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Summary

The sound of footsteps is a sound that is heard when people are
walking, where the sound is the result of a jerk between the foot
and the floor surface. This sound may vary from individual to
individual due to some differences, including how to step,
footwear used, the characteristics of the floor, height, and weight
of the person. The sound of this footstep is a biometric feature
and can be used as a person's identifier when the person is
stepping. In some previous studies, the process of recording the
footsteps on the data acquisition media is done on one trackside
only, which is on the middle side of the track, as they used only
one microphone. It means that the footsteps sound used to
recognize a person was only the closest footsteps sound from the
microphone. In this study, the sound of footsteps is recorded at
the time when people are walking not only on one side of the

course but three sides of different paths - the left side of the track,

the middle side of the track and on the right side of the track.
Thus, the footsteps sound used to recognize a person all the
footsteps sounds recorded from all of those sides of the track.
This way is aimed to the process of recognition of people based
on the sound of footsteps on a data acquisition medium can run
as natural as possible so that wherever the person stepped can be
recognized well based on the sound of footsteps. This study
created a media to support data acquisition process and to
support the process of footstep recording and to put the
microphone. The study used four microphones which are placed
on the right and the left side of data acquisition track. The
method of feature extraction used to extract the footstep sound is
Mel Frequency Cepstrum Coefficient (MFCC), and the
classification method for the recognition process of the person is
using Back Propagation Neural Network. The accuracy of person
recognition based on footsteps obtained in this study is 98.8% for
the recognition of people walking on the left side of the track,
98.8% on the middle side of the track and 95% for the
recognition of the person running on the right side of the track.
Keywords:

Footsteps sound, data acquisition media, microphone, MFCC,
Artificial Neural Network Back Propagation.

1. Introduction

Biometrics is a process of learning about automatic
methods to recognize humans based on one or more parts
of the human body or human behavior itself, which has a
certain uniqueness. In an application in the world of
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information and technology, biometrics is relevant to the
technology which is used to analyze physical and human
behavior in the authentication process [1]. There are many
biometric properties such as iris [2], fingerprint [3], palm
print [4] and sound [5] which have been used in the
implementation of people recognition. The characteristic
of biometrics can be divided into two categories; they are
physiological characteristics (such as irises, fingerprints,
and palms) and behavioral characteristics (such as sound,
footsteps sound and gait).

The recognition of people based on the characteristics of
footsteps, in general, can be divided into two parts. Those
are such as the recognition of footsteps based on the large
or small foot pressure on the floor and recognizing
footsteps based on the size or magnitude of the sound
heard as a result of foot beat [6]. In recognition of
footsteps based on the size or magnitude of foot pressure
on the floor, the sensor which is used should be placed on
the floor to be passed by the person stepping so that the
floor must undergo a physical change. In recognition of
footsteps based on the large or small sounds that sounded
when the person stepped then the sensor is only placed on
the surface of the floor and the floor does not change
physically.

The main benefit of the footstep is included in part of
biometrics which is the footsteps can be recognized
unrealizable by the person involved, and therefore the
sensing system tends not change the behavior of the person
concerned. The result gained in this study of footsteps
determines and illustrates the potential footsteps as part of
biometrics in the foreseeable future. [7]. Implementation
of the people recognition based on the sound of this
footstep can be applied in some ways, and one of them is
applied to the home security system [8]. According to [8],
the ability to identify occupants is one of the most
important things regarding home security, which is part of
the concept of intelligent home or implementation of the
smart home.

The cycle of people walking is a cycle that describes the
situation when footsteps on the ground and ends when the
same leg steps on the ground again. This cycle is divided
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into two periods, namely stance and swing [9]. The cycle
of people walking can be seen in Fig 1.

The stance period is used to describe the period when the
foot touches the floor while the swinging period describes
when the foot is in the air, in other words, there is no
contact with the floor. The duration of the running cycle
may vary depending on the speed of the person walking.
The current cycle period comprises 60% for the stance
period and 40% for the swing period [9]. In this period of
support stance, there will appear the sound of a foot jerk
on the floor. This sound will vary from one person to
another. The difference is due to weight, the way the
person is stepping and the characteristics of the existing
floor. The sounds that appear and the duration of the sound
will be a biometric feature that distinguishes between one
people to another.
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Fig. 1 The cycle of people walking [9]

In this research, the people recognition based on the sound
of footsteps that sounded is only focused on the footsteps
of one person walking. Footwear used by the person
concerned is footwear which is made of wood or other of
the same type so that when the person is walking will
cause a sound that sounds like footsteps.

The sound occurs when stepping should be heard well, this
is because the sensor which is used is a microphone. The
room used in this study is a closed room so that other
sounds that can interfere with the sound of footsteps can
be eliminated as much as possible and to support the foot
sound recording process, then this study made a media that
serves as a data acquisition system. Data acquisition
system here is a place for people stepping equipped with
the layout of the arrangement of microphone sensors used.

2. Related Work

In contrast to the identification of other behavioral traits
such as sound, iris and palm print, there are only a few
published research papers on the identification of people
based on footsteps that focus on the sound of footsteps.
The study using a microphone to read footstep signal was
first performed by Tanaka [10]. In this study, Tanaka used

a microphone which is placed at the end of the walking
path. The extraction method used in this research is FFT
(Fast Fourier Transform), and the method for re-
recognition used is Euclidean Distance. The number of
people involved in this study was nine people, and the
accuracy that is obtained from this study was 83%.

In 2004, Shoji [11] proposed a method of footstep
identification by using Mel frequency analysis. The
clustering approach k is used for classification. The
research done by Shoji is a follow-up study that has been
done before by Tanaka, Shoji also used one microphone
that was placed at the end of the track position microphone.
It is in the middle of the track width where the length of
the track is 500 cm. The number of people involved in this
study is five people, the footwear used is sabo, and each
person will run at ten times. The extraction method which
is used in this Shoji research is MLSA (Mel Log Spectrum
Analysis) and the identification method used is K Means
method. Accuracy result obtained in this Shoji research is
84%.

The research using a microphone as a sensor for reading
other footsteps and it is done by She [12]. In this study,
She focused on reading footsteps and other sounds in a
house so that later can be distinguished between the sound
of footsteps and other sounds. In this research, the
extraction method that is used is EPD (End Point
Detection), Footstep Impact Extraction and Footstep
Rhythm Extraction. This study also reads footsteps for
indoor and outdoor. The result of this research is 84,1%.
Besides that, this research also arranges table containing
other sounds that can disturb the footsteps, so that the
result of this research can be used for the application to
read the sound of footsteps between the sounds other that
might happen.

The study of footsteps as a person identification was also
done by Itai [13]. In his research, Itai used a data
acquisition trajectory to record the sound of footsteps as
used by Shoji [11]. In his research, Itai considered the
sound of footsteps as a sound of a voice speaking while for
the extraction process Itai used MFCC (Mel Frequency
Cepstrum Coefficient and for the recognition process, and
Itai also used DTW (Dynamic Time Wrapping). The
weakness of this research is that the footstep sounds which
are extracted only for the closest footstep from the
microphone. The result of this footstep sound recognition
in this research is 96%.

In 2017, Guo [14] proposed a footstep identification
system for the smart home that used acoustic and acoustic
psycho parameters as a feature of the nearest class footstep
and for classification. The data acquisition system which
was used is a development of Shoji [11], It used a
microphone sensor with a track length of 5000 cm and a
sensor that was placed at the center of the end of the track.
The number of people involved in this study is ten people
with different footwear. Everyone will step ten times,
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where the scenario stepping from each person is at the end
of the track towards the microphone. The result of
accuracy obtained in this Guo research as a whole is 81%.
In this study, the microphones used to recgeord footsteps
are not placed on the end of the track but the right and left
side of data acquisition media. The way or scenario of the
person stepping is not only on the middle side as found in
the previous research but also on the left side of the track
and the right side of the track so that everyone will step on
three sides of the track. It is intended to be able to know
exactly the sound patterns of each person's footsteps in
each area along the path of the data acquisition system so
that hopefully it can be obtained better accuracy than
previous research.

3. Research Method

The research model which is proposed in this study can be
seen in Fig 2.
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Fig.2 The proposed model research

3.1 Footstep Recording

Recording the footsteps of people which is stepping is
done directly through the microphones. It is available on
existing data acquisition media.

3.2 Data Separation

The result of footstep sound record will be separated into
two; they are Training Data and Testing Data. This
separation is done as part of the effort to form a Model of
Artificial Neural Network (ANN) which will be used in
the identification process. Formation of Neural Network
Model is using Training Data, and Neural Network Testing
is using Testing Data.

3.3 Extraction of MFCC (Mel Frequency Cepstrum
Coefficient)

This MFCC extraction phase aims to change the footnote
recording data from the time domain into the frequency
domain to get the main characteristics of footsteps for each
person. This characteristic is used as a feature that
distinguishes between one individual to another. The
MFCC extraction process for Training Data and Test Data
is done separately.

3.4 Classification

Classification is intended to determine the suitability of the
input value and output value. The input at the
classification is in the form of the sound of footsteps of the
person stepping while the output is the identity of the
person concerned. The classification in this study is using
ANN with Back Propagation method. The ANN used to
obtain a high accuracy value during the identification
process.

Characteristic of ANN used is designed by making a
model of ANN. After ANN model is formed, then it is
performed the training phase using Training Data. At the
training phase, it can be seen whether the stability of ANN
has been achieved or not. If ANN is not stable, the
architecture of the ANN will be change by updating the
structure and number of hidden layers. If the stability is
achieved in the ANN model, then the next phase is testing
phase using Data Test.

3.5 System Testing

Testing of the classification model of footstep sound
feature performed in this study includes performance
appraisal. Performance appraisal (performance
assessment) is to test the ability of the model classification
of characteristic sound patterns in classifying data that has
errors in the classification. The formula that is used is
usually the formula for calculating accuracy, recall,
precision, and error rate based on Web formula [15].

4. Data Acquisition System

Media data acquisition system which is used to record the
sound footstep in this study can be seen in Fig 3.

Araa of Data A equigidan
System

5| e

-—

150 ¢m

@: Micophune 2

Walking Path Area
(500 em)

Fig. 3 Data Acquisition System for footstep sound recording.

In the research that was done by Tanaka [10], Shoji [11]
and Itai [13] used only one microphone. Meanwhile, this
study used four microphones. The use of more
microphones aims to make the recorded footsteps more
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detailed because the sound of footsteps recorded not only
comes from a microphone but also comes from 4
microphones.

In the research which was examined by Tanaka [10], Shoji
[11] and Iltai [13], the processed of footsteps were the
sound of footsteps which were closest to the microphone,
whereas in this study the footsteps read and processed
were footsteps recorded along the path of the data
acquisition system. Microphones are placed in crossed
positions on the data acquisition system which is intended
for the sound of pounding from the right foot, or the sound
of pounding from the left foot can be recorded properly. It
is considered that at the time people are walking there who
tend to rest on the right foot but there is also a tendency to
rest on the left foot [16]

The distance between the microphone sensors in this study
was set to a value of 77 cm [17]. Nurcahyo stated that the
step length (the distance between the right and left heel or
vice versa on the move) for the Indonesians ranged from
76.5 cm up to 77 cm with the assumption that the height of
observed Indonesian is ranged between 160 cm - 180 cm.
The overall dimension used for the data acquisition system
is the 500 cm walking run length, where this value refers
to Tanaka's [10], Shoji [11] and Itai [13] studies with a
track width of 150 cm.

5. The process of footstep sound recording

The process of recording the sound of footsteps on the
research is done directly on the media data acquisition
system Fig 3. This study involved ten subjects consisting
of five men and five women. The recording process uses
sampling frequency 44.100 Hz, 16-bit mono.

The recording mechanism is everyone should step in one
direction according to the direction of the arrows in Fig 3.
The direction of stepping in the recording process of each
subject follows three ways or scenarios. The first scenario
is everyone will step on the left side of the data acquisition
media path; the second is everyone will step on the middle
side of the data acquisition media path, and the third is
everyone will step on the right side of the data acquisition
media path.

The aim in applying those ways scenario in a variety of
stepping is to get various variations of footsteps on
existing data acquisition media. Each person will step 24
times for each way or step scenario. The number of
footsteps for each person in 3 ways or a stepped scenario is
72 footsteps. The total number of footsteps for ten people
is 720 footsteps. In the recording process, the sound of
footsteps recorded is the sound of footsteps walking alone.
The result of the footstep recording will be classified into
two groups: Training Data and Testing Data. The
composition used to separate the training data and the test
data is 70:30 [18], based on the composition the amount of

sound recording data used for the training process is 480
foot sounds recording while for the test process is 240
sound recordings footsteps. The result of footsteps sound
recording can be seen in Fig 4.
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Fig. 4 The result of footsteps sound recording

6. Mel Frequency Cepstrum Coefficient
Method (MFCC)

The extraction of the best parametric representation of
acoustic signals is an important task to produce a better
recognition performance. The efficiency of this phase is
important for the next phase since it affects its behavior.
MFCC is based on human hearing perceptions which
cannot perceive frequencies over 1Khz. In other words, in
MFCC is based on the known variation of the human ear’s
critical bandwidth with frequency [19]. MFCC has two
types of the filter which are spaced linearly at a low
frequency below 1000 Hz and logarithmic spacing above
1000Hz. A subjective pitch is present on Mel Frequency
Scale to capture the important characteristic of phonetic in
speech. The MFCC phase used in this study can be seen in
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Fig. 5 The phases of MFCC used [19]

6.1 Frame Blocking

At this phase, the sound signal consisting of sample S (X
(S)) is divided into several frames containing N samples,
each frame is separated by M (M <N).
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6.2 Windowing

After the Frame Blocking process has been done, then the
next step is windowing each frame to minimize signal
discontinuity at the beginning and end of each frame. If the
window is defined as w(n), 0 < n < (N-1), which N is the
number of samples in each frame, then the result of this
process is signal [20], corresponding to Eq. (1):

w(n) = 0.54 + 0.46 cos(%) (1)
in which: 0<n<(N-1)
6.3 Fast Fourier Transform (FFT)

The next process is the Fast Fourier Transform, which
converts each frame containing N samples from the time
domain to the frequency domain. FFT is a fast algorithm
for the implementation of Discrete Fourier Transform
(DFT) which is operated on a discrete time signal
consisting of N samples, which can be seen in Eq. (2) [20]:

f) = XkZo yi e 2N )
in which: n=0,1,2, ... ,(N-1)
6.4 Mel Frequency Wrapping

The frequent formula which is used to convert from
frequency to Mel Scale is according to Eq. (3) [20]:

M(f) = 1125In (1 + %) 3)

where: f is the frequency in Hertz
6.5 Cepstrum

The cepstrum is the reverse term for the spectrum. In this
last step, Mel log spectrum is converted to cepstrum using
Discrete Cosine Transform (DCT).

The result of this process is called Mel Frequency
Cepstrum Coefficients (MFCC). This MFCC is the result
of a cosine transformation of the short-term power
spectrum logarithm that is expressed in the Mel-frequency
scale. If Mel Power Spectrum Coefficients is denoted as
Sk, k=1, 2, ..., KinEg. (4), Minh N.Do [21] defines the
coefficient of MFCC (¢n) as:

¢ = YK  (log$y) cos [n (k - l) E] (4)

2/ K

in which: k=1,2,...,K

An example of a cepstrum resulting from MFCC process
from the footstep sound on Fig 4 can be seen in Fig 6.

Fig. 6 Cepstrum result of MFCC process

The result of MFCC process from the footsteps sound that
has been recorded is in the form of cepstrum as can be
seen in Fig 6. Cepstrum in this study is a matrix of 78 x 20.
That Cepstrum still not describe the specific characteristics
of footsteps for everyone. Therefore, the main features of
the cepstrum that can represent the cepstrum of each
person.

In several studies related to the footsteps identification of
people walking, to obtain the main characteristic of an
existing feature matrix from the extraction results, some
previous studies used the minimum, maximum value and
average value approach of a given set of matrix values. In
the research which was done by Orr [22], Orr changed the
matrix value of foot pressure profile to the minimum and
maximum values for each value in the foot profile to
matrix profile. Suutala [23] changed the value of the
feature foot matrix to the minimum, maximum and
average values for each value of the matrix feature. Qian
[24] changed the value in the data frame matrix of the
footstep to a minimum, maximum and averages for each
value that contained the footnote data frame.

In this study, the matrix value on cepstrum will be changed
to the minimum, maximum and average value of each
cepstrum value and to get the correct data centering
measure will also add the standard deviation and median
values. The minimum, maximum, mean, standard
deviation and median values will become the input value
of ANN.

7. Artificial Neural Network

Artificial Neural Network (ANN) is a neural network
model that mimics the working principle of the neuron of
the human brain (biological neurons). ANN first appeared
after a simple model of artificial neurons introduced by
McCulloch and Pitts in 1940 [25]. The simple model is
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based on the function of the biological neuron which is the
basis of the signaling unit of the nervous system.

The working principle of ANN is based on the working
mechanism of information distribution of human neural
network system. However, because of the limitations of
the ANN structure, only a small part of the human imaging
system can be replicated [25].
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Fig. 7 Illustrated Model of JST [25]

The learning or training process of ANN is a process of
altering or adjusting the strength of the relationships
between the connected nodes [25]. Weight values express
the strength of the relationships between nodes. The
reliability of an ANN depends on its success in finding the
weighted factor.

Back Propagation is one of the developments of Single
Layer Neural Network architecture. This architecture
consists of input layer, hidden layer, and output layer [25].
Each layer consists of one or more artificial neurons.
Reverse propagation algorithm is one of the supervised
learning techniques used in this research. Therefore, it is
necessary to understand some important elements in
reverse propagation method.

When the output does not result as expected, the output is
propagated backward to the hidden layer and from the
hidden layer to the input layer. The backpropagation
network architecture as shown in Fig. 8, x1 to xn is the
input layer, z1 to zp is the hidden layer, and y1 up to ym is
the output layer.

(1)
A4
Fig. 8 The architecture of Back Propagation Network [26]

ANN architecture which is used in this study consisted of

five inputs representing the minimum, maximum, mean,
standard deviation and median values which are the

specific characteristics of cepstrum. The number of hidden
layers used is two hidden layers. There are ten output
layers which are a representation of the number of people
involved in this study. ANN architecture which is used in
this study can be seen in Fig 9.

Neural Network

Hidden Layer 1 Hibchons Layes 2 Cutput

Fig. 9 The ANN architecture used

8. Result and Discussion

The result of the accuracy of person recognition based on
footstep sounds obtained from this research can be seen in
confusion matrix Fig 10, Fig 11 and Fig 12.
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Fig. 10 Confusion Matrix footsteps in the first way or scenario

Fig. 10 shows that there exist misclassified class on class 7
which is classified as class 10. Hence, the precision of
class 7 is 88%, and the recall of class 10 is 89%.

Output Class

Total Target
Precision  Recall

0% | 100%
% I
0% | 100%
% %
B | 1000
% %
00% | 100%
% %
006 | 100%
0% %
006 | 100%
0% %
006 | 100%
2% o
006 | 100%
0% %
006 | 100%
0% %
W00 | 8%
0% 1%

o5 o -

Target Class

1
2
3
4
5
6
7
8
9

8
8
8
8
8
8
8
8
8
8

10

o |22 o2 o2 o2 o2 o2 o2 o5 =2 o]
< |8 o[g o[g o[g <[g o[g <[g <[s ~|g o[g | -
« |2 o2 o2 o2 o2 o7 o5 =2 o7 o2 o] -
o |2 ol2 0|2 o2 o2 o5 =2 o2 o2 o2 o]
o 202 0|2 o2 o5 =2 o2 o2 o2 o2 o] -
o |22 0|2 o5 =2 o2 o2 o2 o2 o2 o| -
PO O PN 8 8 8 8 8 8 O
PO T I I I I I I I I
o 5 =|2o|2 o202 o202 oz |2 o2 o] 5

= |2 o|g o[ o[2 o|g o2 o[ o|2 o|2

Total Keluaran Total Data 80

Testing Accuration| 9875%
‘Average of Testing Precision] 9875%
Average of Testing Recal 98.89%
Error Rate] 125%

Fig. 11 Confusion Matrix footsteps in a second way or scenario

It can be seen from Fig. 11 that there exist misclassified
class on class 3 which is classified as class 10. Hence, the
precision of class 3 is 88%, and the recall of class 10 is
89%.
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Fig. 12 Confusion Matrix footsteps sound in a third way or scenario

There exist misclassified class on class 9 which is
classified as class 3 and class 10 (see Fig. 12). The
misclassification happens in the class as well. Class 7 is
classified as class 4 and class 10. Hence, the precision of
class 7 and class 9 is 75%, the recall of class 3 and 4
become 89%, and the recall of class 10 becomes 80%.

The decline of precision and recall on those class
explained above, can cause the decline the accuracy of the
system for every way or scenario of walking. The decline
of accuracy leads to people’s footsteps misidentification.
The variance of the footsteps ways or scenarios that have
been prepared before lead to the misclassification.

The difference of those footsteps variance will cause the
change of the distance between the sound source (footsteps
sound) and the microphone. The difference leads to the
intensity of the recorded sound.

A summary of the three confusion matrixes in Fig 10, Fig
11 and Fig 12 can be seen in Table 3.

Table 3: Summary of Confusion Matrix

] The result of Classification Testing
Scenario Accurac | Precision Recall Error
y (%) (%) (%) Rate (%)

First Way or

Scenar?lo 98.75% 98.75% | 98.89% 1.25%
Second Wa

or Scenarioy 98.75% 98.75% | 98.89% 1.25%

Third Way or | 95009 | 95.00% | 95.78% | 5%

Based on the results of this research, it can be seen from
the value of accuracy obtained for each way or scenario
stepping that the distance between the microphones with
the source of the footsteps sound is very influential.

The position of microphone placement on the data
acquisition system affects the number of footage variations
that can be recorded. This position is quite important
because on any side the person stepping can still be
recognized well.

The number of microphones which is used to record
footstep sound also provides an important contribution to
the accuracy of people's recognition based on footsteps.
The number of microphones used will affect the quality of
the sound footsteps recorded.

The study, based on Table 3, has the better accuracy
compared to the previous studies. Itai and Yasukawa
(2006) used only one microphone which placed on the
middle side of the track, resulted in 96% of accuracy.
Meanwhile, this study used four microphones and placed
in the left, the middle and the right side of the track;
obtained 98.75% of the accuracy. It can be summarized
that the number of the sensors and changing the position of
the microphones increased 2.75% of accuracy.

9. Conclusion

The results of this study prove that the sound of footsteps
can be in the form of a person's biometric traits, which can
be used as identifiers of the person when walking. It can
be seen from the accuracy obtained in Table 3.

The accuracy of person recognition based on footsteps
sound depends on the position of the microphone and the
number of microphones used in the data acquisition
system. This is because the microphone position and the
number of microphones used, affect the accuracy of foot
recognition for various variations of the person's steps on
the existing data acquisition. The various variations of the
person's steps can be recognized because the microphones
are placed at the right and the left side of data acquisition
track. Hence, the distance between the source of the sound
(footsteps sound) and the microphones is relatively the
same in every way or scenario.

In the previous studies, identification of footsteps of
person was based on one way of stepping, which was on
the middle side. While in this study used three ways or
scenarios with the average accuracy is 97.5%.
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