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Abstract- Automated gait feature analysis is a precise and objective way to measure gait. Amplitude Spectrum (AS) is 
created to extract gait length signal of three types of walking speed (slow, normal and fast speeds). This spectrum shows the 
ability for extracting seven gait features that are reduced by using Principal Component Analysis (PCA) technique. In this 
paper, the Convolutional Encoder (CE) technique is used to classify the extracted gait features according to the kind of walk 
speed. In this classification technique, the Hamming Distance is used to calculate the optimum metric path among the 
classes. The obtained results show that 97.1% of the considered parameters are appropriate for classifying between three 
kinds of walk speeds. 
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I. INTRODUCTION 
 
The optical tracking systems play the main role in 
field of tracking and monitoring for the 3D skeleton 
movement [1]. In this study, the skeletal positional 
data is collected from lower body’s joints using 
Microsoft Kinect camera v2. Although the level of 
accuracy is the main bottleneck for Kinect cameras, 
they are advantageous in terms of cost efficiency and 
availability of quick installation not only in 
laboratories but also in residential environments [2].  
The gait length signal is generated from the distance 
changes between ankles during walk trial. The gait 
length signal is converted into frequency domain 
using Amplitude Spectrum (AS) approach for 
extracting seven gait features without need to 
determine the gait cycle. There is increasing 
acceptance of the use of gait analysis methods using 
sensors to assess gait changes that are affected by 
neurological diseases [5]. Clinicians often rely on 
their judgement of assessing patents based on 
subjective rating scales; this leads to the lack of 
precision and information richness that can be 
provided by the instrumented methods [6]. Hence, 
there is a great need in automating a decision support 
system to help clinicians in assisting their decisions. 
 
The aim of this study is to develop an automated gait 
analysis using skeletal positional data for classifying 
the three types of walking speeds by modifying gait 
length signal to be represented in Amplitude 
Modulation domain. Consequently, the seven gait 
features are extracted using Amplitude Spectrum 
namely; modulation index (D), upper side band 
frequency (f ), lower side band frequency (f ), 
bandwidth (BW), modulation efficiency (eff), side-
lobes level (sll), and total amplitude level (Ta). These 
features are reduced using Principal Component 
Analysis (PCA). In classification stage, dataset is 
converted into binary form to be as input to the 
Convolutional Encoder (CE) for classification 

solution. The performance of the proposed method 
(CE) is compared to several supervised classifiers 
namely; Decision Tree (DT), linear SVM, nonlinear 
SVM, k-Nearest Neighbour k-NN, linear and 
nonlinear discriminant classifiers. 
 
The rest of this paper is structured as follows. Sec. 2 
reviews the related work on, spatiotemporal gait 
analysis and gait features classification, whereas Sec. 
3 covers the proposed technique AM/CE for gait 
features extraction/classification. The experimental 
setup and results are presented in Sec. 4 and we 
conclude in Sec. 5. 
 
II. REALTED WORK 
 
2.1. Spatiotemporal Gait Parameters 
The spatiotemporal gait analysis is used widely in the 
kinematic gait measurement to evaluate human gait 
pattern, which includes gait speed, gait rhythm, stride 
length, step length, step width, time of single and 
double support stages, and duration of gait cycle [3]. 
These gait features have been exploited by 
researchers and clinicians to understand the changes 
between normal and abnormal gait. In [4], the 
spatiotemporal gait parameters are calculated such as 
step length as a maximum distance between ankles, 
stride length by doubling the step length, and gait 
speed by using stride length over MS Kinects data 
rate. The authors use these features in biometric 
recognition. In the same context, [2] determines the 
two main phases of gait cycle; stance and swing 
stages automatically during the movement of the 
ankles joints in the z-axis.  
 
The spatiotemporal analysis is used in the person 
recognition. Where, the angles of lower body’s joints 
were extracted by using Kinect camera to contribute 
in the person recognition [7]. The authors reported 
the best accuracy 62.9% among several classifiers. 
Braun et. al [8] introduced an insole system to 
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measure the spatiotemporal gait parameters; the gait 
length/width for right/left legs, gait cadence and time 
of swing/stance stages, gait cycle and double support. 
The authors showed the validation of the intra-class 
correlation between the spatiotemporal and kinetic 
gait parameters is 0.796.  
 
2.2.Automated Gait Analysis 
The researchers have developed different techniques 
to understand and analyze the human motion. In 
frailty and senility syndromes, the researchers 
explained the link between cognitive deterioration, 
motor function and gait patterns. Nieto-Hidalgo, et al 
[9] provide a cloud platform-based web service for 
collected data that is provided from smartphone to 
classify between normal and abnormal gait in both 
sagittal and frontal views. The study showed the 
correct classification rates 80, 90% in frontal and 
sagittal views, respectively. The abnormal gait 
detection is a major task that can increase the 
accuracy of clinician decision. The model of normal 
human gait that is based on multiple sequences of 
codewords from different gait cycles is proposed in 
[10]. The authors show the overall accuracy of 
90.12% in distinguishing normal and abnormal gaits 
by using both marker and marker-less capture 
systems. Moreover, another study showed the effect 
of some diseases on the gait pattern, [11] introduce 
the proposed algorithm that is called graphical user 
interface in gait disorder recognition. The authors 
achieved accuracy of 97.2% of correct classification 
rate using neural networks between three groups 
(patients with Parkinson’s disease, healthy aged-
matched individuals, and 15 students.), they used 
digital signal processing technique to eliminate noisy 
data, segmentation technique for video frames, and 
extracting gait features; the leg length, stride length, 
and gait velocity using MS Kinect camera. 
 
2.3.Classification Technique 
Classification solution helps with dealing with future 
data or unseen data to predict the relative class 
correctly. In neural networks, the skeleton data is 
collected using Kinect for gait disorder recognition; 
achieved accuracy was 97.2 % [11]. Another study 
used several classifiers for gait attributes 
classification using MS Kinect; the authors achieved 
the highest system accuracy with SVM classifier, 
followed by k-NN classifier, and then with the MLP 
classifier [7]. In the same context, Kinect is used to 
classify gait gender; the result shows that 83.75% and 
76.25%   classification rate using SVM, Nave Bayes, 
respectively [12]. 
 
III. PROPOSED METHOD 
 
3.1. Gait Length Signal Generation 
The gait step length signal is generated by calculating 
the changes of distance between ankles during walk 
in the front of Kinect camera. Fig.1 shows gait walk 

signal where the peaks values of curve movement 
represent the gait steps that measured in meter. 

 
Fig. 1. (a) Movement of right ankle (solid line) and left ankle 
(dashed line) over Kinect camera rate. (b) Gait signal 
generation, where the peak values represent the step lengths. 
 
3.2. AM-Modified Gait Length Signal 
The gait length signal is modified by using AM 
technique [13] for extracting seven gait features. 
These features will be used to improve the accuracy 
of the classification. 
 
1) Amplitude spectrum representation 
The AM-modified signal M t  is defined the changes 
of amplitude signal according to the changes in the 
amplitude of gait signal  g t , as can be seen in (1).    
 
M t A  1 D. g t cosw  t                (1)                     
 
Where, the amplitude and angular frequency of 
carrier signal are shown as A  and w , respectively. D 
is the modulation index, which is defined as the 
amplitude ratio of gait signal to the carrier signal. 
 
The Fast Fourier Transformer (FFT) is used to extract 
the three fundamental components which represent 
upper, lower and middle spectral components. These 
components are located on amplitude spectrum at 
(w w ), (w w ), and w frequencies, 
respectively.  
 
By analysing (1), the three spectral components can 
be represented separately.  Firstly, the gait signal g(t) 
is substituted as (cos w t), this leads to multiply the 
(cos w t) to A cos w t, the result is shown in (2). 
 

M t A cos w t A D cos w w t

A D cos w w t                                        (2) 

 
 
For simplicity, w   and w   are simplified asf   and 

f   respectively. And D can be substituted as ( ).    

 

M t A cos f t cos t cos f f t

cos f f t                                          (3) 
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Finally, the spectrum of AM-Modified gait signal is 
represented with three separate components; main 

spectral, lower spectral and upper spectral with A ,   

and  amplitudes, which located atf , (f f ) and 

(f f )  frequencies, respectively.  As shown in 
Fig.2. 
 
 

 
Fig. 2. Amplitude spectrum contents three spectral 

components. 
 
2) Gait features extraction  
The seven gait features are extracted from amplitude 
spectrum of gait signal for three types of walking 
speeds. By using equation (3), the gait features are 
listed as: modulation index (D), upper side band 
frequency (f ), upper side band frequency (f ), 
bandwidth (BW), modulation efficiency (eff), side-
lobes level (sll), and total amplitude level (Ta) are 
calculated as the following:     
 
 D  Ag  /  Ac(4) 
Where, D is the modulation index,  A  and A are the 
amplitudes of gait signal and carrier signal, 
respectively.  
 
 f f f  (5) 
Where, f  is the frequency of the upper side band 
spectrum, f , f  are the frequencies of carrier signal 
and gait signal, respectively. 
 
f f f (6) 
Where, f is the frequency of the lower side band 
spectrum. 
 
BW f f f f (7) 
Where, BW is the bandwidth of the AM-modified 
gait signal. 
 

eff (8) 

     Where, eff is the modulation efficiency of the 
AM-modified gait signal. 
 

sll                 (9)       

 Where, sll is the side-lobes level of upper side band 
and lower side band components. 
 

  T
√

                      (10)                  

    Where, T  is the total amplitude level of AM-
modified gait signal.                 
 
3.3. Gait Features Reduction 
The Principal Component Analysis (PAC) is used to 
reduce the dimensionality of gait features matrix. In 
this method, the all gait features will be positioned as 
columns of one matrix for all samples that represent 
the rows of the matrix, and this matrix called the 
original dataset. The first process is the re-center the 
dataset by subtracting the mean from dataset for each 
column, the obtained matrix is called as adjusted data 
matrix. In second step, the variance-covariance 
matrix (C) as: 
 
C   1/N  x x ̅  ̀ x x ̅ (11) 
 
Where, the N is the number of samples, x is the 
original dataset, x is the mean will be calculated for 
each kind of features (columns of matrix), the first 
brackets represents the transpose of adjusted matrix. 
In third step, the eigenvalue and eigenvector will be 
calculated from C matrix to determine Principal 
Components, where the first principal component 
(PC1) is determined as the vector that has the highest 
eigenvalue (λ1). Consequently, the highest 
eigenvector will corresponds to the direction of the 
axis that has maximum variance, while the second 
direction of axis will be perpendicular to the first 
axis.  In fourth step, all components are ordered 
according to their significance. Hence, the 
eigenvector with low significance can be ignored this 
leads to reduce the dimensions of dataset. 
 
3.4. Convolutional Encoder 
The convolutional encoder uses the maximum 
likelihood decoding as metric to calculate the survive 
path [14]. The common description for convolutional 
encoder is (n k L), where k and n are the numbers of 
input and output bits, respectively. L is the number of 
the memory registers. This encoder can be 
represented by the trellis diagram as can be seen in 
Fig.3. To apply data as input to the encoder, this 
requires the converting data into binary format. 

 
Fig. 3. Illustrates Trellis diagram of (2 1 3) convolutional 

encoder. 
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The dashed line in trellis diagram means the input bit 
is ‘0’. While, when the input bit is ‘1’ the selective 
branch will be solid line. At any time node (ti) there 
are just two choices which depend on the input value.  
 
All branches labeled by two bits (output words) on 
trellis diagram which is corresponding to the state 
transition. The number of input bits makes the same 
its number for state transition number. The complete 
of one path is consisted of all values of state 
transition (one state equals two bits per one input bit). 
 
1) K-fold cross validation 
The k-fold Cross-Validation (CV) is a method where 
the dataset is divided in k folds F1, F2, …, Fk all 
have the same size. The folds are arranged in a way 
that allows them toinclude a proportion of samples 
which is equal to that of the original dataset as seen in 
Fig.4. The learning algorithm is trained and tested k 
times, namely for each time t  (1, 2, …, k) it is 
trained on (D_learn) and tested on (D_test). 

 
Fig. 4. K fold cross validation method, the first row shows 
dataset is divided into k of folds to determine training set 

(white box) and testing set (mentioned box). 
 
IV. EXPERIMENTAL RESULTS 
 
4.1. Data Collection and Pre-processing 
Thirty-five participants were recruited for walk test 
on the front of Kinect camera. They were directed to 
repeat the walk trial many times in different walk 
speeds. The developed algorithm using MATLAB is 
conducted to compute gait speed for all trails. The 
skeletal positional data of spine-base is chosen for 
gait speed calculation. The walks have been 
categorized into three groups according to a certain 
speed (S) values as: (S < 0.5), (0.5 <= S < 0.9), and 
(S >= 0.9) m/sec for group A, B and C, respectively. 
The gait step length signal is generated from skeletal 
positional data of ankles during walk trail, where the 
maximum difference of distance between ankles 

represents the gait step length that is measured in 
meter as can be seen in Fig.5. 

 
Fig. 5. The gait signal generation: (a) Left/Right ankles 

movement in z-direction; (b) gait step length signal. 
 
4.2. Gait Features Extraction 
To extract the gait features first of all, the gait length 
signals are converted into AM domain. The AM 
technique is proposed for extracting the new gait 
features that are derived in section three. The 
amplitude spectrum is used to represents the spectral 
components of AM-modified gait length signals that 
are generated for all groups of gait speeds (slow, 
normal and fast speeds), as can be seen in Fig.6. 
 

 
Fig. 6. Amplitude spectrum of gait signal in: (a) slow walk; (b) 

normal walk and (c) fast walk. 
 
4.3. Gait Features Reduction  
The seven gait features that have been extracted from 
AM-modified gait length signal are applied to the 
Principal Component Analysis solution to reduce the 
dimensionality of features matrix.  Eigenvalue and 
eigenvector are analyzed for computing the 
percentage of variability captured by Principal 
Components PCs. Table I shows the vectors have 
been selected that have the highest eigenvalue. 
Consequently, the dimension of feature matrix has 
been reduced seven columns to just two columns.  

Table I: dimensionality reduction based on the highest value of eigenvalue 
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4.4. Classification and System Evaluation 
In this set of experiments, the selected gait features 
have been used for classifying data into three kinds of 
walking speeds. The classification of gait speeds has 
been achieved by using a set of supervised classifiers 
and the proposed method which is Convolutional 
Encoder (CE). 
 
1) Supervised Classification 
The set of supervised classifiers are used to classify 
the gait features that have been extracted using 
amplitude spectrum.  
 
The classifiers performed the task with different 
range of classification accuracy as listed in table II.  
 

Table II: Several supervised classifiers for walking speeds 
classification. 

 
 
For more details, the evaluation of classification is 
conducted by calculating ROC curve for each class.  
 
This metric range is between one and zero. Where, 
the value one means the best prediction for classes 
while the value zero means the worst prediction of 
classifier. Another evaluation metric is called 
confusion matrix to calculate the True Positive rete 
(TPR) for each class. 
 
2) Convolutional encoder 
As the convolutional encoder only works with binary 
numbers, the extracted gait features has been 
converted into binary format. This encoder produces 
four possible outputs (00, 10, 01 and 11 states) 
depends on the input bit.  
 
The gait walk is modelled by using the principle work 
of convolutional encoder for each group of walking 
speeds as can be seen in Fig.7. Where, the output of 

the encoder (symbols) has been re-leveled as (10, 20, 
30 and 40) levels. 

 
Fig. 7.  The model of the gait walks for; (a) slow walking, (b) 

moderate walking and (c) fast walking speeds. 
 
The model of the gait speed has been built based on 
the median of each group of walk speed data. This 
model is used for classifying the extracted features, 
where the Hamming distance is calculated between 
codewards of the model and all features(encoded 
data)by considering the order of position (i ) of the 
bit that differs, see (13).  
 

Error  ∑ HD 10            (13) 
 
In Fig.8, the error rate is calculated by including 
Hamming Distance (HD) and the position (i ) of the 
bit in error to estimate the features to be classified to 
their correct classes.  The low error means high 
similarity, whiles the high error rate means high 
diversity. The value of error reached zero for almost 
of class range, where each class contents 35 samples. 
The difference in the levels of the error is related to 
the difference of classes. This shows the ability of the 
encoded AM-modified gait signal in the gait speed 
classification. 
 

 
 

Fig. 8.  The error rate of encoded gait features from thecentre 
of classes; (a) slow walk; (b) moderate walk; and (c) fast walk 

speeds. 
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Table III:  The convolutional encoder classification for three 
kinds of walking speeds. 

 
 
K-fold cross validation is used to split dataset into 
training set and testing set by (K=5).In this set of 
experiments, the sensitivity and specificity are 
calculated for each class to evaluate the ability of the 
convolutional encoder for measuring the rates of 
positive true and negative false, respectively. In Table 
II, it is noticeable that the highest accuracy among 
supervised classifiers is conducted with quadric-SVM 
classifier at 93.3%. in addition, the True Positive Rate 
(TPR) is calculated for each class with all classifiers 
using confusion matrix, the highest value is recorded 
at 100% with both DT and Discriminant classifiers 
for class A, for ROC metric is reached the highest 
values at 0.997, 0.993, and0.992 with Q-VSM, 
Discriminate and L-VSM classifiers, respectively. 
Conversely, Table III shows the highest classification 
accuracy among all classifiers is 97.14% with 
Convolutional Encoder. 
 
CONCLUSIONS 
 
In this paper, the Amplitude Spectrum (AS) is used 
for extracting seven gait features which are reduced 
based on principal component analysis. This 
technique showed the effectiveness in classification 
enhancement, without the need of gait cycle 
determination. In classification case, Convolutional 
Encoder (CE) is proposed to classify dataset into 
three classes of walk speeds. The combined 
techniques as (AS/EC) showed more efficient in gait 
speedclassification, compared with the common used 
classifiers.  
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