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Abstract—This paper presents two gait authentication features 
based on geometric shape for gait analysis. Specifically, triangle 
and trapezoid based features are proposed for gait 
authentication. The features are based on the geometric pattern 
extracted from a particular gait cycle of a gait model. These 
features use four points from hip-knee-toe joints and construct a 
triangle and a right trapezoid. The area of the triangle and 
trapezoid are calculated using geometric formula as well as 
image processing methods. Later two areas are compared to 
validate the model free approach. The results show that, the 
proposed feature can be used as the features in model free gait 
analysis.  
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I. INTRODUCTION 
Image based human gait authentication or recognition has 

become an important research area due to the increasing 
demand of security issue as well as huge potential of medical 
applications for abnormal gait detection. For example, vision 
based gait recognition can be a useful tool in forensic analysis 
of crime where no fingerprint is available [1], [2]. In addition, 
gait recognition has become one of the most reliable 
applications in the area of physical therapy, biometrics, 
rehabilitation, sports, science, and geriatric care [3]–[5]. 
Clinicians are also able to utilize gait segmentation concept in 
their routine clinical practice to evaluate a patient’s status, 
treatment, and rehabilitation for complex musculoskeletal and 
neurological disorders [2], [6]. In the gait authentication 
system, a person is identified from the pattern of walking 
which is an outcome of a synchronized cycle of leg 
movement. Usually, gait recognition methods can be classified 
into two types based on the methodology; i) model based and 
ii) holistic or model free [7]. In addition, the methods require 
extraction of a unique feature from recorded image/video to 
draw a conclusion for the identification [8].  

In the model based methods, the body configuration is 
captured in motion. The features extracted during the motion 
are modelled and matched to the designed model features [2]. 
The knowledge of the body shape and the kinematic gait 
features are combined. The main advantage of the model-
based approach is that it can reliably handle occlusion 
(especially self-occlusion), noise, scale and rotation well, as 

opposed to silhouette-based approaches [9]. However, this 
method produces many parameters from extracted features and 
thus, results in a complex model to be analysed. On the other 
hand, model free gait recognition method is an appearance 
based method which works directly on the gait sequences [10], 
[11]. This does not consider a model for the human body to 
rebuild human walking steps. They have the advantage of low 
computational cost in comparison with model-based 
approaches. Instead, its parameters are obtained from the static 
gait features like centroid, width and height of the silhouette.  

Among the holistic approaches, two types of methods are 
used frequently; i) frame based and ii) gait cycle based [10]. In 
frame based technique, features are extracted from each frame 
of the video sequence, while in gait cycle based approach, 
features are extracted from a single image calculated over a 
gait cycle. Gait energy [12], entropy [13], flow [14] and 
probability [15] are examples of gait cycle based techniques. 
Angles between hip-knee and knee-toe joints were studied as 
gait features in [16].  Also, [17] investigated some more gait 
features such as adaptive height, neck joint, hip and knee 
joints. In addition, previously used models include stick and 
volumetric models, which are most commonly used [18]. In 
this method a model consisting of six segments comprising of 
two arms, two legs, torso and head represent the human body 
structure in the silhouette by a stick figure model consisting 
ten sticks articulated with six joints. Due to the higher 
advantages and better results, [17], [19] have combined model 
based and holistic approach to extract the subsequent gait 
features. Model free features in those studies include adaptive 
height, neck joint, hip and knee joints. In addition, model 
based features were the area under the legs during the gait 
cycle and Beizer and hermite implementation of the extracted 
joints. However, due to the parametric analysis this method 
may also suffer from high computational complexity. 
Therefore, finding a simple but efficient feature for gait cycle 
authentication is always a challenging issue.    

In this paper, we propose two unique geometrical shapes 
during gait cycle so that, the area of the shapes can be used as 
a gait feature. Specifically, a triangle and a right trapezoid, 
between two legs are identified in cyclic manner during a 
normal gait cycle. We use four points from the silhouette of a 
gait model such as, hip joint, knee joint, toe and ground. Based 



on the points a triangle can be identified in around 0%, 50% 
and 100% of a gait cycle. Also, a right trapezoid can be 
specified in around 39% and 90% of the cycle. The present 
study proposes that the triangle and trapezoid shape area can 
be used as a unique gait feature. To validate the reliability of 
these proposed gait features, we have applied mathematical 
formula incorporate with image processing method. In 
addition, validation of the proposed features has been 
demonstrated in terms of correlation analysis and average area 
comparison. 

The rest of the article is organized as follows. Section II 
presents proposed theory of triangle and trapezoid area based 
features.  Description of validation process and experiment 
including data acquisition is given in Section III and IV 
respectively. Results and discussion on validation result is 
presented in Section V. Finally, some concluding remarks 
have been given in Section VI.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1. Repetition of heel strike, mid stance and mid swing in a cycle 
 

II. PROPOSED METHOD 
Five sub-phases in a complete gait cycle are known as heel 

strike, mid stance, opposite heel strike, mid swing and end of 
cycle. The sub-phases are repeated in each gait cycle as shown 
in Fig. 1. In addition, by evaluating four points from a gait 
model such as, hip joint, knee joint, toe and ground, a 
triangular shaped area can be observed between two legs 
during 0%, 50% and 100% cycle. Furthermore, a right 
trapezoid shaped area can be noticed in 40% and 90% of the 
gait cycle. This implies that, the repetition of a triangular 
shape and a right trapezoid shape appears thrice and twice 
from heel strike to opposite heel strike in a gait cycle. Fig. 2 
presents complete gait cycle of a normal gait model while Fig. 
3 shows trace of a triangle at 0%, 50 and 100% and trace of a 
right-trapezoid during 39% and 90% gait cycle. As 
demonstrated in Fig. 2, other shapes between legs are not as 
consistent as the triangle and right-trapezoid. Therefore, it is 
justifiable to use those to geometric shape as features of 
normal gait authentication. Note that, the OpenSim gait model,  
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Fig. 2. Complete gait cycle of a normal gait model in OpenSim. Gait sequence 

recorded in every 10% cycle duration 
 

                            
 

 
 
 

 
 
 

 
 
 
 
 
 
 
Fig. 3. Trace of a (a) triangle at 0%, 50% and 100%, (b) right-trapezoid during 

39% and 90% gait cycle. 
 
developed by [20], has been used to get the images (Fig. 1-3) 
of a model in normal gait condition. This open source 3D 
musculoskeletal simulation platform has been used by many 
recent studies including [21], [22]. 

With this consideration, the area of the shapes can be used 
as a gait feature. For the shape area calculation, Fig. 4 presents 
the schematic stick diagram of the gait model. As depicted in 
the Fig. 4(a), the height of the triangle is the length between 
hip and ground while the width is equal to the length between 
the toe and the hip-ground line. 
Therefore, the area of the triangle can be calculated as 

                    1
2triangleA hd=

                                     
(1) 

where h is the length from hip to ground, 1/2d is the length 
between mid-ground point to toe. Similarly, Fig. 3(b) presents 
the right trapezoid between two legs where the height and  
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Fig. 4 Area calculations of (a) triangle (b) right trapezoid from stick schematic 

representation of gait model 
 
width are h and 1/2d respectively. The area of the right 
trapezoid can be calculated as 

                    ( )1
4

= − ∂trapezoidA hd h d                         (2) 

where ( )22 0 25∂ = − = −.h ab d h bc  and ab is the length between 

hip and knee, ap=h and, bc is the length between knee and 
ground. 

 
III. VALIDATION METHOD 

To validate the triangle and trapezoid shape area as unique 
gait features, we have employed both geometric formula as 
well as image processing methods. Specifically, the region in 
between legs will be extracted first from the gait model image. 
Next, we calculate the area in-between two legs using two 
different processes. In the shape based calculation (SBC) the 
area in-between two legs will be determined by using 
geometrical formulations of triangle and trapezoid while white 
pixel count (WPC) based area calculation will give us an 
estimate of actual area in-between two legs. By doing so we 
will compare the areas measured in two different methods to 
see how close the calculated shape based area to the actual 
area for validation of Triangle and Trapezoid Area based 
features.  

Fig. 5 presents process flow of validation method for 
triangle and trapezoid area based features. As illustrated in the 
figure input RGB images of gait model are obtained from 
OpenSim.  We convert the color space of input image from 
RGB to YCbCr. We detect the red color muscle of the gait 
model by defining the Cb, Cr threshold value range for red 
color. The red color muscle region is extracted in the form of a 
binary image, where the muscle region is presented as white 
pixel. We remove noises from the extracted muscle region. 
We apply dilation on the extracted image with a horizontal 
line structuring element. We also apply morphological closing 
operation on the dilated image to fill in the largest gap inside 
the extracted muscle region. Specifically, we connected the toe 
point by inserting a line and then used a square shaped 
structuring element for morphological closing. We extract the 
region in-between two legs by subtracting the dilated toe line 
drawn image from morphologically closed image. We also 
remove the unconnected extra objects from the resultant 
image. We calculate the actual area in-between two legs by 
applying WPC on the extracted area.  

Next, we estimate the area in-between two legs using SBC. 
Specifically, we determine three corner points and middle 
point of the base of a triangle in the extracted region in-
between two legs for the cases of 0%, 50% and 100% cycle. 
We calculate length of the arms of triangle, i.e. height h and 
base d, by applying Euclidean distance (ED) on the extracted 
points. With the determined height and base, we calculate area 
of triangle using triangle area formula given in (1). On the 
other hand, we determine four corner points in the extracted 
region in-between two legs for the cases of 40% and 90% 
cycle. We calculate length of trapezoid arms, i.e. height h, 
width d, length between hip and knee ab and length between 
knee and ground bc, by applying ED on the extracted points. 
With the determined length of right trapezoid arms, we 
calculate area of the trapezoid using trapezoid area formula 
given in (2). 

Finally we perform correlation analysis on the areas in-
between two legs measured in two different methods, i.e. 
WPC and SBC, to see how close the shape based calculated 
area (i.e. SBC) to the actual area (i.e. WPC).  

TABLE I. SUMMARY OF DATASET 
 

Gait cycle  Sub-phase  Geometric shape  No of 
images 

0%-3%, ,  HS Triangle 17 

37%-41% MS Trapezoid  17 

47%-51%, OS Triangle 17 

87%-91%  MW Trapezoid 17 

96%-100% EC Triangle 17 

Total images 85 

 
IV. EXPERIMENT 

A. Dataset 
The OpenSim gait model is considered as subjects. We 

captured images in stance and swing phases of a cycle 
simulated by 3DGaitModel2392 in normal gait condition. The 
walking speed of the model was 1 m/sec. Images were 
captured in 0%-3%, 37%-41%, 47%-51%, 87%-91% and 
96%-100% for five sub-phases of gait cycle. Note that, these 
five sub-phases will be referred to as, heel strike (HS), mid 
stance (MS), opposite heel strike (OS), mid swing (MW) and 
end of cycle (EC) respectively. 17 images were captured in 
each sub-phase with a gap of 0.3% cycle. For example, in the 
first sub-phase, 17 consecutive images were captured in 0%, 
0.3%, 0.9% and so on. Therefore, there are total 85 images 
which were analysed. The summary of our gait model image 
dataset has been given in TABLE I. All the images were 
processed and analysed using MATLABR2014a software in 
an Intel(R) Core(TM)i5-2400CPU, 3.10GHz computer.  

 
B. Experiment demonstration 

The process of triangle and right-trapezoid area calculation 
comprises of WPC and SBC calculation. Fig. 6 and Fig. 7 
represent the area calculation process of triangle and trapezoid 
respectively. The area calculation is according to the process 
demonstrated in Fig. 5. A message box is used to show the  
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Fig. 5. Process flow of validation method for triangle and trapezoid area based feature extraction 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Area calculation process using WPC and SBC for triangle observed in 0%, 50% and 100% cycle (a) RGB input image of gait model (b) extracted muscle 
using color information (c) dilation of extracted region (d) insertion of toe line (e) morphological closing (f) image subtraction (g) extracted region in-between two 
legs and the determined three corner points and middle point of base of triangle in the extracted region (h) result: calculated area using WPC and SBC. 

 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. 7 Area calculation process using WPC and SBC for right trapezoid observed in 40% and 90% cycle (a) RGB input image of gait model (b) extracted muscle 
region using color information (c) dilation of extracted region (d) insertion of toe line (e) morphological closing (f) image subtraction (g) extracted region in-
between two legs and the determined four corner points of trapezoid in the extracted region (i) result: calculated area using WPC and SBC. 

 
 

calculated area using WPC and SBC. Note that, the unit of 
area has not been used similar to [19].  As demonstrated in the 
figures, the trapezoid area extracted from the gait image is 
smaller than triangle area. A correlation analysis between two 
calculated areas will be given in Section-V. 

V. RESULTS AND DISCUSSION 
Fig. 8 presents the average area in-between two legs 

measure by SBC (triangular formulation) and WPC during HS 
(0%-3%), OS (47%-51%) and EC (96%-100%). The standard 
error has also been shown in the figure. As demonstrated in  

 (a) (b) (c) (d) (e) (f) (g) (h)
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Color space conversion from RGB to YCbCr

Input RGB image of gait model 
from OpenSim

Detection of red color muscle in YCbCr
space

Remove noise from extracted muscle image 

Calculate actual area of extracted region 
using White Pixel Count (WPC)

Start

Present extracted  muscle  as white pixel and 
others as black pixel in image

Apply image subtraction to extract region 
between two leg

Determine four points of triangle/right-
trapezoid on extracted region

Calculate area of triangle/right-trapezoid 
using shape based area formula (SBC) 

End

Output: Area of extracted region using 
WPC and SBC

Apply dilation and morphological closing

Calculate length of the arms of triangle/right-
trapezoid using Euclidean distance(ED)

Perform correlation analysis on actual area 
(WPC) and shape based area (SBC)



 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Average triangle area calculated by SBC and WPC  
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Average trapezoid area calculated by SBC and WPC  
 
the figure, the calculated area was found almost same for three 
sub-phases using SBC method. Similar trend was observed in 
the calculated area using WPC method. This implies that, the 
area in-between two legs in these three sub-phases are almost 
similar. In addition, high correlation between the areas was 
found for the SBC and WPC in all three times. Specifically, 
(r= 0.973, p<0.05), (r= 0.965, p<0.05) and (r= 0.866, p<0.05) 
were found in HS, OS and EC respectively. This implies that, 
the triangular area calculated using geometrical formula is 
very close to the actual area in-between two legs during those 
three positions.  

Fig. 9 presents the average area in-between two legs 
measured by SBC and WPC during MS (37%-41%) and MW 
(87%-91%). The standard error has also been shown in the 
figure. As demonstrated in the figure, the calculated area was 
found almost same for two sub-phases using SBC and WPC 
method. This implies that, the area in-between two legs in 
these two sub-phases are almost similar. In addition, the area 
calculated using WBC is significantly higher than that 
calculated using SBC. The reason may be right trapezoidal 
formulation considers only a partial extracted region in-
between two legs. However, the calculated area using SBC 
was found highly correlated with that using WPC in both 
times. Specifically, (r= 0.951, p<0.05) and (r= 0.956, p<0.05) 
were found in MS and MW respectively. This implies that, the 
trapezoidal area calculated using geometrical formula is very 
close to the actual area in-between two legs during those two 
phases of a gait cycle.  

TABLE II. CORRELATION BETWEEN SBC AND WPC CALCULATED      
TRIANGLE AREA IN THREE SUB-PHASES OF A GAIT 
SBC/WPC HS OS EC 

HS 0.973 0.928 0.955 
OS 0.97 0.865 0.962 

EC 0.97 0.943 0.955 

TABLE III. CORRELATION BETWEEN SBC AND WPC CALCULATED   
TRAPEZOID AREA IN TWO SUB-PHASES OF A GAIT 

SBC/WPC MS MW 
MS 0.964 0.972 
MW 0.894 0.95 

 
TABLE-II and TABLE-III present the correlation between 

the triangular and trapezoidal areas calculated using SBC and 
WPC. As demonstrated in the TABLE-II, the correlation 
among the consecutive area in HS, OS and EC has been found 
quite high for calculated area in two methods. Specifically, 
calculated areas for HS showed the similar correlation with 
OS (97%) and EC (97%) while the area calculated for OS 
demonstrated lower correlation with other two phases (92.8% 
and 94.3%) including lowest (86.5%) for OS area calculation 
using two methods. In addition, as depicted in TABLE-III, the 
correlation between the area calculated for MS and MW was 
found very high as well when SBC and WPC methods were 
applied. However, the correlation between the areas calculated 
trapezoidal area for MS was found lower than that of MW. 
The correlation of MW area calculated by the two methods 
was found as high as 95.8% and 95.5% for MS and MW 
respectively. 

Despite having some significant results, there are few 
limitations in this study as well. For example, the gait phases 
were extracted from the captured images of a simulated gait 
model. The human subjects would have been more appropriate 
for the study. Nevertheless, since we rely on the image 
processing method, the images are transformed into silhouette 
which would be similar regardless the type of image of 
subjects. Human subjects as well as existing database will be 
considered in future work. In addition, this work only 
considers the normal gait while the analysis of abnormal gait 
will be considered as future work.  
 

VI. CONCLUSION 
In this paper we propose two unique features to identify 

gait behaviour. Two geometric shapes based on triangle and 
right trapezoid have been employed to create the features. The 
area calculated by geometric formula has been validated by 
the area measured by white pixel count method. High 
correlation was found between the areas calculated using SBC 
and WPC method. Specifically, the triangular area calculated 
in HS, OS and EC sub-phases were found very close to each 
other while using SBC and WPC method. Similarly, the 
trapezoidal area calculated during MS and MW was found 
almost same while using SBC and WPC method separately. 
The high correlation between the areas calculated in two 
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methods implies that, the geometric shape based features can 
be used as a feature in normal gait authentication.   
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