum variation
of ±9.65 and maximum variation of ±20.91) and areas (minimum variation of ±5.23 and
maximum variation of ±30.45) of the body over time with both datasets.

Table 4. Variation in the body measurements over consecutive frames at three walking speeds. This variation was calculated
using the standard deviation (SD) from the mean over all image sequences and is presented in terms of percentages (%).

Dataset Speed Full-Body
Height

Full-Body
Width

Mid-Body
Width

Lower-Body
Width

Apparent-
Body Area

Full-Body
Area

Area between
Legs

Dataset 1
Slow ±0.50 ±12.26 ±9.65 ±15.19 ±5.23 ±12.21 ±27.97

Normal ±0.70 ±16.13 ±13.47 ±17.87 ±6.44 ±16.02 ±30.45
Fast ±0.92 ±18.94 ±16.65 ±19.79 ±7.16 ±18.73 ±29.51

Dataset 2
Slow ±2.40 ±17.45 ±12.95 ±18.68 ±9.74 ±17.54 ±22.75

Normal ±2.20 ±19.00 ±15.12 ±19.90 ±10.26 ±18.86 ±24.12
Fast ±2.52 ±20.05 ±16.42 ±20.91 ±10.50 ±19.90 ±24.95

The mean (± SD) classification accuracy of the experimental model was found to equal
88.05 (±8.85)% and 88.08 (±8.77)% using Methods 1 and 2, respectively (Table 5), with
Dataset 1 (indoor trials), whereas mean (± SD) classification accuracies of 77.52 (±7.89)%
and 79.18 (±9.51)% were achieved using Methods 1 and 2, respectively, with Dataset
2 (outdoor trials). Further descriptive statistics of the classification accuracies obtained
with the training, validation, and testing data generated using the two cross-validation
methods with the two datasets are provided in Table 5. The ANOVA results showed
no significant differences (p > 0.05) in the overall classification accuracies obtained with
Dataset 1 between the two methods. Additionally, no significant differences (p > 0.05) in
the overall classification accuracies were found between the two methods with Dataset 2.
Average time (min) for model training was 17.43 and 17.85 min for Method 1 and Method 2,
respectively, using Dataset 1, while the time was 9.71 and 10.20 min for the two respective
models when using Dataset 2.

Table 5. Descriptive statistics of the classification accuracies obtained with the training, validation, and testing data and the
two cross-validation methods with the two datasets.

Descriptive Statistics
Dataset 1 (Indoor Trials) Dataset 2 (Outdoor Trials)

Method 1 Method 2 Method 1 Method 2

Number of cross-validation experiments performed 272 272 306 306
Mean (± SD) accuracy 88.05 (±8.85)% 88.08 (±8.77)% 77.52 (±7.89)% 79.18 (±9.51)%

25th percentile accuracy 83.33% 83.33% 75.00% 75.00%
50th percentile or median accuracy 89.58% 91.67% 75.00% 75.00%

75th percentile accuracy 95.83% 95.83% 76.47% 83.82%
Minimum accuracy 41.67% 37.50% 25.00% 25.00%
Maximum accuracy 100.00% 100.00% 100.00% 100.00%

Lower adjacent accuracy 66.67% 70.83% 73.53% 69.12%
Upper adjacent accuracy 100.00% 100.00% 77.94% 95.95%

Accuracy range 58.33% 62.50% 75.00% 75.00%
Interquartile accuracy range 12.50% 12.50% 1.47% 8.82%

Number of outliers 5 4 81 26
Average training time (min) 17.43 17.85 9.71 10.20

SD—standard deviation.

4. Discussion

The main goal of the study was to investigate ratio-based body measurement data
that can be extracted from marker-less 2D image sequences and are independent of the
distance between the camera and the walking participant. Additionally, this study assessed
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whether these ratio-based body measurement data could be reliably and accurately utilized
to classify an individual’s walking patterns in terms of speed in both indoor (treadmill
trial) and outdoor (overground trial) environments using the biLSTM DL model.

This study constitutes the first comprehensive analysis of walking gait speed patterns
using five ratio-based body measurements from 2D video images: three body measure-
ments were calculated based on the ratio of the body height to width (HW1, HW2, and
HW3), and the other two body measurements were based on ratios of body areas (i.e., A1
and A2). All five ratio-based body measurements showed a quasi-periodic nature over
time in image sequences captured in both indoor (treadmill trial) and outdoor (overground
trial) environments. The results proved that the overall amplitude of the quasi-periodic
signals obtained with the ratio-based body measurements decreased with an increase in the
walking speed, and this finding was obtained with both Dataset 1 and Dataset 2 (Table 2).
A reason for this result is that regardless of the walking speed, only a minor variation
was found in the participants’ body height, whereas significant variation was found in
the widths and areas of the body over time (Table 4) [27,55]. More specifically, the widths
and areas of body decreased to minimum values when the legs were together and both
hands were straight along the body during the early stance and mid-swing phases of the
gait cycle. Subsequently, these widths and areas reached maximum values when the legs
and hands were furthest apart in opposite directions during the late-stance and late-swing
phases of the gait cycle. The swinging of hands and legs in opposite directions increases the
widths and areas of the body as the walking speed is increased. As a result, the variation
in these widths and areas increased as the walking speed increased (Table 4). Therefore,
the average amplitude of the quasi-periodic signals obtained with the three height–width
ratio-based body measurements (HW1, HW2, and HW3) decreased as the walking speed
increased. However, a slightly different variation in the amplitude was obtained with the
area ratio-based body measurements (A1 and A2). The above explanations are supported
by the results from previous studies, which also showed that the amplitudes of the cadence,
step length, stride length, and stance duration are decreased at slower speeds and increased
at faster speeds [56,57]. Again, in contrast to the amplitude, the average frequency of the
quasi-periodic signals obtained with all five parameters increases proportionally with the
speed when Dataset 1 was used because the swinging of both the upper and lower limbs is
greater at faster walking speeds (Table 3). This explanation is supported by previous stud-
ies, which suggested that the hand swing frequency, step frequency, and stride frequency
increase with increases in the walking speed and that the hand swing gradually changes
from synchronous with the step frequency to locking into the stride frequency [58,59].
Note that the frequency of the ratio-based body measurements estimated using the image
sequences in Dataset 2 did not follow the same trend as those obtained with Dataset 1,
and this difference could be due to the smaller number of image sequences obtained in an
outdoor environment and thus a smaller number of data points [21,40]. Both the amplitude
and frequency of all ratio-based body measurements exhibited variation over the image
sequences, and therefore, the ratio-based body measurements could be used to classify
the walking patterns at different speeds. Our proposed five ratio-based measurements
are more appropriate for indoor environments when compared to outdoor environments.
However, the potential of the proposed measurements indicates further investigation for
use in outdoor environments.

The experimental DL-based model achieved mean classification accuracies of 88.05%
and 88.08% using cross-validation Methods 1 and 2 on Dataset 1, respectively (mean
accuracy, Table 5). Although the overall classification accuracies obtained using cross-
validation Methods 1 and 2 and on Dataset 1 ranged from 41.67% to 100% and from
37.50% to 100%, respectively, almost 50% of the trained models achieved classification
accuracies higher than 89%, as demonstrated by applying both cross-validation methods
with Dataset 1 (min–max accuracy and 50th percentile accuracy, Table 5). Only a few models
compared with the total number of trained and tested models achieved low classification
accuracies (number of outliers, Table 5). The model tested using Dataset 2 achieved mean
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classification accuracies of 77.52% and 79.18% using Methods 1 and 2, respectively (mean
accuracy, Table 5). Although the classification accuracies obtained using both methods
ranged from 25% to 100% with Dataset 2, almost 50% of the trained models achieved
a classification accuracy with Dataset 2 greater than 75% with both methods (min–max
accuracy and 50th percentile accuracy, Table 5). Some models achieved low classification
accuracies, but this amount is small compared with the total number of trained and tested
models (number of outliers, Table 5). The above findings are rational because Dataset 1 was
created using images acquired in a controlled indoor treadmill trial environment, whereas
Dataset 2 was established using images from an outdoor field trial with a more challenging
environment [60]. Additionally, the current study achieved an excellent classification result,
but the results are slightly different compared with those obtained in a previous study [27]
on walking speed classification due to the cross-validation methods used in both studies.
More specifically, the previous study [27] trained the model with a multiclass setting,
i.e., all three types of walking speed patterns, and tested the models using a single-class
setting, i.e., any one of the three walking speed patterns, whereas the current study used a
multiclass setting as well as multiple runs for the training, validation, and testing of the
model, which is beneficial for achieving accurate classification accuracy and building a
successful model [61,62].

The ratio-based body measurements used for walking speed classification in this study
were successfully estimated from lateral-view 2D image sequences of marker-less walking
individuals captured with a digital camera. The concept of estimating body measurements
from lateral-view 2D image sequences of marker-less walking individuals captured with a
digital camera is supported by previous studies [21,46]. However, the ratio-based body
measurements used in the current study are more robust than those used in previous studies
because they are independent of the use of a body-worn garment as a segmental marker and
of variations in the distance between the walking individual and the camera. To examine
whether the ratio-based body measurements are independent of variations in the distance
between the walking individual and camera, two datasets, namely, OU-ISIR dataset A and
CASIA dataset C, which include data from both indoor and outdoor environments and
different participant–camera distance settings, were used in this study. Additionally, the
extraction of the proposed ratio-based body measurements preserves the natural movement
of the participants during data collection in an outdoor environment [23]. The ability of
classifying the walking speed in an indoor environment with high classification accuracy
and in an outdoor environment with moderate classification accuracy will enable clinicians
to use this method for regular diagnosis in clinical settings and for gait monitoring in aged
care homes [63].

Although the proposed method has great potential for use in regular diagnosis in clini-
cal settings and gait monitoring, the method has only been tested with healthy participants.
A population with gait impairment could not be assessed in this study due to the scarcity of
substantially large datasets available in the current research community [38,39]. This issue
will be taken into consideration in the future by creating a large low-resolution image-based
dataset focusing on a range of walking speeds. Additionally, this study only classified
walking speeds using height-to-width ratio-based and area-based body measurements. In
the future, this study will be extended to estimate other spatiotemporal parameters, such
as the stride length, step length, joint angles, joint angle velocity, and acceleration, such that
we can obtain greater insights on the participants’ health and classify normal and abnormal
gait patterns. Although in this study we have used silhouette-based analysis [22,46], we
will extend the work to advanced feature extraction techniques, such as pose estimation
techniques [64–66], in the future so that the classification can be done with real-time video.
Furthermore, this study was conducted using the minimum sequence length for walking
speed patterns. As a consequence, the sequence length was short in the outdoor dataset. In
the future, this study will be extended to apply a maximum sequence length by bridging
time lags to increase the sequence length, so that a more appropriate analysis can be done in
outdoor settings. Finally, this study uses only the biLSTM method to conduct classification
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tasks. Other state-of-the-art classification algorithms will be applied in the future to obtain
solutions for optimum classification accuracy.

5. Conclusions

In summary, our proposed ratio-based body measurements were successfully ex-
tracted from marker-less 2D image sequences without the need for any body-worn gar-
ments and did not show any variations due to changes in the distance between the walking
individual and the camera. Additionally, our deep learning classification model showed
excellent mean classification accuracies (88.08% and 79.18%) using a large dataset of lateral-
view 2D images of marker-less walking individuals undergoing controlled walking trials
at different speed ranges in both indoor (treadmill trial) and outdoor (overground trial)
environments, respectively. The excellent results obtained in this study support the use of
simple ratio-based body measurement data that evolve with changes in the walking speeds,
produce periodic or quasi-periodic patterns, and, more importantly, can be estimated from
marker-less digital camera images in the sagittal plane to classify walking speeds using
the currently available deep learning method. As a simple but efficient technique, the
proposed walking speed classification method has great potential to be used in clinical
settings and aged care homes.

Author Contributions: Guarantor: T.S., M.F.R., and N.U.A. are responsible for the entirety of the
work and the final decision to submit the manuscript; study concept and design: all authors; data
acquisition, processing, and analysis: T.S., and M.F.R.; critical review and interpretation of data:
K.H.G., O.A., S.A. and M.A. (Mahdi Alqahtani); drafting of the manuscript: T.S., and M.F.R.; critical
revision of the manuscript: all authors; obtaining funding: O.A. and M.A. (Mohammed Almijalli) All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data generated and/or analyses for the current study are available
from the following publicly available databases: 1. Osaka University—Institute of Scientific and
Industrial research (OU-ISIR) Dataset A: (www.am.sanken.osaka-u.ac.jp/BiometricDB/GaitTM.html
(accessed on 4 May 2020)). 2. The Institute of Automation, Chinese Academy of Sciences (CASIA)
Dataset C: (www.cbsr.ia.ac.cn/english/Gait%20Databases.asp (accessed on 10 May 2020)).

Acknowledgments: The authors extend their appreciation to the Deputyship for Research and
Innovation, “Ministry of Education” in Saudi Arabia for funding this research work through project
no. IFKSURG-000.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Horst, F.; Lapuschkin, S.; Samek, W.; Müller, K.-R.; Schöllhorn, W.I. Explaining the Unique Nature of Individual Gait Patterns

with Deep Learning. Sci. Rep. 2019, 9, 1–13. [CrossRef]
2. Thompson, N.; Stebbins, J.; Seniorou, M.; Newham, D. Muscle Strength and Walking Ability in Diplegic Cerebral Palsy:

Implications for Assessment and Management. Gait Posture 2011, 33, 321–325. [CrossRef]
3. Castell, M.-V.; Sánchez, M.; Julián, R.; Queipo, R.; Martín, S.; Otero, Á. Frailty Prevalence and Slow Walking Speed in Persons Age

65 and Older: Implications for Primary Care. BMC Fam. Pract. 2013, 14, 86. [CrossRef]
4. McCrum, C.; Lucieer, F.; van de Berg, R.; Willems, P.; Fornos, A.P.; Guinand, N.; Karamanidis, K.; Kingma, H.; Meijer, K. The

Walking Speed-Dependency of Gait Variability in Bilateral Vestibulopathy and Its Association with Clinical Tests of Vestibular
Function. Sci. Rep. 2019, 9, 1–12.

5. Kirtley, C.; Whittle, M.W.; Jefferson, R. Influence of Walking Speed on Gait Parameters. J. Biomed. Eng. 1985, 7, 282–288. [CrossRef]
6. Moissenet, F.; Leboeuf, F.; Armand, S. Lower Limb Sagittal Gait Kinematics Can Be Predicted Based on Walking Speed, Gender,

Age and Bmi. Sci. Rep. 2019, 9, 1–12. [CrossRef]

www.am.sanken.osaka-u.ac.jp/BiometricDB/GaitTM.html
www.cbsr.ia.ac.cn/english/Gait%20Databases.asp
http://doi.org/10.1038/s41598-019-38748-8
http://doi.org/10.1016/j.gaitpost.2010.10.091
http://doi.org/10.1186/1471-2296-14-86
http://doi.org/10.1016/0141-5425(85)90055-X
http://doi.org/10.1038/s41598-019-45397-4


Sensors 2021, 21, 2836 14 of 16

7. Xie, Y.J.; Liu, E.Y.; Anson, E.R.; Agrawal, Y. Age-Related Imbalance Is Associated with Slower Walking Speed: Analysis from the
National Health and Nutrition Examination Survey. J. Geriatr. Phys. Ther. 2017, 40, 183. [CrossRef] [PubMed]

8. De Cock, A.-M.; Fransen, E.; Perkisas, S.; Verhoeven, V.; Beauchet, O.; Remmen, R.; Vandewoude, M. Gait Characteristics under
Different Walking Conditions: Association with the Presence of Cognitive Impairment in Community-Dwelling Older People.
PLoS ONE 2017, 12, e0178566. [CrossRef] [PubMed]

9. Carcreff, L.; Gerber, C.N.; Paraschiv-Ionescu, A.; De Coulon, G.; Aminian, K.; Newman, C.J.; Armand, S. Walking Speed of
Children and Adolescents with Cerebral Palsy: Laboratory Versus Daily Life. Front. Bioeng. Biotechnol. 2020, 8, 812. [CrossRef]
[PubMed]

10. Jarvis, H.L.; Brown, S.J.; Price, M.; Butterworth, C.; Groenevelt, R.; Jackson, K.; Walker, L.; Rees, N.; Clayton, A.; Reeves, N.D.
Return to Employment after Stroke in Young Adults: How Important Is the Speed and Energy Cost of Walking? Stroke 2019, 50,
3198–3204. [CrossRef]

11. Nadkarni, N.K.; Mawji, E.; McIlroy, W.E.; Black, S.E. Spatial and Temporal Gait Parameters in Alzheimer’s Disease and Aging.
Gait Posture 2009, 30, 452–454. [CrossRef] [PubMed]

12. Fiser, W.M.; Hays, N.P.; Rogers, S.C.; Kajkenova, O.; Williams, A.E.; Evans, C.M.; Evans, W.J. Energetics of Walking in Elderly
People: Factors Related to Gait Speed. J. Gerontol. Ser. A Biomed. Sci. Med. Sci. 2010, 65, 1332–1337. [CrossRef] [PubMed]

13. Schreiber, C.; Moissenet, F. A Multimodal Dataset of Human Gait at Different Walking Speeds Established on Injury-Free Adult
Participants. Sci. Data 2019, 6, 1–7. [CrossRef]

14. Roberts, M.; Mongeon, D.; Prince, F. Biomechanical Parameters for Gait Analysis: A Systematic Review of Healthy Human Gait.
Phys. Ther. Rehabil. 2017, 4, 6. [CrossRef]

15. Khokhlova, M.; Migniot, C.; Morozov, A.; Sushkova, O.; Dipanda, A. Normal and Pathological Gait Classification Lstm Model.
Artif. Intell. Med. 2019, 94, 54–66. [CrossRef]

16. Murary, M.; Drought, A.; Kory, R. Walking Pattern of Movement. Am. J. Med. 1967, 46, 290–332.
17. Carcreff, L.; Gerber, C.N.; Paraschiv-Ionescu, A.; De Coulon, G.; Newman, C.J.; Armand, S.; Aminian, K. What Is the Best

Configuration of Wearable Sensors to Measure Spatiotemporal Gait Parameters in Children with Cerebral Palsy? Sensors 2018,
18, 394. [CrossRef]

18. Ancillao, A. Stereophotogrammetry in Functional Evaluation: History and Modern Protocols. In Modern Functional Evaluation
Methods for Muscle Strength and Gait Analysis; Springer: Berlin/Heidelberg, Germany, 2018.

19. Sandau, M.; Koblauch, H.; Moeslund, T.B.; Aanæs, H.; Alkjær, T.; Simonsen, E.B. Markerless Motion Capture Can Provide Reliable
3d Gait Kinematics in the Sagittal and Frontal Plane. Med. Eng. Phys. 2014, 36, 1168–1175. [CrossRef] [PubMed]

20. Corazza, S.; Mündermann, L.; Gambaretto, E.; Ferrigno, G.; Andriacchi, T.P. Markerless Motion Capture through Visual Hull,
Articulated Icp and Subject Specific Model Generation. Int. J. Comput. Vis. 2010, 87, 156. [CrossRef]

21. Castelli, A.; Paolini, G.; Cereatti, A.; Della Croce, U. A 2d Markerless Gait Analysis Methodology: Validation on Healthy Subjects.
Comput. Math. Methods Med. 2015, 2015. [CrossRef]

22. Verlekar, T.T.; Soares, L.D.; Correia, P.L. Automatic Classification of Gait Impairments Using a Markerless 2d Video-Based System.
Sensors 2018, 18, 2743. [CrossRef]

23. Ceseracciu, E.; Sawacha, Z.; Cobelli, C. Comparison of Markerless and Marker-Based Motion Capture Technologies through
Simultaneous Data Collection During Gait: Proof of Concept. PLoS ONE 2014, 9, e87640. [CrossRef] [PubMed]

24. Mündermann, L.; Corazza, S.; Andriacchi, T.P. The Evolution of Methods for the Capture of Human Movement Leading to
Markerless Motion Capture for Biomechanical Applications. J. Neuroeng. Rehabil. 2006, 3, 1–11. [CrossRef] [PubMed]

25. Ali, A.; Sundaraj, K.; Ahmad, B.; Ahamed, N.; Islam, A. Gait Disorder Rehabilitation Using Vision and Non-Vision Based Sensors:
A Systematic Review. Bosn. J. Basic Med Sci. 2012, 12, 193. [CrossRef] [PubMed]

26. Sikandar, T.; Samsudin, W.N.A.W.; Ghazali, K.H.; Rabbi, M.F. Triangle and Trapezoid Area Features for Gait Authentication.
In Proceedings of the 2018 9th IEEE Control and System Graduate Research Colloquium (ICSGRC), Shah Alam, Malaysia, 3–4
August 2018; IEEE: New York, NY, USA, 2018.

27. Zeng, W.; Wang, C. Gait Recognition across Different Walking Speeds Via Deterministic Learning. Neurocomputing 2015, 152, 139–150.
[CrossRef]

28. Zhang, Y.; Fang, Y.; Lin, W.; Zhang, X.; Li, L. Backward Registration-Based Aspect Ratio Similarity for Image Retargeting Quality
Assessment. IEEE Trans. Image Process. 2016, 25, 4286–4297. [CrossRef]

29. Ahamed, N.U.; Kobsar, D.; Benson, L.; Clermont, C.; Kohrs, R.; Osis, S.T.; Ferber, R. Using Wearable Sensors to Classify
Subject-Specific Running Biomechanical Gait Patterns Based on Changes in Environmental Weather Conditions. PLoS ONE 2018,
13, e0203839. [CrossRef]

30. Ahamed, N.U.; Kobsar, D.; Benson, L.C.; Clermont, C.A.; Osis, S.T.; Ferber, R. Subject-Specific and Group-Based Running Pattern
Classification Using a Single Wearable Sensor. J. Biomech. 2019, 84, 227–233. [CrossRef] [PubMed]

31. Sueiras, J.; Ruiz, V.; Sanchez, A.; Velez, J.F. Offline Continuous Handwriting Recognition Using Sequence to Sequence Neural
Networks. Neurocomputing 2018, 289, 119–128. [CrossRef]

32. Zhao, J.; Mao, X.; Chen, L. Speech Emotion Recognition Using Deep 1d & 2d Cnn Lstm Networks. Biomed. Signal. Process. Control.
2019, 47, 312–323.

33. Liu, G.; Guo, J. Bidirectional Lstm with Attention Mechanism and Convolutional Layer for Text Classification. Neurocomputing
2019, 337, 325–338. [CrossRef]

http://doi.org/10.1519/JPT.0000000000000093
http://www.ncbi.nlm.nih.gov/pubmed/27341325
http://doi.org/10.1371/journal.pone.0178566
http://www.ncbi.nlm.nih.gov/pubmed/28570662
http://doi.org/10.3389/fbioe.2020.00812
http://www.ncbi.nlm.nih.gov/pubmed/32766230
http://doi.org/10.1161/STROKEAHA.119.025614
http://doi.org/10.1016/j.gaitpost.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19740661
http://doi.org/10.1093/gerona/glq137
http://www.ncbi.nlm.nih.gov/pubmed/20679072
http://doi.org/10.1038/s41597-019-0124-4
http://doi.org/10.7243/2055-2386-4-6
http://doi.org/10.1016/j.artmed.2018.12.007
http://doi.org/10.3390/s18020394
http://doi.org/10.1016/j.medengphy.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25085672
http://doi.org/10.1007/s11263-009-0284-3
http://doi.org/10.1155/2015/186780
http://doi.org/10.3390/s18092743
http://doi.org/10.1371/journal.pone.0087640
http://www.ncbi.nlm.nih.gov/pubmed/24595273
http://doi.org/10.1186/1743-0003-3-6
http://www.ncbi.nlm.nih.gov/pubmed/16539701
http://doi.org/10.17305/bjbms.2012.2484
http://www.ncbi.nlm.nih.gov/pubmed/22938548
http://doi.org/10.1016/j.neucom.2014.10.079
http://doi.org/10.1109/TIP.2016.2585884
http://doi.org/10.1371/journal.pone.0203839
http://doi.org/10.1016/j.jbiomech.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30670327
http://doi.org/10.1016/j.neucom.2018.02.008
http://doi.org/10.1016/j.neucom.2019.01.078


Sensors 2021, 21, 2836 15 of 16

34. Yi, C.; Jiang, F.; Bhuiyan, M.Z.A.; Yang, C.; Gao, X.; Guo, H.; Ma, J.; Su, S. Smart Healthcare-Oriented Online Prediction of Lower-
Limb Kinematics and Kinetics Based on Data-Driven Neural Signal Decoding. Future Gener. Comput. Syst. 2021, 114, 96–105.
[CrossRef]

35. Siami-Namini, S.; Tavakoli, N.; Namin, A.S. A Comparative Analysis of Forecasting Financial Time Series Using Arima, Lstm,
and Bilstm. arXiv 2019, arXiv:1911.09512.

36. Dvornek, N.C.; Yang, D.; Ventola, P.; Duncan, J.S. Learning Generalizable Recurrent Neural Networks from Small Task-Fmri
Datasets. In Proceedings of the International Conference on Medical Image Computing and Computer-Assisted Intervention,
Granada, Spain, 16–20 September 2018; Springer: Berlin/Heidelberg, Germany, 2018.

37. Edara, D.C.; Vanukuri, L.P.; Sistla, V.; Kolli, V.K.K. Sentiment Analysis and Text Categorization of Cancer Medical Records with
Lstm. J. Ambient Intell. Hum. Comput. 2019, 1–17. [CrossRef]

38. Moore, J.K.; Hnat, S.K.; van den Bogert, A.J. An Elaborate Data Set on Human Gait and the Effect of Mechanical Perturbations.
PeerJ 2015, 3, e918. [CrossRef]

39. Fukuchi, C.A.; Fukuchi, R.K.; Duarte, M. A Public Dataset of Overground and Treadmill Walking Kinematics and Kinetics in
Healthy Individuals. PeerJ 2018, 6, e4640. [CrossRef]

40. Ortells, J.; Herrero-Ezquerro, M.T.; Mollineda, R.A. Vision-Based Gait Impairment Analysis for Aided Diagnosis. Med. Biol. Eng.
Comput. 2018, 56, 1553–1564. [CrossRef]

41. Makihara, Y.; Mannami, H.; Tsuji, A.; Hossain, M.A.; Sugiura, K.; Mori, A.; Yagi, Y. The Ou-Isir Gait Database Comprising the
Treadmill Dataset. IPSJ Trans. Comput. Vis. Appl. 2012, 4, 53–62. [CrossRef]

42. Tan, D.; Huang, K.; Yu, S.; Tan, T. Efficient Night Gait Recognition Based on Template Matching. In Proceedings of the 18th
International Conference on Pattern Recognition (ICPR’06), Hong Kong, China, 20–24 August 2006.

43. Iwama, H.; Okumura, M.; Makihara, Y.; Yagi, Y. The Ou-Isir Gait Database Comprising the Large Population Dataset and
Performance Evaluation of Gait Recognition. IEEE Trans. Inf. Forensics Secur. 2012, 7, 1511–1521. [CrossRef]

44. Wang, X.; Yan, W.Q. Human Gait Recognition Based on Frame-by-Frame Gait Energy Images and Convolutional Long Short-Term
Memory. Int. J. Neural Syst. 2020, 30, 1950027. [CrossRef]

45. Guan, Y.; Li, C.-T. A Robust Speed-Invariant Gait Recognition System for Walker and Runner Identification. In Proceedings of the
2013 International Conference on Biometrics (ICB), Madrid, Spain, 4–7 June 2013.

46. Verlekar, T.T.; De Vroey, H.; Claeys, K.; Hallez, H.; Soares, L.D.; Correia, P.L. Estimation and Validation of Temporal Gait Features
Using a Markerless 2d Video System. Comput. Methods Programs Biomed. 2019, 175, 45–51. [CrossRef]

47. Carey, N. Establishing Pedestrian Walking Speeds. Portland State Univ. 2005, 1, 4.
48. Chakraborty, S.; Nandy, A.; Yamaguchi, T.; Bonnet, V.; Venture, G. Accuracy of Image Data Stream of a Markerless Motion

Capture System in Determining the Local Dynamic Stability and Joint Kinematics of Human Gait. J. Biomech. 2020, 109718.
[CrossRef] [PubMed]

49. Glorot, X.; Bengio, Y. Understanding the Difficulty of Training Deep Feedforward Neural Networks. In Proceedings of the
Thirteenth International Conference on Artificial Intelligence and Statistics, Sardinia, Italy, 13–15 May 2010.

50. He, K.; Zhang, X.; Ren, S.; Sun, J. Delving Deep into Rectifiers: Surpassing Human-Level Performance on Imagenet Classification.
In Proceedings of the IEEE International Conference on Computer Vision, Santiago, Chile, 7–13 December 2015.

51. Bishop, C.M. Pattern Recognition and Machine Learning; Springer: Berlin/Heidelberg, Germany, 2006.
52. Che, Z.; Purushotham, S.; Cho, K.; Sontag, D.; Liu, Y. Recurrent Neural Networks for Multivariate Time Series with Missing

Values. Sci. Rep. 2018, 8, 1–12. [CrossRef]
53. Liu, T.; Bao, J.; Wang, J.; Zhang, Y. A Hybrid Cnn–Lstm Algorithm for Online Defect Recognition of Co2 Welding. Sensors 2018,

18, 4369. [CrossRef] [PubMed]
54. Kuhn, M.; Johnson, K. Applied Predictive Modeling; Springer: Berlin/Heidelberg, Germany, 2013.
55. Xu, C.; Makihara, Y.; Li, X.; Yagi, Y.; Lu, J. Speed-Invariant Gait Recognition Using Single-Support Gait Energy Image. Multimed.

Tools Appl. 2019, 78, 26509–26536. [CrossRef]
56. Fukuchi, C.A.; Fukuchi, R.K.; Duarte, M. Effects of Walking Speed on Gait Biomechanics in Healthy Participants: A Systematic

Review and Meta-Analysis. Syst. Rev. 2019, 8, 153. [CrossRef] [PubMed]
57. Mannering, N.; Young, T.; Spelman, T.; Choong, P. Three-Dimensional Knee Kinematic Analysis During Treadmill Gait: Slow

Imposed Speed Versus Normal Self-Selected Speed. Bone Jt. Res. 2017, 6, 514–521. [CrossRef] [PubMed]
58. Romkes, J.; Bracht-Schweizer, K. The Effects of Walking Speed on Upper Body Kinematics During Gait in Healthy Subjects. Gait

Posture 2017, 54, 304–310. [CrossRef] [PubMed]
59. Wagenaar, R.; Van Emmerik, R. Resonant Frequencies of Arms and Legs Identify Different Walking Patterns. J. Biomech. 2000,

33, 853–861. [CrossRef]
60. Twardzik, E.; Duchowny, K.; Gallagher, A.; Alexander, N.; Strasburg, D.; Colabianchi, N.; Clarke, P. What Features of the Built

Environment Matter Most for Mobility? Using Wearable Sensors to Capture Real-Time Outdoor Environment Demand on Gait
Performance. Gait Posture 2019, 68, 437–442. [CrossRef]

61. Nandy, A.; Chakraborty, R.; Chakraborty, P. Cloth Invariant Gait Recognition Using Pooled Segmented Statistical Features.
Neurocomputing 2016, 191 (Suppl. C), 117–140. [CrossRef]

62. Langs, G.; Menze, B.H.; Lashkari, D.; Golland, P. Detecting Stable Distributed Patterns of Brain Activation Using Gini Contrast.
NeuroImage 2011, 56, 497–507. [CrossRef]

http://doi.org/10.1016/j.future.2020.06.015
http://doi.org/10.1007/s12652-019-01399-8
http://doi.org/10.7717/peerj.918
http://doi.org/10.7717/peerj.4640
http://doi.org/10.1007/s11517-018-1795-2
http://doi.org/10.2197/ipsjtcva.4.53
http://doi.org/10.1109/TIFS.2012.2204253
http://doi.org/10.1142/S0129065719500278
http://doi.org/10.1016/j.cmpb.2019.04.002
http://doi.org/10.1016/j.jbiomech.2020.109718
http://www.ncbi.nlm.nih.gov/pubmed/32151378
http://doi.org/10.1038/s41598-018-24271-9
http://doi.org/10.3390/s18124369
http://www.ncbi.nlm.nih.gov/pubmed/30544744
http://doi.org/10.1007/s11042-019-7712-3
http://doi.org/10.1186/s13643-019-1063-z
http://www.ncbi.nlm.nih.gov/pubmed/31248456
http://doi.org/10.1302/2046-3758.68.BJR-2016-0296.R1
http://www.ncbi.nlm.nih.gov/pubmed/28855191
http://doi.org/10.1016/j.gaitpost.2017.03.025
http://www.ncbi.nlm.nih.gov/pubmed/28395170
http://doi.org/10.1016/S0021-9290(00)00020-8
http://doi.org/10.1016/j.gaitpost.2018.12.028
http://doi.org/10.1016/j.neucom.2016.01.002
http://doi.org/10.1016/j.neuroimage.2010.07.074


Sensors 2021, 21, 2836 16 of 16

63. Brodie, M.A.; Coppens, M.J.; Ejupi, A.; Gschwind, Y.J.; Annegarn, J.; Schoene, D.; Wieching, R.; Lord, S.R.; Delbaere, K.
Comparison between Clinical Gait and Daily-Life Gait Assessments of Fall Risk in Older People. Geriatr. Gerontol. Int. 2017,
17, 2274–2282. [CrossRef] [PubMed]

64. Kondragunta, J.; Hirtz, G. Gait Parameter Estimation of Elderly People Using 3d Human Pose Estimation in Early Detection of
Dementia. In Proceedings of the 2020 Annual International Conference of the IEEE Engineering in Medicine & Biology Society
(EMBC), Montreal, QC, Canada, 20–24 July 2020.

65. Dentamaro, V.; Impedovo, D.; Pirlo, G. Gait Analysis for Early Neurodegenerative Diseases Classification through the Kinematic
Theory of Rapid Human Movements. IEEE Access 2020, 8, 193966–193980. [CrossRef]

66. De Lima, V.C.; Melo, V.H.; Schwartz, W.R. Simple and Efficient Pose-Based Gait Recognition Method for Challenging Environ-
ments. Pattern Anal. Appl. 2020, 1–11. [CrossRef]

http://doi.org/10.1111/ggi.12979
http://www.ncbi.nlm.nih.gov/pubmed/28176431
http://doi.org/10.1109/ACCESS.2020.3032202
http://doi.org/10.1007/s10044-020-00935-z

	Introduction 
	Methods 
	Participants and Datasets 
	Data Extraction and Gait Speed Pattern Creation 
	Model Training and Cross-Validation 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

