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(57) ABSTRACT

A frame storage section stores captured images of a prede-
termined number of frames depicting a region including the
skin of a user. A pixel value acquisition section divides the
captured images into a plurality of blocks and acquires the
pixel values in each block. A pixel exclusion section narrows
down target pixels in each block by excluding pixels that

PCT No.: PCT/JP2020/048931 have a green value equal to or smaller than a predetermined
§ 371 (c)(1), threshold in a case where pixel colors of each block are
(2) Date: Jun. 13, 2023 represented by RGB. A brightness change compensation
A . X section compensates for brightness changes by dividing the
Publication Classification average of green values by the average of red or blue values
Int. Cl. in a case where the colors of the target pixels in each block
GO6V 10/75 (2022.01) are represented by RGB. A pulse detection section detects a
AG61B 5/024 (2006.01) pulse from temporal changes in target pixel values in each
GO6V 10/56 (2022.01) block.
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PULSE DETECTION DEVICE AND PULSE
DETECTION METHOD

TECHNICAL FIELD
[0001] The present invention relates to a pulse detection
technology.

BACKGROUND ART
[0002] Some home video game consoles are equipped

with a camera and able to capture an image of a user playing
a game, detect a facial expression of the user from captured
images of the user, grasp the mental state of the user during
the play of the game, and reflect the grasped mental state of
the user in the progress of the game. Further, in order to
detect the tension level of the user during the play of the
game, a sensor for detecting a pulse is attached to the user,
and a pulse measurement result outputted from the sensor is
inputted to the video game consoles and reflected in the
game.

[0003] Described in PTL 1 is a method for measuring vital
signs from temporal changes in the density of captured
images of a subject.

CITATION LIST

Patent Literature

[0004] [PTL 1] Japanese Patent Laid-open No. 2005-
218507
SUMMARY
Technical Problem
[0005] There is a problem that attaching the sensor to the

user to detect the pulse imposes a burden on the user. In
addition, a conventional pulse detection method using cap-
tured images does not make it easy to detect slight fluctua-
tions in the pulse. Further, the pulse is not easily measured
accurately because it is affected by breathing and other body
movements.

[0006] The present invention has been made in view of the
above circumstances. An object of the present invention is to
provide a pulse detection technology for detecting a pulse
from captured images of a user with high accuracy.

Solution to Problem

[0007] In order to solve the above problem, according to
an aspect of the present invention, there is provided a pulse
detection device including a storage section that stores
captured images of a predetermined number of frames
depicting a region including the skin of a user, a pixel value
acquisition section that divides the captured images into a
plurality of blocks and acquires pixel values in each block,
a pixel exclusion section that narrows down target pixels in
each block by excluding pixels that have a green value equal
to or smaller than a predetermined threshold in a case where
pixel colors of each block are represented by RGB (Red,
Green, Blue), and a pulse detection section that detects a
pulse from temporal changes in target pixel values in each
block.

According to another aspect of the present invention, there
is provided a pulse detection device as well. This pulse
detection device includes a storage section that stores cap-
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tured images of a predetermined number of frames depicting
a region including the skin of a user, a pixel value acquisi-
tion section that divides the captured images into a plurality
of blocks and acquires the pixel values in each block, a
brightness change compensation section that compensates
for brightness changes by dividing the average of green
values by the average of red or blue values in a case where
the pixel colors of each block are represented by RGB, and
a pulse detection section that detects a pulse from temporal
changes in the pixel values in each block after brightness
change compensation.

[0008] According to still another aspect of the present
invention, there is provided a pulse detection method. The
pulse detection method includes a pixel value acquisition
step of dividing captured images of a predetermined number
of frames depicting a region including the skin of a user into
a plurality of blocks and acquiring pixel values in each
block, a pixel exclusion step of narrowing down target pixels
in each block by excluding pixels that have a green value
equal to or smaller than a predetermined threshold in a case
where pixel colors of each block are represented by RGB,
and a pulse detection step of detecting a pulse from temporal
changes in target pixel values in each block.

[0009] Any combinations of the abovementioned compo-
nent elements and any conversions of expressions of the
present invention between, for example, methods, devices,
systems, computer programs, data structures, and recording
media are also effective as the aspects of the present inven-
tion.

Advantageous Effect of Invention

[0010] The present invention is able to detect a pulse from
captured images of a user with high accuracy.

BRIEF DESCRIPTION OF DRAWINGS

[0011] FIG. 1 is a diagram illustrating a configuration of a
pulse detection device according to a first embodiment.
[0012] FIG. 2 is a diagram illustrating the data structure of
signals that are used by the pulse detection device depicted
in FIG. 1.

[0013] FIG. 3 is a flowchart illustrating a pulse wave
detection procedure that is performed by the pulse detection
device depicted in FIG. 1.

[0014] FIG. 4(a) illustrates an auto-correlation graph of a
detected pulse wave. FIG. 4(b) is an enlarged view illus-
trating a peak vicinity 200 of the auto-correlation graph in
FIG. 4(a).

[0015] FIG. 5 is a diagram illustrating a configuration of
the pulse detection device according to a second embodi-
ment.

[0016] FIG. 6(a) is a diagram illustrating a detected pulse
wave and an auto-correlation graph depicting the detected
pulse wave. FIG. 6(b) is a diagram illustrating a reference
pulse wave and an auto-correlation graph depicting the
reference pulse wave.

[0017] FIG. 7(a) is a diagram illustrating a detected pulse
wave. FIG. 7(b) is a diagram illustrating amplitude reliabil-
ity.

[0018] FIG. 8 is a diagram illustrating a configuration of
the pulse detection device according to a third embodiment.
[0019] FIG. 9(a) to FIG. 9(d) are diagrams illustrating a
plurality of areas that are set in a captured image.
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[0020] FIG. 10(a) and FIG. 10(b) are diagrams respec-
tively illustrating temporal changes in a pulse rate and
temporal changes in reliability detected in each area.
[0021] FIG. 11 is a diagram illustrating a configuration of
the pulse detection device according to a fourth embodi-
ment.

[0022] FIG. 12 is a diagram illustrating how pixels are
excluded by a pixel exclusion section depicted in FIG. 11.

DESCRIPTION OF EMBODIMENTS

First Embodiment

[0023] FIG. 1 is a diagram illustrating a configuration of
a pulse detection device 100 according to a first embodi-
ment. The pulse detection device 100 includes an imaging
section 10, a frame storage section 20, a pixel value acqui-
sition section 30, a time-series pixel array acquisition sec-
tion 40, a pulse data array acquisition section 50, a pulse
detection section 60, and an auto-correlation graph storage
section 70.

[0024] The imaging section 10 captures images of a
human body part with exposed skin such as the face of a
user, and stores the captured images in the frame storage
section 20. The frame storage section 20 stores the captured
images of a predetermined number of frames.

[0025] The skin of the face has many capillaries, and is
thus suitable for pulse imaging. In addition to the face, the
palm of a hand and the sole of a foot are also suitable for
capillary imaging because they are low in melanin. When
pulsation occurs, the capillaries also pulsate. When images
of the capillaries of skin are captured, a pulse can be detected
from temporal changes in pixel values of the captured
images because reflected light also changes due to capillary
pulsation.

[0026] The pixel value acquisition section 30 divides the
captured images stored in the frame storage section 20 into
a plurality of blocks, and acquires the pixel values in each
block. A region suitable for pulse wave detection is within
a face region with exposed skin and shows little motion. For
example, the face region of the captured images is divided
into blocks, namely, the forehead, the right cheek, the left
cheek, and the nose, in order to acquire the pixel values in
each block. The number of pixels may vary from one block
to another.

[0027] It is preferable that the pixel value acquisition
section 30 acquire, as the pixel values, green values in a case
where pixel colors of each block are represented by RGB.
[0028] Skin includes epidermis and dermis. The dermis is
located below the epidermis. When the epidermis is trans-
parent and thin, visible light penetrates the dermis so that an
image of the capillaries can be captured. The penetrating
power of visible light depends on wavelength. The longer
the wavelength of visible light, the deeper the visible light
penetrates into the skin. Red light has the longest wave-
length and penetrates deep into the skin. However, the red
light penetrates too deeply, so that images of irrelevant
things other than the capillaries are captured. Blue light has
the shortest wavelength, does not penetrate deep into the
skin, and is thus unsuitable for capillary imaging. Green
light penetrates the dermis below the epidermis, is easily
absorbed by red blood cells, and is thus suitable for capillary
imaging.

[0029] The pixel value acquisition section 30 acquires
spatially smoothed pixel values by adding up a predeter-
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mined number of pixel values in each block. The pixel value
acquisition section 30 may add up all the pixel values in a
block or add up some of the pixel values in a block. In a case
of 8-bit pixels, a pulse wave signal detected from one pixel
is so small that there is very little change in the least
significant bit. Therefore, the pulse wave signal can be
amplified by adding up the pixel values in a block. Further,
adding up the pixel values in a block plays the role of a
spatial low-pass filter (LPF) for spatially smoothing the
pixel values in a block.

[0030] The time-series pixel array acquisition section 40
acquires a time-series pixel array that is formed by arranging
the pixel values of a predetermined number of frames in
each block, which are acquired by the pixel value acquisition
section 30. For example, in a case where the frame rate of
video is 30 frames per second, the time-series pixel array
acquired by the time-series pixel array acquisition section 40
is generated for each block by chronologically arranging 30
pixel values of a 1-second period, that is, the pixel values of
30 frames.

[0031] The time-series pixel array acquisition section 40
may acquire a temporarily smoothed time-series pixel array
by performing low-pass filtering on the time-series pixel
array. When an image sensor is used for capturing an image,
values detected by the image sensor generally include noise.
Performing low-passing filtering on the time-series pixel
array plays the role of a temporal low-pass filter for remov-
ing time-direction noise from the values detected by a
Sensor.

[0032] The pulse data array acquisition section 50 calcu-
lates the average value of individual elements of the time-
series pixel array as a direct-current (DC) component,
extracts a central element in the time-series pixel array as an
alternating-current (AC) component, and subtracts the
direct-current component from the alternating-current com-
ponent to acquire a pulse component. Subtracting the direct-
current component from the alternating-current component
of the time-series pixel array performs high-pass filtering
(HPF) on the time-series pixel array.

[0033] The pulse data array acquisition section 50 pro-
ceeds with the acquisition of the pulse component of each
frame, and thus acquires a pulse data array that is formed by
arranging the pulse components acquired over a predeter-
mined period of time. It is assumed that the predetermined
period of time is equivalent to at least two standard pulse
periods (e.g., 2.5 seconds). An instantaneous pulse can be
detected by using a pulse wave signal as short as approxi-
mately two pulse periods. Using a long pulse wave signal
results in pulse averaging and thus results in a failure to
detect an instantaneous change in the pulse.

[0034] The pulse data array acquisition section 50 may
acquire a temporarily smoothed pulse data array by per-
forming low-pass filtering on the pulse data array. The
amplitude of the pulse wave signal obtained in this case
varies in the time direction depending on the method
adopted for alternating-current component calculation. Per-
forming low-pass filtering on the pulse data array plays the
role of a temporal low-pass filter for eliminating the time-
direction variation of the pulse wave amplitude.

[0035] Inthe above situation, it is preferable that low-pass
filtering performed on the time-series pixel array be higher
in filter strength than low-pass filtering performed on the
pulse data array. The reason is that temporal noise included
in raw data detected by the image sensor is relatively high
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and is severer than the waveform distortion of the pulse
wave signal, which is caused by amplitude variation.
[0036] The pulse detection section 60 determines the
auto-correlation of the pulse data array, and stores an auto-
correlation graph in the auto-correlation graph storage sec-
tion 70. The pulse detection section 60 detects a point at
which the auto-correlation graph of the pulse wave signal is
the second local maximum, acquires the time on the hori-
zontal axis of the second local maximum point as the period
of the pulse wave signal, and acquires the reciprocal of the
acquired period as the frequency of the pulse wave signal.
The pulse detection section 60 outputs, as the pulse rate, the
frequency of the pulse wave signal that is detected by
auto-correlation.

[0037] FIG. 2 is a diagram illustrating the data structure of
signals that are used by the pulse detection device 100.
[0038] The pixel value acquisition section 30 acquires
pixel values from individual blocks of a user’s face image 12
captured by the imaging section 10, namely, the forehead
14a, the right cheek 145, and the left cheek 14¢, adds up the
pixel values in the blocks, and stores the result of addition
in a time-series pixel array R[ ], which is a raw data array.
When, for example, the pixel values of 30 frames per second
are stored in the array, the time-series pixel array R[ ] having
30 elements is acquired. As the frames of the captured image
progress, the individual elements of the time-series pixel
array R[] are shifted rightward, the i-th element is copied to
the (i+1)-th element, and the pixel values obtained from a
new frame are stored in the first element of the time-series
pixel array R[ .

[0039] The pixel value acquisition section 30 performs
low-pass filtering on the time-series pixel array R[ ] at a filter
strength N_raw_data. More specifically, a moving average
indicated, for example, by the equation below is repeatedly
performed a number of times based on the filter strength
N_raw_data. For example, the filter strength N_raw_data is
set to 10 in order to repeatedly perform the moving average
10 times.

RTi]=0.25*R[i-1]+0.5*R[i]+0.25*R[i+1]

[0040] Itis assumed that a time-series pixel array obtained
by performing low-pass filtering on the time-series pixel
array R[ ] at the filter strength N_raw_data is LPR][ ].
[0041] The pulse data array acquisition section 50 calcu-
lates the average value of the individual elements of the
time-series pixel array LPR][ ] as a direct-current component,
and acquires an initial pulse component P[0] by subtracting
the direct-current component from a central element in the
time-series pixel array LPR][ ].

[0042] Next, the pulse data array acquisition section 50
copies the pulse component P[0] to a pulse component P[1]
and acquires the pulse component P[0] of the next frame.
Further, the pulse data array acquisition section 50 copies the
pulse component P[1] to a pulse component P[2], copies the
pulse component P[0] to the pulse component P[1], and
additionally acquires the pulse component P[0] of the next
frame. The above sequence is repeated for a predetermined
period, for example, 2.5 seconds, in order to acquire a pulse
data array P[ ] that is formed by arranging the pulse
components. In a case where the frame rate is 30 frames per
second, the number of elements of the pulse data array P[ ]
is 30*2.5=75.

[0043] As the frames of the captured image progress in the
above-described manner, the individual elements of the
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pulse data array P[ ] are shifted rightward, the i-th element
is copied to the (i+1)-th element, and the pulse component
of a new frame is stored in the first element of the pulse data
array P[ ].

[0044] The pulse data array acquisition section 50 per-
forms low-pass filtering on the pulse data array P[ | at a filter
strength N_pulse_data. More specifically, a moving average
indicated, for example, by the equation below is repeatedly
performed a number of times based on the filter strength
N_pulse_data. For example, the filter strength N_pulse_data
is set to 2 in order to repeatedly perform the moving average
three times.

PTi]=0.25*P[i-1]+0.5%P[{]+0.25*P[i+1]

[0045] It is assumed that a pulse data array obtained by
performing low-pass filtering on the pulse data array P[ | at
the filter strength N_pulse_data is LPP[ ].

[0046] The pulse detection section 60 uses the following
equation to determine an auto-correlation AC[t] with respect
to a time lag t of the pulse data array LPP[ ].

AC[A=SUM(LPP[1] *LPP[n+1])

[0047] The pulse detection section 60 determines the
auto-correlation AC[t] with respect to a range from t=0 to
t=N (N is the number of elements of the pulse data array
LPP[ ]), acquires, as a pulse wave period, a time T at which
the auto-correlation AC[T] is the second local maximum
point, and outputs, as the pulse rate, a frequency that is the
reciprocal of the pulse wave period.

[0048] There is a general method for detecting the fre-
quency of a pulse wave signal by performing fast Fourier
transform on the pulse wave signal. For the fast Fourier
transform, at least 512 pieces of data are required. In a case
where the frame rate is 30 frames per second, over ten-
second pulse wave signals are analyzed. Therefore, although
the average value of over ten-second pulses is obtained,
instantaneous pulses are not obtained. A pulse detection
method according to the present embodiment uses auto-
correlation. Therefore, when the pulse wave signals are
superimposed while they are shifted from each other by one
period, the auto-correlation is maximized, so that the period
of the pulse wave signals can be detected. Consequently,
instantaneous pulses can be obtained from the auto-corre-
lation of pulse wave signals of a duration as short as
approximately two periods. The pulse detection method
according to the present embodiment is suitable for detect-
ing slight fluctuations in the pulse.

[0049] FIG. 3 is a flowchart illustrating a pulse wave
detection procedure that is performed by the pulse detection
device 100.

[0050] The pixel value acquisition section 30 acquires
spatially smoothed pixel values from a predetermined num-
ber of pixel values in each block of a captured image (step
$10).

[0051] The time-series pixel array acquisition section 40
acquires a time-series pixel array that is formed by arranging
the pixel values of a predetermined number of frames in a
block (step S20). The time-series pixel array acquisition
section 40 performs low-pass filtering on the time-series
pixel array (step S30).

[0052] The pulse data array acquisition section 50 calcu-
lates the average value of individual elements in the time-
series pixel array as a direct-current component, and
acquires a pulse component by subtracting the direct-current
component from a central element in the time-series pixel
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array (step S40). The role of a high-pass filter is played by
selecting the central element as an alternating-current com-
ponent and subtracting the direct-current component from
the alternating-current component. The reasons why the
central element is selected as the alternating-current com-
ponent are that substantially the same number of elements
exist before and after the central element when low-pass
filtering is performed on the time-series pixel array and that
low-pass filtering can be performed by substantially equally
weighting before and after the time.

[0053] The pulse data array acquisition section 50 acquires
a pulse data array that is formed by arranging pulse com-
ponents acquired over a predetermined period of time (step
S50). The pulse data array acquisition section 50 performs
low-pass filtering on the pulse data array (step S60).
[0054] The pulse detection section 60 determines the
period of pulse wave signals from the auto-correlation of the
pulse data array, and detects, as the pulse rate, a frequency
that is the reciprocal of the period of pulse wave signals (step
S70).

[0055] The foregoing description assumes that the fre-
quency is determined from the local maximum point of the
auto-correlation graph depicting the detected pulse wave
signals. However, the pulse detection section 60 is able to
improve the accuracy of pulse rate detection by detecting, as
the pulse rate, the frequency corresponding to a peak that is
obtained by applying a quadratic curve to a peak vicinity of
the auto-correlation of a detected pulse wave. When the
frequency is detected from the local maximum point of the
auto-correlation graph in a case where the frame rate of the
captured image is 30 fps, the temporal resolution is Y40
seconds so that the accuracy of frequency detection is not
high. Therefore, the accuracy of detection is improved by
applying the quadratic curve to the peak vicinity to inter-
polate the auto-correlation graph, and detecting the fre-
quency at the local maximum point of the applied quadratic
curve.

[0056] FIG. 4(a) illustrates the auto-correlation graph of
the detected pulse wave. FIG. 4(b) is an enlarged view
illustrating the peak vicinity 200 of the auto-correlation
graph in FIG. 4(a). When the temporal resolution is Yo
seconds, the position indicated by the symbol 2105 is the
local maximum point of the auto-correlation graph. How-
ever, when a quadratic curve 230 passing through the values
210a, 2105, and 210c¢ of the auto-correlation graph in the
peak vicinity is applied, the position at which the quadratic
curve 230 is at its local maximum is given by the symbol
220. The accuracy of detection can be improved by deter-
mining the frequency of the detected pulse wave from the
local maximum point 220 of the quadratic curve 230.

Second Embodiment

[0057] FIG. 5 is a diagram illustrating a configuration of
the pulse detection device 100 according to a second
embodiment. The pulse detection device 100 according to
the second embodiment includes a reliability calculation
section 80 and a reference graph storage section 90 in
addition to the component elements of the pulse detection
device 100 depicted in FIG. 1. Component elements and
operations corresponding to those described in conjunction
with the pulse detection device 100 depicted in FIG. 1 will
not be redundantly described.

[0058] The reference graph storage section 90 stores, as a
reference graph, the auto-correlation graph of the pulse data
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array that is formed by arranging noise-free pulse compo-
nents acquired over a predetermined period of time. In order
to model a frequent pulse wave as a reference pulse wave,
the reference graph storage section 90 registers, as the
reference graph, the auto-correlation graph of a noise-free
reference pulse wave that is obtained when, for example, the
pulse rate is stable, increasing, or decreasing.

[0059] In order to compare the auto-correlation graph of
an actually detected pulse wave with the reference graph of
the reference pulse wave, it is necessary that the actually
detected pulse wave and the reference pulse wave match in
fundamental frequency. The fundamental frequency derived
from the auto-correlation graph of a detected pulse wave
varies with the pulse rate. Meanwhile, the fundamental
frequency in the reference graph of the reference pulse wave
is fixed, for example, at 60 bpm (beats per minute). In order
to evaluate waveform similarity by performing cross-corre-
lation between the auto-correlation graph of the detected
pulse wave and the reference graph of the reference pulse
wave, it is necessary that the detected pulse wave and the
reference pulse wave be equal in fundamental frequency.
Therefore, “frequency standardization” is performed to
expand or contract the data of the pulse data array of the
detected pulse wave in the time-axis direction as needed to
ensure that the fundamental frequency in the auto-correla-
tion graph of the detected pulse wave is the same 60 bpm as
the fundamental frequency in the reference graph of the
reference pulse wave.

[0060] FIG. 6(a) depicts the detected pulse wave and its
auto-correlation graph. FIG. 6(b) depicts the reference pulse
wave and its auto-correlation graph. The horizontal axis
value of the second local maximum point of the auto-
correlation graph is a fundamental period, and the reciprocal
of the fundamental period is the fundamental frequency. The
frequency standardization is performed to provide correc-
tion in such a manner that the fundamental frequency of
auto-correlation of the detected pulse wave matches the
fundamental frequency of auto-correlation of the reference
pulse wave.

[0061] The reliability calculation section 80 calculates the
cross-correlation between the auto-correlation graph of the
detected pulse wave, which is stored in the auto-correlation
graph storage section 70, and the reference graph of the
reference pulse wave, which is stored in the reference graph
storage section 90, and determines waveform reliability in
accordance with a cross-correlation value obtained from the
calculation. The cross-correlation CC is given by the sum of
products between individual elements of the auto-correla-
tion graph AC of the detected pulse wave and individual
elements of the reference graph REF of the reference pulse
wave as indicated in the following equation.

CC=SUMACTn]*REF[x])

[0062] The waveform similarity between the auto-corre-
lation graph of the detected pulse wave and the reference
graph of the reference pulse wave increases with an increase
in the cross-correlation value. The reliability calculation
section 80 determines the cross-correlation value between
the auto-correlation graph of the detected pulse wave and the
reference graph of each reference pulse wave registered in
the reference graph storage section 90, and regards the
resulting maximum value as final waveform reliability. The
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waveform reliability is an index for determining whether the
waveform of the detected pulse wave bears a likeness to a
pulse wave.

[0063] Further, the reliability calculation section 80 deter-
mines amplitude reliability by comparing the amplitude of
the waveform of a detected pulse wave signal with an upper
limit value and a lower limit value that are predetermined.
[0064] FIG. 7(a) illustrates a detected pulse wave. The
horizontal axis represents time, the vertical axis represents a
green pixel value, and temporal changes in the pixel value
are indicated by the graph. The amplitude of the detected
pulse wave is given by the difference between the maximum
and minimum values of the detected pulse wave.

[0065] FIG. 7(b) illustrates the amplitude reliability. The
horizontal axis represents the amplitude of the detected
pulse wave, and the vertical axis represents the amplitude
reliability. In a case where the amplitude of the detected
pulse wave is equal to or higher than the lower limit value
thl and is equal to lower than the upper limit value th2, the
amplitude reliability is 1.0. In a case where the amplitude of
the detected pulse wave is within the range of the lower limit
value thl to the upper limit value th2, the amplitude reli-
ability is 1.0 because the amplitude bears a likeness to that
of a pulse wave.

[0066] In a case where the amplitude of the detected pulse
wave is lower than the lower limit value thl, the amplitude
is lower than that of an expected pulse wave. Therefore, as
the amplitude decreases from the lower limit value thl, the
amplitude reliability is gradually lowered from 1.0. When
the amplitude of the detected pulse wave is lower than the
lower limit value, it is probable that a weak signal or noise
is detected instead of a pulse wave.

[0067] In a case where the amplitude of the detected pulse
wave is higher than the upper limit value th2, the amplitude
is higher than that of the expected pulse wave. Therefore, as
the amplitude increases from the upper limit value th2, the
amplitude reliability is gradually lowered from 1.0. When
the amplitude of the detected pulse wave is higher than the
upper limit value, it is probable that noise is detected due to
the movement of a user’s body.

[0068] The reliability calculation section 80 calculates the
final pulse wave reliability of a detected pulse rate from the
waveform reliability and the amplitude reliability, and out-
puts the result of calculation. For example, the product of the
waveform reliability and the amplitude reliability is calcu-
lated as the final pulse wave reliability of a pulse rate.

Third Embodiment

[0069] FIG. 8 is a diagram illustrating a configuration of
the pulse detection device 100 according to a third embodi-
ment. The pulse detection device 100 according to the third
embodiment includes an area reliability storage section 92 in
addition to the component elements of the pulse detection
device 100 depicted in FIG. 5. Component elements and
operations corresponding to those described in conjunction
with the pulse detection device 100 depicted in FIG. 5§ will
not be redundantly described.

[0070] The pulse detection device 100 according to the
first or second embodiment divides a captured image stored
in the frame storage section 20 into a plurality of blocks, and
acquires a pulse component from the pixel values in each
block. However, the pulse detection device 100 according to
the third embodiment divides the captured image into a
plurality of areas, and acquires a pulse component from the
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pixel values in each area. There are, for example, narrow
areas such as the forehead, the right cheek, and the left
cheek, and a broad area including the eyes and the nose, and
the plurality of areas can be designated with overlaps
allowed. The number of pixels may vary from one area to
another.

[0071] The pixel value acquisition section 30 acquires the
pixel values in each area, adds up a predetermined number
of pixel values in each area, and thus acquires spatially
smoothed pixel values.

[0072] The time-series pixel array acquisition section 40
acquires a time-series pixel array that is formed by arranging
the pixel values of a predetermined number of frames in
each area, which are acquired by the pixel value acquisition
section 30, and performs low-pass filtering on the acquired
time-series pixel array.

[0073] The pulse data array acquisition section 50 acquires
pulse components by subtracting the average value of indi-
vidual elements in the time-series pixel array from a central
element in the time-series pixel array in each area, generates
a pulse data array formed by arranging the pulse components
acquired over a predetermined period of time, and performs
low-pass filtering on the generated pulse data array.

[0074] The pulse detection section 60 determines the
auto-correlation of the pulse data array in each area, stores
the auto-correlation graph of each area in the auto-correla-
tion graph storage section 70, and outputs, as the pulse rate
of each area, the frequency of a pulse wave signal detected
from the auto-correlation graph of each area.

[0075] The reliability calculation section 80 calculates the
cross-correlation between the auto-correlation graph of the
detected pulse wave in each area, which is stored in the
auto-correlation graph storage section 70, and the reference
graph of the reference pulse wave, which is stored in the
reference graph storage section 90, and determines wave-
form reliability in accordance with a cross-correlation value
obtained from the calculation. Further, the reliability calcu-
lation section 80 determines amplitude reliability by com-
paring the amplitude of the waveform of a detected pulse
wave signal in each area with an upper limit value and a
lower limit value that are predetermined. The reliability
calculation section 80 calculates final pulse wave reliability
of a detected pulse rate regarding each area in accordance
with the waveform reliability and the amplitude reliability,
and stores pulse reliability of each area in the area reliability
storage section 92.

[0076] The pulse detection section 60 may check pulses
detected from each area to select a pulse that is stored in the
area reliability storage section 92 and has the highest reli-
ability, and outputs the selected pulse as a final pulse. The
pulse detection section 60 may determine the final pulse by
checking the pulses detected from each area to select pulses
having reliability equal to or higher than a predetermined
threshold, weighting the selected pulses based on reliability,
and combining the resulting weighted pulses.

[0077] FIG. 9(a) to FIG. 9(d) illustrate a plurality of areas
that are set in a captured image. For example, individual
blocks of the user’s face image 12, namely, the forehead
164, the right cheek 165, the left cheek 16¢, and the broad
area 16d including the eyes and the nose, are set as the
plurality of areas. In this instance, the broad area 164 partly
overlaps with the forehead 164, the right cheek 165, and the
left cheek 16c¢.
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[0078] InFIG.9(a), the face of the user is wholly exposed.
Therefore, the pulse rate is detected with high reliability in
the four areas 16a to 16d.

[0079] In FIG. 9(b), the forehead is covered with hair.
Therefore, the pulse rate detected from the forehead 164 has
low reliability. Further, since the forehead portion of the
broad area 16d is blocked by hair, it is difficult to detect the
pulse components from the pixel values of the forehead
portion. As a result, the detected pulse rate is lower in
reliability than in a case of the broad area 164 depicted in
FIG. 9(a).

[0080] In FIG. 9(c), the user wears glasses. Therefore, the
right cheek 165 and the left cheek 16¢ are partly blocked by
the glasses. As a result, the detected pulse rate is lower in
reliability than in a case of the right cheek 165 and left cheek
16¢ depicted in FIG. 9(a). Further, it is difficult to detect the
pulse components from the pixels in an area around the eyes,
which is included in the broad area 16d. As a result, the
detected pulse rate is lower in reliability than in a case of the
broad area 164 depicted in FIG. 9(a).

[0081] In FIG. 9(d), a user’s hand is placed over a mouth
by the user. Therefore, the right cheek 165, the left cheek
16¢, and the broad area 16d are partly blocked by the user’s
hand. As a result, the detected pulse rate is lower in
reliability than in a case of the right cheek 1654, left cheek
16¢, and broad area 16d depicted in FIG. 9(a).

[0082] In addition to the above-mentioned cases, the pulse
wave signal may be weakened or left undetected in some
areas. Such situations may occur due, for instance, to a hat,
head-mounted display, face mask, or other covering worn by
the user, makeup or skin with dark melanin pigment, the
effect of reflected light or shadow, or the movement of the
user’s face.

[0083] The degree of degradation in pulse rate reliability
varies with the size of the region where the pulse wave
signal is weakened or left undetected due, for instance, to a
covering. The accuracy of pulse detection at each point of
time can be kept high by comparing the pulse rate detected
in each area with reliability at each point of time and
adopting the pulse rate in a highly reliable area at each point
of time.

[0084] FIG. 10(a) and FIG. 10(b) are diagrams respec-
tively illustrating temporal changes in the pulse rate and
temporal changes in reliability detected in each area.
[0085] FIG. 10(a) depicts a graph that indicates temporal
changes in the pulse rate detected in each of the areas,
namely, the forehead 16a, the right cheek 165, the left cheek
16¢, and the broad area 16d. Depending on the time zone,
some portions of the areas are invisible due, for instance, to
the movement of the user’s face or blocked by a covering
such as a user’s hand. This weakens the pulse wave signal
in an affected area, and thus destabilizes the detected pulse
rate.

[0086] FIG. 10(5) depicts a graph that indicates temporal
changes in the reliability of a pulse wave detected in each of
the areas, namely, the forehead 16a, the right cheek 165, the
left cheek 16¢, and the broad area 16d. As is obvious from
the graph, the reliability of a specific area extremely
degrades depending on the time zone. In a time zone where
the reliability of the pulse wave detected in an area is lower
than a predetermined threshold, the pulse rates detected from
that area are not adopted. Meanwhile, in a time zone where
the reliability of the pulse wave detected in an area is equal
to or higher than the predetermined threshold, the pulse rates
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detected from that area are adopted, and then the final pulse
rate is calculated by performing weighted averaging based
on reliability, or the pulse rate detected from an area having
the highest reliability is adopted as the final pulse rate.

Fourth Embodiment

[0087] FIG. 11 is a diagram illustrating a configuration of
the pulse detection device 100 according to a fourth embodi-
ment. The pulse detection device 100 according to the fourth
embodiment includes a pixel exclusion section 32 and a
brightness change compensation section 34 in addition to the
component elements of the pulse detection device 100
depicted in FIG. 1. Component elements and operations
corresponding to those described in conjunction with the
pulse detection device 100 depicted in FIG. 1 will not be
redundantly described.

[0088] The pixel value acquisition section 30 divides a
captured image into a plurality of blocks, acquires the pixel
values in each block, and supplies the acquired pixel values
to the pixel exclusion section 32.

[0089] The pixel exclusion section 32 narrows down target
pixels in each block by checking the pixel values in each
block and excluding pixels unsuitable for pulse wave detec-
tion.

[0090] More specifically, the pixel exclusion section 32
narrows down the target pixels in each block by excluding
pixels that have a green value equal to or smaller than a
predetermined threshold in a case where pixel colors of each
block are represented by RGB. In dark pixels, pulse wave
signals are small and thus become noise. Therefore, the dark
pixels having a green pixel value equal to or smaller than the
predetermined threshold are excluded. In a case of 8-bit
pixels having a maximum value of 255, for example, the
pixels having a green value of 20 or smaller are excluded.
[0091] The pixel exclusion section 32 may narrow down
the target pixels in each block by excluding pixels that have
a red value equal to or greater than a predetermined thresh-
old in a case where the pixel colors of each block are
represented by RGB. No pulse wave signals are detected in
pixels having saturated brightness. In a case of bright light
reflected from the skin, red becomes saturated faster than
green. Therefore, whether the brightness is saturated or not
can be determined on the basis of the red value. Conse-
quently, excessively bright pixels having a red pixel value
equal to or greater than the predetermined threshold are
excluded. In a case of 8-bit pixels having a maximum value
of 255, for example, the pixels having a red value of 254 or
greater are excluded. It should be noted that the pixels
having a red value of 255 are excluded even if they have a
green value of 150.

[0092] 1t is preferable that red pixels having saturated
brightness be excluded from the target pixels because they
are used for later-described brightness change compensation
by the brightness change compensation section 34.

[0093] The pixel exclusion section 32 may further narrow
down the target pixels in each block by excluding pixels
shifted away from a predetermined threshold out of the color
of the skin in a case where the pixel colors of each block are
represented by a hue. In a case where the hue is 0.0 at the
red end and 1.0 at the purple end, the pixels having a hue
ranging, for example, from 0.3 to 0.85 are excluded.
[0094] The pixel exclusion section 32 supplies the target
pixels in each block, which are narrowed down as described
above, to the brightness change compensation section 34.
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[0095] Brightness changes occur due to shadow changes
caused by the movement of the user’s face and illumination
changes applied to the user’s face. This makes it difficult to
detect a pulse wave. Therefore, it is necessary to compensate
for brightness changes. On the same skin, there is a positive
correlation between green color changes and red and blue
color changes. Consequently, the brightness is kept constant
by compensating for the green pixel value having a strong
pulse wave signal by using the red or blue pixel value having
a weak pulse wave signal.

[0096] The brightness change compensation section 34
compensates for brightness changes by dividing the average
of green values by the average of red or blue values in a case
where the colors of the target pixels in each block are
represented by RGB.

[0097] The brightness change compensation section 34
may compensate for brightness changes by dividing the
average of green values by the sum of the average of red
values and the average of blue values in a case where the
colors of the target pixels in each block are represented by
RGB.

[0098] The brightness change compensation section 34
supplies the green values of the target pixels, which have
received the above-described brightness change compensa-
tion, to the time-series pixel array acquisition section 40.
[0099] The above description assumes that the brightness
change compensation section 34 compensates for brightness
changes after pixel exclusion is performed by the pixel
exclusion section 32. Alternatively, however, the target
pixels narrowed down by allowing the pixel exclusion
section 32 to perform pixel exclusion may be supplied to the
time-series pixel array acquisition section 40 without caus-
ing the brightness change compensation section 34 to com-
pensate for brightness changes. Another alternative is to
subject the pixel values in each block, which are supplied
from the pixel value acquisition section 30, to brightness
change compensation by the brightness change compensa-
tion section 34, and supply the resulting pixel values to the
time-series pixel array acquisition section 40 without allow-
ing the pixel exclusion section 32 to perform pixel exclu-
sion.

[0100] FIG. 12 is a diagram illustrating how the pixels are
excluded by the pixel exclusion section 32 depicted in FIG.
11. The pixel exclusion section 32 excludes the pixels in a
block 184 that have a green value equal to or smaller than
a predetermined threshold. Next, the pixel exclusion section
32 excludes the pixels in the block 18a that have a red value
equal to or greater than a predetermined threshold. Finally,
the pixel exclusion section 32 converts the color space of
pixels in the block 18a from RGB to, for example, HSV
having three components, namely, a hue, a saturation, and a
value, and excludes pixels outside a predetermined possible
hue range of a skin color. As a result, the target pixels are
narrowed down as indicated in a block 184. Here, the
excluded pixels are hatched.

[0101] As described above, the pulse detection device 100
according to the present embodiment is able to accurately
measure slight fluctuations in the pulse by determining the
auto-correlation of the pulse wave signal.

[0102] The present invention has been described on the
basis of the embodiments. It is to be understood by persons
skilled in the art that the embodiments are illustrative, that
a combination of the component elements and processes
described in conjunction with the embodiments may be
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variously modified, and further that such modifications may
be made without departing from the spirit and scope of the
present invention.

INDUSTRIAL APPLICABILITY

[0103] The present invention is applicable to the pulse
detection technology.

REFERENCE SIGNS LIST

[0104] 10: Imaging section

[0105] 20: Frame storage section

[0106] 30: Pixel value acquisition section

[0107] 32: Pixel exclusion section

[0108] 34: Brightness change compensation section

[0109] 40: Time-series pixel array acquisition section

[0110] 50: Pulse data array acquisition section

[0111] 60: Pulse detection section

[0112] 70: Auto-correlation graph storage section

[0113] 80: Reliability calculation section

[0114] 90: Reference graph storage section

[0115] 92: Area reliability storage section

[0116] 100: Pulse detection device

1. A pulse detection device comprising:

a storage section that stores captured images of a prede-
termined number of frames depicting a region includ-
ing skin of a user;

a pixel value acquisition section that divides the captured
images into a plurality of blocks and acquires pixel
values in each block;

a pixel exclusion section that narrows down target pixels
in each block by excluding pixels that have a green
value equal to or smaller than a predetermined thresh-
old in a case where pixel colors of each block are
represented by RGB; and

a pulse detection section that detects a pulse from tem-
poral changes in target pixel values in each block.

2. The pulse detection device according to claim 1,
wherein the pixel exclusion section narrows down the target
pixels in each block by further excluding pixels that have a
red value equal to or greater than a predetermined threshold
in a case where the pixel colors of each block are represented
by RGB.

3. The pulse detection device according to claim 1,
wherein the pixel exclusion section narrows down the target
pixels in each block by further excluding pixels shifted away
from a predetermined threshold out of the color of the skin
in a case where the pixel colors of each block are represented
by a hue.

4. The pulse detection device according to claim 1, further
comprising;

a brightness change compensation section that compen-
sates for brightness changes by dividing an average of
green values by an average of red or blue values in a
case where the colors of the target pixels in each block
are represented by RGB,

wherein the pulse detection section detects a pulse from
temporal changes in the pixel values in each block after
brightness change compensation.

5. The pulse detection device according to claim 4,
wherein the brightness change compensation section com-
pensates for brightness changes by dividing the average of
green values by a sum of the average of red values and the
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average of blue values in the case where the pixel colors of
each block are represented by RGB.

6. A pulse detection device comprising:

a storage section that stores captured images of a prede-
termined number of frames depicting a region includ-
ing skin of a user;

a pixel value acquisition section that divides the captured
images into a plurality of blocks and acquires pixel
values in each block;

a brightness change compensation section that compen-
sates for brightness changes by dividing an average of
green values by an average of red or blue values in a
case where the pixel colors of each block are repre-
sented by RGB; and

a pulse detection section that detects a pulse from tem-
poral changes in the pixel values in each block after
brightness change compensation.

7. A pulse detection method comprising:

dividing captured images of a predetermined number of
frames depicting a region including skin of a user into
a plurality of blocks and acquiring pixel values in each
block;
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narrowing down target pixels in each block by excluding
pixels that have a green value equal to or smaller than
a predetermined threshold in a case where pixel colors
of each block are represented by RGB; and

detecting a pulse from temporal changes in target pixel

values in each block.

8. A non-transitory, computer-readable storage medium
containing a computer program, which when executed by a
computer, causes the computer to implement a pulse detec-
tion method by carrying out actions, comprising:

dividing captured images of a predetermined number of

frames depicting a region including skin of a user into
a plurality of blocks and acquiring pixel values in each
block;

narrowing down target pixels in each block by excluding

pixels that have a green value equal to or smaller than
a predetermined threshold in a case where pixel colors
of each block are represented by RGB; and

detecting a pulse from temporal changes in target pixel

values in each block.
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