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ABSTRACT 1In this paper, the amount of information collected by sensory and motor organs is analyzed.
Humans use their senses to recognize the information around them and to perform appropriate actions.
To perform these processes, information is exchanged between organs via analog electrical signals. Analog
electrical signals convey information transmitted from human sensory organs to the cerebrum or commands
sent from the cerebrum to the appropriate motor organs. This paper analyzes the amount of analog signal
information generated inside the human body and converts this information into equivalent digital data. This
process is carried out in an effort to build a human-like humanoid based on the equivalent digital data. The
analog information generated in the human body is investigated based on the medical publications to date.
These analyses result in the bit rate and delay requirements of nervous systems that are built with digital
networks. It is shown in this paper that both artificial eyes equivalently generate approximately 14 Gigabits
from a one-time look when a humanoid performs at a human-like level. In addition, it is realized that
the human body is more sensitive to pressure than to temperature since the pressure sensation generates,
on average, more information than the temperature sensation.

INDEX TERMS Humanoid, in-robot network, sense, perception, motor, bit rates, requirement, delay.

I. INTRODUCTION

The human body is made up of numerous elements such as
bones, muscles, nerves, organs, and so forth. Much informa-
tion exchange must occur between these elements to maintain
human homeostasis. This exchange of information is commu-
nicated through the peripheral nervous systems to the central
nervous system, where the central nervous system issues
appropriate action commands. At this time, each informa-
tion is transmitted through a number of neurons. In general,
there are approximately 86 billion neurons in the human
body [1]. Many of these neurons are classified as sensory
neurons, interneurons, and motor neurons according to their
functions [2]. Sensory neurons make up the sensory nerves,
and deliver the stimuli received by the sensory organs to the
associated neurons. Interneurons make up the brain and spinal
cord collectively judge the information received through sen-
sory neurons and give appropriate instructions. Finally, motor
neurons receive commands from the associated neurons and
pass them on to the organs (arms, legs, etc.). Therefore, when
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a stimulus is delivered to the human body, it is processed in
the order of sensory neurons, interneurons, and motor neu-
rons, as above. Therefore, humans can maintain homeostasis
because they perform appropriate body reactions and reflexes
by recognizing the surrounding environment information col-
lected from their sensory neurons. For example, if a human
sees a ball through his or her eye, the sensory neurons in
the eye transmit the stimulus to the interneurons. Stimulated
interneurons transmit appropriate commands to one of the
motor nerves in the legs. The motor nerves that receive the
commands, tell those organs to exercise to move the muscles.

However, after recognizing external sensations, much time
is required to activate the muscles if corresponding organ
receives commands from the cerebrum. Thus, when a human
is in a dangerous or urgent situation where homeostasis
cannot be maintained, a reflex is issued from the spinal
cord. In this case, the human body unconsciously enacts the
reflexes. Reflexes are unconscious actions that occur reflex-
ively when a person is irritated, regardless of the person’s
will. Therefore, when you touch a hot object, only the feeling
of ‘hot’ is transmitted to the cerebrum; the action is initiated
in the spinal cord, not the cerebrum [3]. When humans need
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to act fast and consciously, they decide upon their actions
through different nervous systems.

A human has many neural networks, those comprising
motor neurons and sensory neurons. These neural networks
are comprised of many neurons. These neural networks are
organically connected to organs and convey necessary infor-
mation. For information to be communicated, the sensory
organs must first recognize stimuli. These stimuli are rec-
ognized by the numerous receptors. These receptors must
also recognize several stimuli simultaneously; thus, if one
receptor is artificially implemented, it will consist of multiple
sensors. This is because the quantification of the stimulus data
received by the sensor is similar to the way the body perceives
the surroundings through its receptors. Information transfer
for perception is achieved through an organic neural network
via electrical signals [4].

This paper analyzes the signals transmitted from the sys-
tems so that a human-like humanoid with digital commu-
nication networks can be built. In other words, this paper
suggests an analogy of human neural networks with artificial
communication networks in a humanoid by specifying the
bit rates and other network parameters such as delays and
data sizes. These efforts will be necessary if a humanoid is
designed to mimic human functions. These communication
network requirements will be important factors in designing
communication networks for a human-like humanoid. These
requirements will be used to select the proper communication
network protocols, switches and bandwidths.

A human-like humanoid refers to a robot that has cogni-
tive and motor functions as good as or better than those of
humans. Regarding the previously developed humanoids, it is
known that approximately 100 sensors and 70 actuators were
required [5]. As the functionalities of humanoids become
more sophisticated, the number of sensors is expected to
increase. For example, humanoids need at least 80 motors
or actuators in their faces alone to achieve the same sophis-
ticated look as that of humans [6]. The number of sen-
sors applied to humanoids in the future will further increase
if they are designed to feel the temperature, touch sensa-
tions, and pain that can be felt at almost every point on
human skin. Thus, it is essential to design a network that
can properly connect a large number of sensors to meet
the network requirements mentioned above. The network
would be similar to a human nervous system. However,
the research papers published so far have been conducted
only for specific body parts such as hands and skin [7].
There has never been a research paper on the general nervous
systems of the human body. In this paper, autonomic nervous
systems such as those of the heart, stomach, and colon are
not discussed because they are not directly controlled by the
cerebrum.

This paper is organized as follows. Section II describes
basic neural networks by classifying human neural net-
works into sensory and motor organs. Section III analyzes
and explains the amount of information received by human
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sensory organs. Section I'V analyzes and explains the amount
of information received by human exercise-related organs.
Finally, Section V concludes the paper.

Il. BACKGROUND

The human nervous system is divided into the central nervous
system and the peripheral nervous system. The central ner-
vous system is divided into the brain and spinal cord, and the
peripheral nervous system is divided into the somatic nervous
system and the autonomic nervous system. The central ner-
vous system primarily controls human behavior or the organs.
The brain is divided into five parts: the cerebrum, cerebellum,
interbrain, middle brain, and medulla [8]. Different parts
of the brain control different kinds of behaviors. The spinal
cord is responsible for the connections between peripheral
nerves distributed in the sensory organs and muscles of the
brain, as well as the backbone of unconditional reflexes.
The peripheral nervous system consists mainly of nerve fiber
masses and connects all body parts to the central nervous
system. Clumps of nerve fibers are called ‘nerves’ and are
classified as sensory or motor fibers by function [9]. This
section introduces a human nervous system network, where
signals from peripheral nerve receptors are passed to the brain
to command various actions. In particular, Section A intro-
duces the sensory organs of the peripheral nervous system,
and Section B introduces the motor organs of the peripheral
nervous system.

A. HUMAN SENSORY INFORMATION

This Section introduces the sensory organs of the peripheral
nervous system. The peripheral nervous system transmits
stimuli received by sensory organs in each part of the body
to the brain and spinal cord. Also, the peripheral nervous
system is the nervous system that delivers integrated and
coordinated responses in the brain and spinal cord to the
skeletal muscles, visceral muscles, and various glands of the
body. It is divided into the autonomic nervous system and
the somatic nervous system, which is again divided into sym-
pathetic nerves and parasympathetic nerves. The autonomic
nervous system consists of sympathetic and parasympathetic
nerves. The somatic nervous system consists of 12 pairs of
cranial nerves and 31 pairs of spinal nerves, which primarily
correspond to the exercise and skin sensory organs. The auto-
nomic nervous system is distributed in the intestines, blood
vessels, etc. and controls the functions of each organ uncon-
sciously or reflexively [9]. As such, a human nervous sys-
tem has a very complex configuration. This Section explains
the basic theory behind the analysis of the amount of
information from the five human senses, skin and muscle
movements.

The average surface area of an adult’s total skin is approx-
imately 2 m?, which means that our skin is one of the largest
body organs [10]. The skin not only protects the muscles,
internal organs, blood vessels and nerves from the outside
environment but also detects and transmits millions of signals
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from the outside environment to the brain. In other words,
human skin maintains body temperature through collected
information and plays an important role in informing the
body of surficial danger from external hazards. The skin
has five internal sensory points that are used to feel irrita-
tions. The sensory points of the skin are composed of touch,
pressure, hot, cold, and pain points. In addition, the skin
sensory points are distributed throughout the body, with the
number varying depending on the part of the body. In gen-
eral, human skin has 0 to 3 hot points, 6 to 23 cold points,
and 100 to 200 pressure points per square centimeter [11].
In addition, when a stimulus is delivered to a sensory point,
the stimulus is transmitted to the brain for recognition. At this
time, the transmission speed of the senses transmitted from
the sensory point to the brain depends on the thickness of
the corresponding nerve fibers. The thickness of the nerve
transmitting the signal received at the tactile and pressure
points is approximately 5 ~ 12 pum. Its transmission speed is
approximately 30 ~ 70 m/s. In addition, the pain points and
temperature sensory points are divided in two according to
their diameters. A relatively large diameter is approximately
2 ~ 5 pum. In this case, the transfer speed is approximately
12 ~ 30 m/s. The temperature sensory points have relatively
large diameters. On the other hand, the relatively small diam-
eters range from 0.4 to 1.2 um. Their transfer speeds are in
the range of approximately 0.5 to 2 m/s [9]. The pain points
have relatively small diameters [12].

In the remaining part of this section, the other four senses,
i.e., smell, sight, hearing, and balance, are briefly introduced.

First, human sight is the sense perceived through the eye.
Through this sensation, a human can recognize the sizes and
shapes of objects, light, and perspective. If a still image that
can be observed by human eyes is converted into pixels,
it can be expressed as approximately 576 million pixels [13].
Moreover, because 70% of all sensory receptors in the human
body are in the eyes, vision is the most important sense for a
human [14].

The sense of smell occurs owing to chemicals in the
air. In other words, the receptors in the nose sense chemi-
cals to recognize the environment. There are approximately
1,000 receptors that can detect chemicals in the nose, and the
number of chemicals that each receptor detects is known to
be 17 [15].

Hearing refers to the sense of sound. In the process
of hearing, the frequencies and intensities of sound waves
transmitted to the ears through media such as air or water
are mechanically sensed. In general, audible frequencies
of 20 to 20,000 Hz can be heard by humans, and very sensitive
people can hear up to 30,000 Hz. As people grow older,
the range of these frequencies decreases [16]. In addition,
the ears have semicircular canals that are responsible for the
sense of equilibrium of the human body. These semicircular
canals consist of three rings, each 90 degrees apart from the
others. Lymphatic fluid fills in these semicircular canals to
detect movements in each direction [17].
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B. HUMAN MOTOR INFORMATION

In general, a human is controlled by the cerebrum to per-
form muscle movements. However, there is an unconscious
response to a stimulus regardless of the control of the cere-
brum. This reaction depends on conscious and unconscious
reactions such as reflections. The cerebrum processes the
stimuli of conscious responses received from the sensory
nerves, and the cerebrum sends commands to the motor
nerves. The commands received from the cerebrum cause
the motor nerves to transmit to the motor organs to perform
proper movements. Unconscious reactions (reflections) are
unconscious responses to stimuli, regardless of the com-
mands of the cerebrum. Since an unconscious reaction is
not controlled by the brain, the reaction occurs through the
reflex center, i.e., the spinal cord, the medulla, and the middle
brain. Therefore, the response rate is faster than that of a con-
scious response; hence, the human body can quickly react to
protect itself from various dangers. Representative examples
of unconscious reactions include knee reflections, sweating,
coughing, and pupillary reflexes.

A human has approximately 640 skeletal muscles. The
number of skeletal muscles is greatest in the face, with
approximately 80 muscles, and least in the hands each with
approximately 10 muscles [18]. These muscles are moved by
the commands received from the motor nerves. Each motor
nerve carries a command from the central nervous system and
delivers it to the muscles. The muscles with the command
perform the appropriate responses.

Ill. EQUIVALENT DIGITAL INFORMATION FROM

THE HUMAN SENSORY SYSTEM

Until now, the systems of sensory and motor neurons in
humans have been analyzed. As mentioned in the Introduc-
tion, this Section begins to quantify the amounts and flows
of information collected from receptors in the peripheral ner-
vous systems in terms of data bits and bandwidths. To obtain
the data bits and bandwidths, the bands of the senses in which
the body’s receptors respond most sensitively are quantified.

A. SKIN

A human has different skin sensory receptors for recognizing
different senses. Based on the information perceived by a skin
sensory container, a human can recognize the environment
their body is in.

To obtain the equivalent digital human information gen-
erated from the sensory system, the senses of warmth and
coldness must be integrated into one temperature sense. This
is because the information generated by two groups of sen-
sory points can be scaled to a single temperature value rang-
ing from coldness to hotness. A pressure sensory point can
represent touch, pressure, and pain because these can also
be expressed as a single value depending on the range. For
example, a slight touch can be expressed as a small number
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represented by the touch weight, and the pain caused by the
pressure of a heavy object can be expressed as its weight.

A human has different ranges of temperatures and pres-
sures that can be felt in different parts of the body. The reason
is that sensory points are distributed in a human body differ-
ently. Therefore, the number of sensory points per body part
is calculated using the sensory points distributed per unit area
multiplied by the total skin unit area. The total skin area is
assumed to be the average skin area of an adult male (2.4 mz),
and the body parts are largely classified as follows: arms and
hands, legs and feet, the head, and the trunk [19]. The skin
ratio of a human body and the obtained skin area are shown
in Table 1. In addition, the number of temperature sensory
points of each skin per unit area mentioned in Section 2 is
shown in Table 2.

TABLE 1. Human skin area.

Body part Skin area ratio Skin azrea
(%) (em?)
Arms 20 4,800
Hands 5 1,200
Legs 34.4 8,300
Feet 6.2 1,500
Forehead 0.06 14
Nose 0.03 7.2
Lip 0.01 2.4
Cheek 7.4 1,776
Chest and abdomen 9.2 2,200
Back 8.6 2,100

TABLE 2. Number of temperature sensory points per unit area.

Body part Nurr.lber of temg)erature
points per cm” (num)
Arm 3
Palm 10
Back of the hand 6
Leg 6
Top of the foot 56
Sole 34
Forehead )
Nose
Lip 19
Cheek 9
Chest and abdomen 12
Back ]

The number of sensory points for each part is derived from
the ratio of hot and cold points per body area and unit area.
On the basis of the number of temperature points per unit area,
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the number of temperature points, data size and bit rate of
each body part are calculated.

The number of temperature sensory points for each body
part is calculated by multiplying the number of temperature
sensory points per unit area by the area of each body part.
In the case of the hand, foot, and torso, the distribution of
temperature sensory points on the upper and lower surfaces
is different. Therefore, when calculating the temperature
sensory points of the hand, foot, and torso, the number of
temperature sensory points is calculated by applying differ-
ent numbers of temperature sensory points on the top and
bottom surfaces. In addition, the temperature change felt by
a person is analyzed to obtain the data size received from
the receiver. The temperatures that a human can feel most
sensitively range from 5 °C ~ 45 °C, and a human can
feel temperature differences with a resolution of 0.02 °C.
Therefore, 1 °C can be divided into 50 intervals of 0.02 °C
increment, with a total of 2,000 temperature changes that
can be felt because of detection occurring over a total range
of 40 °C [20], [21]. These 2,000 temperature changes can be
represented as 11 bits, and the total data size can be obtained
by multiplying 11 bits by the number of temperature sensory
points. To determine the equivalent bit rate of a signal gen-
erated from a receptor, the number of collections per second
at a receptor is investigated. The temperature sensory points
collect the ambient temperature information approximately
50 times a second [22]. Therefore, the bit rate can be obtained
by multiplying the data size by the frequency.

Finally, the speed and distance of signal transmission are
analyzed to find the delay time in transferring the temperature
information collected from the temperature sensory point
to the head. The speed at which temperature data collected
from the temperature sensory point are transferred is approx-
imately 30 m/s [12]. The length is also set to the distance
from the brain to the furthest receptor. This is because a strict
delay time can be set and the minimum delay time can be
set. For example, in the case of the hands, the length is set
from the head to the tip of the finger, and in the case of the
legs and feet, the length is set from the head to the tip of
the toe. Therefore, the delay time is obtained by dividing the
length by the transmission speed. Tables 3 to 5 show the final
information collected from the temperature sensory points for
each body part.

Next, the amount of information collected at the pressure
points is analyzed. The pressure that humans feel is different
in intensity at each body part, similar to the temperature felt at
the sensory points. The reason is that the number of pressure
sensory points is different for each part of the human body.
Although the exact number of pressure sensory points in each
part of the human body is currently unknown, the minimum
distance is experimentally known, as shown in Table 6; the
minimum distance refers to the smallest distance between two
points at which the skin can still be separately felt [23].

The number of pressure sensory points per unit area is
derived using the information in Table 6. The number of
pressure sensory points is calculated by multiplying the total
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TABLE 3. Information regarding the data collected from the temperature

sensory points.

TABLE 6. Minimum distance felt at which two separate points can still be

felt independently.

Number of Body part Minimum distance (mm)
Body part temperature Length(m) Fingers 2.3
spots (num) Upper Lip 5
Arms 38,400 1 Cheek 6
Hands 9,600 1.5 Nose 7
Legs 49,536 1.8 Palm 10
Feet 11,504 2 Forehead 15
Forehead 11,904 0.2
Nose 65 02 Foot 20
Lip 46 02 Belly 30
Cheek 15,984 0.2 Forearm 35
Chest and Upper arm 39
abdomen 26,496 0.9 Back 39
Back 12,512 0.9 Shoulder 41
Thigh 41
TABLE 4. Transmission speed and delay time of data from temperature Calf 45

sensory points.

Body part Transmission Delay time(sec) human body. By doing so, the number of pressure sensory
yp speed (m/s) y oints on each body part is determined, as shown in Table 7.
p Y P
Arms 30 0.033
Hands 30 0.038 TABLE 7. Number of pressure sensory points.
Legs 30 0.06
Foot 30 0.067 Number of the Number of
Forehead 30 0.006 Body part pressure sensory pressure
: points per unit area sensory points
Nose 30 0.006 (num) (num)
Lip 30 0.006 Arm 13 63,828
Cheek 30 0.006 Palm 58 69,600
Finger ti 241 7,698
Chest and 30 0.03 ger up
abdomen Leg 13 109,784
Back 30 0.012 Foot 28 42,393
Forehead 38 551
TABLE 5. Data sizes and bit rates of data from temperature sensory Nose 84 603
points. Lip 118 284
Cheek 98 174,233
Body part Data size (bit) Bit rate(bps) Chest and o 41,450
A B
s 528,000 26,400,000 abdomen
Hands Back 14 71,097
L
°Es 675,840 33,792,000 . .
Feet Next, pressure sensations received at the pressure sensory
Forehead points are analyzed to present them with the binary data.
Nose To do this, the range of pressure that a human can feel is
Tip 178,306 8,915,280 quantified, and this value must be expressed in binary with
Cheek the appropriate number of bits. Let N}, be the entire pressure
Chest and range that human can sense and N; be the value obtained by
abdomen 473.088 23 654.400 dividing the entire pressure range by the minimum difference,
Back Dp, in pressure that humans can feel. In this case, let Ky

area in Table 1 with the number of pressure points present per
unit area (cm?). Through this derivation, this paper derives
the number of pressure sensory points for each part of the
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be the minimum number of bits needed to represent N; as
a binary number. This Ky, is the minimum binary data size for
indicating pressure.

Kp = "log,N; .

ey
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Ny = Np/Dm- ()

Here in equation 1, "x7 indicates the smallest integer
greater than or equal to x. For example, assuming that the
pressure range is 100 and the minimum pressure difference
a human can feel is 4, a total of 100 divided by 4 would
be 25; hence, a binary to express this minimum would require
5 bits. Therefore, Ky, which digitally expresses the pressure
sensory range N, will be 5 bits. The maximum pressure at
one pressure sensory point for an adult is 1.98 N [24]. If the
pressure exceeds 1.98 N, a human does not feel a difference
between their senses and thus feels the same pain. To convert
this pressure to weight, one can divide it by the acceleration
due to gravity, that is, 9.8 N/kg, resulting in 0.202 kg, which
is the weight at which pressure can be felt at one pressure
sensory point. Let g be the acceleration by gravity and F, be
the maximum pressure force that human can feel. Let W is
the weight that feel the pressure force at one pressure sensory
point. The relation between these parameters is expressed in
equation 3.

W =F,/s. 3)

Nevertheless, the reason why a human can feel more than
10 kg is as follows. A human uses muscles to lift objects and
feels pressure only through multiple pressure sensory points
on the part of the skin that touches them. For example, if a
human lifts an object by hand, the human feels pressure at
the pressure sensory point of the hand touching the object,
and the weight is felt through the muscles of the arm and
shoulder.

The minimum change in weight at which a human feels
pressure is 0.000158 kg [7]. To find the number of weight
changes humans can feel, 0.202 kg is divided by 0.000158 kg.
From this calculation, the number of pressures changes that a
human can feel is 1,278. The above value can be expressed as
11 bits, and the data size can be obtained by multiplying this
value by the number of pressure sensory points. The 11 bits
are very sophisticated values and quantize the data collected
at the pressure sensory point linearly during sampling.

The pressure reception period per second is analyzed to
obtain the bit rate value received at the pressure sensory point.
On average, the frequency of vibration felt by human skin is
up to 250 Hz. Thus, if a human is subjected to vibration with
a period above 250 Hz, the pressure sensory points receive
some stimulus, not a vibration. Therefore, the frequency at
which pressure is felt can be set to 250 Hz.

Finally, the delay time for transmitting information col-
lected from pressure sensory points to the brain is derived.
The speed at which information gathered from pressure
sensory points is transmitted to the brain is approximately
70 m/s [12]. In addition, the distance is the length from
the sensory points to the brain. On the basis of these facts,
the delay time of transmission from the pressure sensory
points to the brain can be obtained. The information regarding
the final pressure sensory point derived by considering all the
above items is shown in Tables 8 to 10.
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TABLE 8. Information regarding data from pressure sensory points.

Number of
Body part pressure sensory Length (m)
points (num)
Arm 63,828 1
Palm 69,600 1.5
Finger tip 7,698 1.8
Leg 109,784 2
Foot 42,393 2
Forehead 551 0.2
Nose 603 0.2
Lip 284 0.2
Cheek 174,233 0.9
Chest and abdomen 41,480 0.9
Back 71,097 0.9

TABLE 9. Transmission speed and delay time of data from pressure
sensory points.

Body part T:;;sdntl;s/ls(;n Delay time (sec)
Arm 70 0.014
Palm 70 0.021
Finger tip 70 0.026
Leg 70 0.029
Foot 70 0.029
Forehead 70 0.003
Nose 70 0.003
Lip 70 0.003
Cheek 70 0.013
Chest and abdomen 70 0.013
Back 70 0.013

B. VISION

The amount of information collected from human eyes is
analyzed in this part. The total number of pixels per frame and
that of frames collected per second are analyzed. In addition,
the number of colors that the human eyes can recognize is
analyzed. As mentioned in the background, human eyes do
not recognize many pixels at a time but can look around
and see all that is desired. If this is calculated in pixels,
it can be converted into a result of approximately 576 million
pixels [13]. The equation explaining this relationship is given
as shown below. For the resolution of the human eye, let’s
try a “small” example. Consider a view in front of you
that is 90 degrees by 90 degrees, like looking through an
open window at a scene. The number of pixels would be
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TABLE 10. Data sizes and bit rates of data from pressure sensory points.

frame and the bit rate to express the bio-signal generated from
two eyes.

according to [13]

90 degrees x 60 arc-minutes/degree x 1/0.3 x90x60x1/0.3
=324, 000, 000 pixels (324 million pixels). “4)

At any one moment, the human eyes actually do not per-
ceive that many pixels, but moves around the scene to see
all the detail. But the human eye really sees a larger field
of view, close to 180 degrees. Let’s be conservative and use
120 degrees for the field of view. Then human would see

120 x 120 x 60 x 60/(0.3 x 0.3) = 576 million pixels. (5)

However, the full angle of human vision would require
even more million pixels.

The human eyes can recognize approximately 1 million
colors [25]. The reason why the human eyes can rec-
ognize colors is because cone cells in the eye recognize
colors. There are three groups of cone cells which rec-
ognize red, green, and blue, respectively. Cone cells also
transmit the information regarding colors recognized to
the brain [26]. To express the analog color signal recog-
nized by the eyes as digital binary bits, each bit of red,
green, and blue can be represented by 8 bits since 24 bits
may express more than 1 million colors. Thus, when the
color recognized by the human eyes is expressed in binary
bits, it can be expressed as a total of 48 bits for the
two eyes.

Similar to a camera, a human eye recognizes its surround-
ings by recognizing consecutive frames. The data size col-
lected from an eye for a single look can be obtained by
multiplying the total number of pixels by the number of bits
required to express a color for a pixel. This corresponds to the
total number of bits per frame from a single look. In general,
the human eyes recognize frames at a rate of approximately
20 fps [27]. The bit rate of transmission from an eye to the
brain can be calculated by multiplying the total number of bits
by the frame rate. Table 11 shows the total number of bits per
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Body part Data size (bit) Bit rate (bps)
Arm 702,108 175,527,000 TABLE 11. Data sizes and bit rates of data from vision sense.
Palm 765,600 191,400,000
Finger tip 84,678 21,169,500 Unit Data size Frequency per | Bit rate
Leg 1207.624 301,906,000 per sample (bit) second (Hz) (bps)
Foot 466,323 116,580,750 Vision 27 Giga 20 553 Giga
Forehead 6,061 1,515,250
Nose 6,633 1,658,250
Lip 3,124 781,000 C. HEARING, SMELLING, AND VESTIBULAR
Cheek 1,916,563 479,140,750 This section analyzes the amount of information in bits
generated from hearing, smelling, and the vestibular sense.
Chest and abdomen 456,280 114,070,000 The human auditory sense listens to the surrounding sounds
Back 782,067 195.516.750 through the ears. In general, the maximum audio frequency a

human can hear is 22,000 Hz. In converting these frequencies
to digital data, the sampling frequency should be 44.1 kHz.
In this case, the quantization depth uses 16 bits. The reason is
that the quantization depth at which humans do not notice the
difference in a sampled sound is 16 bits and the sampling fre-
quency is 44.1 kHz [28]. Thus, the number of bits collected
from both ears per sample would be 32 bits. The bit rate can be
obtained by multiplying this value by the sampling frequency.

A human ear not only hears sounds but also plays an impor-
tant role in human balance. As mentioned in the background,
there are semicircular canals in the ears. These semicircular
canals sense human tilt, rotation, and gravity. This part of
the paper analyzes the reasonable number of bits necessary
to express the human balance information.

When the body changes position or begins a movement,
the weight of the membrane bends the stereocilia and stim-
ulates the hair cells. Hair cells send signals down sensory
nerve fibers, which are interpreted by the brain as motion.
When the head is in a normal upright position, the otolith
presses on the sensory hair cell receptors. This pushes the
hair cell processes down and prevents them from moving
side to side. However, when the head is tilted, the pull of
gravity on the otoliths shift the hair cell processes to the
side, distorting them and sending a message to the central
nervous system that the head is no longer level but now
tilted [29]. As stated above, the human balance mechanism is
complicated to analyze. Nonetheless, three different signals
for tilt, rotation, and gravity are sent from the ears to the
brain. To represent these three signals in bits, we refer to the
gyro and acceleration sensor, GY-521 MPU-6050 from TDK,
used in other humanoids [30]. This sensor is typically used
in many robots and automobiles [31]. The binary expressions
of the x-, y-, and z-axes of the gyro sensor, which detects the
tilt and rotation, are set to 16 bits, and that of the acceleration
sensor is also set to 16 bits. Therefore, the data generated from
one ear is represented by 48 bits, and 96 bits are obtained
by combining the data from both ears. In addition, since the
sense of balance is very important for humans, the balance
data is collected 1,000 times per second by referring to the
amount of data collected by the sensor. It is assumed that the
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sampling rate for balance is 1,000 Hz for humans. The total
number of data bits is obtained by multiplying 96 bits with
1,000 Hz to yield 96,000 bits per second.

Finally, a human’s sense of smell recognizes the surround-
ing environment by detecting chemical substances in the air
via receptors in the nose. In addition, the nose filters out
some of the harmful chemicals and substances that enter
the respiratory organ. Therefore, in this part, the amount of
information collected from the nose is analyzed. There are
approximately 1,000 receptors in the nose, and the number
of senses detected by each receptor is known to be 17 [32].
Therefore, the number of senses detected can be represented
by 5 bits.

The sense of smell occurs when humans inhale. The
amount of information received for the sense of smell may
vary depending on the breathing frequency. In this paper,
we analyze the case where the breathing frequency is rela-
tively faster. This is because it is necessary to analyze the case
where the amount of smell information is relatively large.
During exercise, the breathing frequency is approximately
50 breaths per minute. Therefore, the frequency is approxi-
mately 0.83 Hz. On this basis, the data size and bit rate of
the smell sense can be obtained. The data size is obtained
by multiplying 1,000 receivers by 5 bits. The bit rate can be
obtained by multiplying the data size by 0.83 Hz, which is
the breathing frequency during exercise. Therefore, the bit
rate of the smell sense is estimated to be less than 4,150 bps.
Table 12 shows the data sizes and bit rates of the data for
hearing, smelling and balancing.

TABLE 12. Data sizes and bit rates of data from special senses.

of the equivalent binary digital data of the biological signals

Special sense Data_ size Frequency Bit rate
(bit) (Hz) (bps)
Hearing 32 44,100 1.4M
Balancing 96 1,000 96K
Smelling 5,000 0.83 4,150

IV. EQUIVALENT DIGITAL INFORMATION TO

BIOLOGICAL SIGNALS FROM HUMAN

MOTOR SYSTEM

The amount of digital information of the biological signals
sent to the muscles in the human body is analyzed in this
Section. As mentioned in the background, the human body
moves under the control of the cerebrum or due to the reflexes
of the spinal cord. If these movements are not carried out
properly, they can lead to human injuries and accidents, which
can be life threatening. In addition, sophisticated movements
of the human body are necessary to appropriately respond
to danger. This Section includes separate analyses of the
individual parts of the human body, such as the face, lips,
neck, waist, arms, hands, legs, and feet. To do this, the number
of muscles in each part is investigated [33]. These analyses
include the delay time as well as the data size and bit rate
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received from the brain.

TABLE 13. Information regarding the transmission of data to the human

muscles.
Body part Numbfz:'“(l):‘nl)nuscles Length (m)

Face 80 0.2
Neck 10 0.3
Lips 6 0.15

Waist 55 0.9
Arms 24 1

Hands 10 1.15
Legs 37 1.72
Feet 12 2

TABLE 14. Transmission speed and delay time of data sent to the human

muscles.
Body part Tsr:;sdm(lsms/ls(;n Del(z;i ct)lme
Face 120 0.0016
Neck 120 0.0025
Lips 120 0.00125
Waist 120 0.0075
Arms 120 0.0083
Hands 120 0.0095
Legs 120 0.0143
Feet 120 0.0166

TABLE 15. Data sizes and bit rates of data sent to the human muscles.

Body part Data size (bit) Bit rate (bps)
Face 560 33,600
Neck 70 4,200
Lips 42 2,520
Waist 385 23,100
Arms 168 10,080

Hands 70 4,200
Legs 259 15,540
Feet 84 5,040

Human muscles move through relaxation and contrac-
tion. The muscle size during contraction is approximately
1.5 times longer than that during relaxation. This muscles
change can be represented with approximately 100 differ-
ences [29]. This change therefore can be represented by
7 bits. The total number of bits for the biological signals of all
muscles can be obtained by multiplying the number of total
muscles by 7. In addition, the brain transmits a command
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signal to each muscle 60 times per second; thus, so the
frequency is set to 60 Hz [34]. The bit rate for a muscle is
obtained by multiplying the frequency and the data size.

Finally, the muscle neurotransmission speed is approx-
imately 120 m/s, which is much faster than the sensory
neurotransmission speeds [12]. Therefore, the delay times
are obtained by dividing the distances from the brain to the
muscles by the neurotransmission speed from the brain to the
muscles. Table 13 shows the number of muscles of different
parts. Tables 14 to 15 show the amount of information derived
from a human motor system.

V. CONCLUSION

In this paper, the amount of information collected by a
human’s sensory organs and the commands transmitted from
the cerebrum to the motor organs are analyzed to convert
biological signals in the human body to digital information
such as binary bits and the bit rate. Various neurobiological
studies of our human bodies are referred to in these analy-
ses. Analog bio-neurological signals are converted to digital
values based on reasonable assumptions for the correspond-
ing resolutions and frequencies that humans can distinguish
and feel. These analyses can be valuable when human-like
humanoids and artificial limbs are implemented in digital
bio-mechanical systems in the future. For example, artificial
units that will be used to mimic human organs including
muscles have to be interconnected with a central processing
unit (CPU) for brains with in-robot networks (IRNs). IRN
requires many heterogeneous networks in different parts with
appropriate bandwidths, maximum delay limits, and various
qualities of services (QoSs). The values of digital informa-
tion data that emerged from this paper may answer these
requirements.

According to our research, human feet have the most
temperature sensory points, namely, approximately 49,000.
If this is converted to binary bits with the equivalent informa-
tion, it turns out to be approximately 675 Kbits. In addition,
the bit rate of transmission to the brain from both feet is
approximately 33 Mbps. The skin part with the most con-
centrated temperature sensory points per unit area is found
to be the human lips. The number of temperature sensory
points of the lips is 19 per cm?. Therefore, our lips are the
most temperature-sensitive parts of our body. The nerve fiber
used to deliver temperature information has a transmission
speed of approximately 30 m/s, which is derived based on
the distance from each organ to the brain. The organ with the
shortest delay time is the face, which is analyzed to have a
delay of approximately 6 milliseconds.

The most pressure-sensitive body part is the cheek.
There are approximately 174,000 pressure sensory points
on both cheeks, and the equivalent data bits collected
from the pressure sensory points per unit time is approxi-
mately 1,916 Kbits. Since our brain collects pressure data
about 250 times per second, the data rate is approximately
479 Mbps. The pressure information is found to be relatively
greater than the temperature information. This is because the
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number of pressure sensory points is much greater than the
number of temperature sensory points.

This paper analyzes the information regarding the visual,
auditory, olfactory, and balance senses, which are regarded as
four of the five typical human special senses, excluding taste.
Taste is perceived by our tongue, similar to our skin, and is
unlikely to be urgently implemented in humanoids in the near
future. This paper does not analyze the taste sense. However,
it is one of the special senses to be eventually implemented
in the future. Among the four special senses, the data bits
collected through the eye per look is 14 Gigabits, which is
the largest among the sensory organs.

For the human muscles, the facial muscles are the ones that
receive the commands with the greatest number of bits from
the cerebrum. This is because the human face has more mus-
cles than any other part of the body. The equivalent data bits
are approximately 560 bits per second. Facial muscles can
express a wide variety of expressions based on the biological
signals received from the cerebrum. The delay time from the
cerebrum to the facial muscles is 16 milliseconds, which is
the shortest delay time for human muscles.

In future research, actual artificial digital networks will
be designed to support humanoids in carrying out sensing
and acting like humans. To do this, a domain configuration
can be considered for an efficient data network. This may
reduce the traffic in the backbone network connected to each
domain [35], [36]. Moreover, different communication net-
work protocols need to be considered to reduce costs, improve
efficiencies, and guarantee satisfaction of the communication
network requirements for bandwidths, delays, and collisions,
especially under traffic congestion, and network survivability
when partial failures occur [37], [38].
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