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The purpose of this study was to investigate the effectiveness of dy-
namic time warping (DTW) in gait research. Participants in this study 
were consist of 10 males and 10 females. Equipment used for collecting 
the gait data of participants in this study was three-dimensional (3D) 
motion analysis system consisted of 8 infrared CCD cameras operated 
with a sampling frequency of 120 frames/sec. DTW program used in 
this study was made using the MATLAB and the normal operation of the 
DTW program was verified by comparison of result manually calculated 
and output by the DTW program. Flexion angle of the knee joint of both 
feet obtained by 3D motion analysis system was analyzed by the DTW 
program and symmetry index (SI) equation. Statistical analysis of the 
values obtained by DTW was performed by one-sample t-test in confi-

dence interval (CI) 99%, 95%, 90%, 85%, and 80% each using the SPSS. 
The subjects’ left and right legs were compared 20 times, and other 
steps of the same foot were compared 20 times. In this study, DTW 
showed different results from SI which is generally used to test the sim-
ilarity of gait. Compared to that of DTW, the threshold figure for similarity 
evaluation in SI, 10%, is considered too large/high. When the CI thresh-
old figure of 95% was adopted in statistical analysis, DTW demonstrat-
ed a lower rate of judging two sequences as similar even in the case of 
normal gait. This study suggests that DTW can be used for the similarity 
test of gait research.
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INTRODUCTION

In biomechanics, with its main academic focus on human move-
ments, time-series data such as spatiotemporal, kinetics, and kine-
matics variables is frequently analyzed as it is useful and easy to 
understand when describing or explaining the human movement. 
Periodicity is often used as the analysis unit of research in biome-
chanics since human movement in gait or sports has periodicity 
with repeats of motion for a certain period of time. Prime exam-
ples of motions with periodicity are that of the lower and upper 
extremity in gait, pitching motion in baseball, and various tech-
nical motions in gymnastics. Periodicity is most frequently struc-
tured in the form of time-series data. Analysis of the time-series 
data reveals a specific pattern or a sequence, which is also called a 
sequence pattern or a signal pattern depending on the field of study. 
Many researchers analyze such a pattern as part of their study since 
it is useful in explaining and understanding movements, as well 

as in identifying differences with other subjects or similar motions. 
However, evaluation of pattern similarity is often challenging. For 
instance, one has to identify where and to what degree the left and 
the right foot in gait diverge from each other. Analyzing the pat-
tern similarity of time-series data can be carried out by either vi-
sually confirming the graph etc. or using mathematical and statis-
tical calculation.

The visual method is intuitive and convenient in grasping the 
overall tendency, but the objectivity of the study can be compro-
mised. The mathematical methods such as correlation analysis or 
Euclidean distance method have higher degree of objectivity com-
pare to the visual method, but there are limitations in comparing 
various patterns. While the correlation analysis can measure changes 
in the two patterns in comparison, it does not properly reflect the 
time-shift phenomenon, difference in the time length, or the dif-
ference of amplitude between two patterns. The method using the 
Euclidean distance also has a limitation in comparing two pat-
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terns with different time frames.
The dynamic time warping (DTW) algorithm was developed 

to solve the difficulties in analyzing pattern similarity for time- 
series data. DTW is utilized in various academic fields such as word 
recognition (Gilbert et al., 2010; Rodriguez-Serrano and Perron-
nin, 2012), on-line handwriting and signature recognition (Efrat 
et al., 2007; Tappert et al., 1990), off-line recognition of a small 
gesture and vision-based gesture (Bautista et al., 2016; Santos et 
al., 2015), data mining (Shokoohi-Yekta et al., 2017), computer 
animation, animated films, and chemical engineering (Vial et al., 
2009). DTW is known as the best algorithm for evaluating the 
similarity between two time-series data that vary in time frames 
as well as nonlinear time-series data. In addition, DTW is able to 
statistically determine the degree of similarity by normalization of 
the matching cost calculated in DTW. DTW performed in three 
conditions (monotonicity, continuity, and boundary) has been con-
tinuously improved in its efficiency by adding extra conditions 
using dynamic programming (DP) such as warping window or 
slope constraint. DTW can be useful for rehabilitation, treatment, 
and development of exercise programs because it can identify the 
degree of similarity and where the difference appeared in time-se-
ries data. However, DTW has not yet been actively used in gait 
research. While some previous studies (Patterson et al., 2010; Pu-
lido-Valdeolivas et al., 2018) applied DTW to their research, they 
lack analysis of the effectiveness or pros and cons of DTW itself in 
gait research. This study therefore aims to confirm the effective-
ness of DTW in gait research.

MATERIALS AND METHODS

Participants and equipment
Participants in this study were consist of 10 males and 10 fe-

males, and anthropometric data of participants are as shown in 
Table 1. Sample size was calculated as 17 by Gpower of setting to 
an effect size of 0.8, significant level α=0.05, and statistical power 
of 0.85. Actual power of this study was calculated as 0.92 due to 
sample size of 20. The subjects were instructed to refrain from 
unusual activities such as drinking, excessive exercise, insufficient 

sleep, etc. and it was confirmed by interview at the day of the ex-
periment. The subject carried out self-selected normal walking 
practice for 5 min on barefoot at the experiment site to prevent 
abnormal walking due to psychological tension from a new envi-
ronment.

Equipment used for collecting the gait data of participants in 
this study was three-dimensional (3D) motion analysis system 
(MotionAnalysis Corp., Santa Rosa, CA, USA) consisted of 8 in-
frared CCD cameras operated with a sampling frequency of 120 
frames/sec. Collected data by 3D motion analysis system was ana-
lyzed by Cortex and OrthTrak provided by MotionAnalysis Corp. 
Matlab was used for smoothing by cubic spline of curve fitting 
tool.

DTW and symmetry index
DTW is a well-known algorithm to find an optimal alignment 

between two time-series sequences under three conditions with 
boundary condition, monotonicity condition, continuity condi-
tion. Definition of these conditions are following as:

Boundary condition:  

Monotonicity condition:  

Continuity condition:  

Where  is the path found by DTW, c is the local cost in warp-
ing path, ,  is sequence data and m, n is index number of warp-
ing path, and L is a maximum length of warping path.

DTW finds the optimal warping path by transform two se-
quences into the matrix. In the process, different of the time 
length of two sequences are normalized to optimal warping path 
length. DTW calculates the different value of each element of two 
sequences and is called local cost. The optimal warping path is the 
path with the smallest sum of these local costs and the sum of lo-
cal cost is called global cost. Definition of global cost and optimal 
warping path are as following.

Global cost:  
Optimal warping path: 

The optimal warping path mentioned above can be found by 
the following equation.

Where  is distance accumulated of warping path and  is dis-
tance between each element of two sequences.

If the difference between two sequences does not exist, the 

Table 1. Anthropometric data of participants

Sex Age (yr) Height (cm) Weight (kg)

Male 23.7± 1.8 177.1± 4.2 68.4± 5.9
Female 21.5± 1.0 164.6± 3.3 54.7± 7.1
Total 22.6± 1.8 170.8± 7.4 61.5± 9.5

Values are presented as mean± standard deviation.
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warping path will be diagonal of matrix.
Researchers have applied various global constraints to DTW for 

reducing the run time of DTW and it is called DP. The most 
commonly known DPs in literature are the Sakoe-Chiba band and 
the Itakura (1975) parallelogram.

Traditionally, the symmetry index (SI) was used for evaluating 
similarity in gait research and equation of SI is as follows.

Where ,  is sequence. When SI <10%, the symmetry was 
considered acceptable (Perttunen et al., 2004). In this study, re-
sults of DTW and SI were compared.

Analysis
DTW program used in this study was made using the MAT-

LAB and the normal operation of the DTW program was verified 
by comparison of result manually calculated and output by the 
DTW program. Flexion angle of the knee joint of both feet ob-
tained by 3D motion analysis system was analyzed by the DTW 
program and SI equation. Values of different between two se-
quences corresponding to the index of the warping path were cal-
culated for statistical analysis. At this time, the local cost of the 
warping path was not used as the different values. Because the lo-
cal cost is a value obtained by taking a square, minus value of de-
viation disappears in local cost and it is unsuitable as raw data for 
statistical analysis. Statistical analysis of the different values ob-
tained above was performed by one-sample t-test in confidence in-
terval (CI) 99%, 95%, 90%, 85%, and 80% each using the SPSS. 
The subjects’ left and right legs were compared 20 times, and 
other steps of the same foot were compared 20 times. And the 
DTW analysis results and SI analysis results were compared.

RESULTS

Table 2 shows result of similarity test by one-sample t-test for 
elements not taken a square of warping path includes SI test result. 
In the male, there was only one case showing different result ac-
cording to CI when comparison of right and left foot, and showed 
two cases when a comparison of another step of the same foot. In 
the female, there were two cases according to each comparison. 
Tables 3 and 4 show the comparative result between DTW and SI 
based on the CI of 5%. In the male, DTW and SI showed differ-
ent results of 21 cases (52.5%) in total and in the female, showed 
different results of 25 cases (62.5%). All of the different results 
evaluated to similar in SI but DTW was the opposite.

Fig. 1 shows the warping path and alignment of two sequences 
about comparing right and left foot evaluated to similar in DTW 
and SI. And, Fig. 2 is a representative case evaluated to nonsimilar 
in DTW and SI. Fig. 3 is a representative case that evaluated to 
similar in SI but evaluated to nonsimilar in DTW.

DISCUSSION

The purpose of this study was to investigate the effectiveness of 
DTW in gait research. Although DTW has been used successful-
ly in various fields, it was relatively lacking in gait studies. The 
stable and periodic movement of the human body has been con-
sidered as an important factor in the gait study due to the charac-
teristics of the gait. Therefore, analyzing the similarity of gait pat-
tern is an important part of gait research. For this reason, this 
study sought to confirm the applicability of DTW for the analysis 
of similarity of gait. In previous studies using DTW, Gaspar et al. 
(2017) conducted a study to the validation of sensitivity of DTW 

Table 2. Result of similarity test

Similarity test
Confidence interval

SI
DTW 99% DTW 95% DTW 90% DTW 85% DTW 80%

Male
   Similarity 13 10   8   7   7 31
   Nonsimilarity 27 30 32 33 33   9
Female
   Similarity   7   5   4   2   2 30
   Nonsimilarity 33 35 36 38 38 10

DTW, dynamic time warping; SI, symmetry index.

Table 3. Comparison between DTW result and SI result for male (CI: 5%)

SI

DTW

Male (right vs. left) Male (other step of same foot)

Similarity Nonsimilarity Similarity Nonsimilarity

Similarity 5 7 5 14
Nonsimilarity 0 8 0   1

DTW, dynamic time warping; SI, symmetry index; CI, confidence interval.

Table 4. Comparison between DTW result and SI result for female (CI: 5%)

SI

DTW

Female (right vs. left) Female (other step of same foot)

Similarity Nonsimilarity Similarity Nonsimilarity

Similarity 1 12 4 13
Nonsimilarity 0   7 0   3

DTW, dynamic time warping; SI, symmetry index; CI, confidence interval.
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Fig. 2. Warping path, sequence and alignment of right vs. left foot (nonsimilarity). Blue circle, warping path; red straight line, diagonal of the matrix; blue line, align-
ment.
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Fig. 3. Warping path, sequence and alignment of right vs. left foot (different result each other). Blue circle, warping path; red straight line, diagonal of the matrix; blue 
line: alignment.
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Fig. 1. Warping path, sequence and alignment of right vs. left foot (similarity). Blue circle, warping path; red straight line, diagonal of the matrix; blue line, alignment.
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by comparing to other established metric such as the Pearson cor-
relation coefficient, root-mean- square-error and so on. And, pro-
posed that DTW can be used in both direct and indirect quanti-
tative validation. Barth et al. (2015) used DTW to observe the 
pattern change of gait. However, there have been no studies on 
the pros and cons of using DTW as a means of similarity testing. 
In this study, DTW showed different results from SI which is gen-
erally used to test the similarity of gait (Tables 3, 4). Compared to 
that of DTW, the threshold figure for similarity evaluation in SI, 
10%, is considered too large/high. In the case of SI, because only a 
difference of values between the two sequences is only used as the 
criterion for judgment similarity, SI is considered that ability for 
tracking the overall pattern change and the ability to cope with 
the time-shift phenomenon is lower than that of the DTW.

On the other hand, when the CI threshold figure of 95% was 
adopted in statistical analysis, DTW demonstrated a lower rate of 
judging two sequences as similar even in the case of normal gait 
(Table 2). Gaspar et al. (2017) argued that DTW algorithm can 
be used for quantitative validity and that it has the analytical ca-
pability for data with time-shift. Gaspar’s assertion regarding 
time-shift was confirmed in Figs. 1-3 presented in this study. Tak-
en together, these results suggest that DTW can be used for the 
similarity test of gait research. However, since the warping path 
of the DTW can vary depending on the DP application method, 
it is important to find the appropriate DP area for the gait study. 
Also, since human walking is carried out with a certain degree of 
deviation, a walking deviation study for normal gait should be 
performed.
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