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APPARATUS FOR ELIMINATING MOTION
ARTIFACTS BY USING PPG SIGNAL AND
METHOD THEREOF

TECHNICAL FIELD

[0001] The present invention relates to an apparatus for
eliminating motion artifacts and a method thereof, and more
specifically, an apparatus for eliminating motion artifacts
that uses a PPG signal, which effectively eliminates motion
artifact components from the PPG signal using three-axis
acceleration values, and a method thereof.

BACKGROUND ART

[0002] Recently, interest in health has increased, and thus,
a study has been increasingly conducted to identify a health
state of a wearer by attaching an apparatus or a sensor to a
wearable device so as to detect a bio-signal.

[0003] The use of a wearable device has an advantage in
that unreasonable physical activity can be prevented because
a user can check his or her health state in real time while
moving or exercising.

[0004] At this time, a PPG (Photoplethysmogram) signal
can be used to measure a pulse wave of the user, and the PPG
signal represents a change in volume of blood vessels by
projecting an LED (Light Emitting Diode) onto the skin and
using absorbance of the reflected light.

[0005] That is, a heart rate of the user can be estimated in
real time from the PPG signal representing the change in
volume of the blood vessels caused by contraction and
relaxation of the heart.

[0006] However, in a case where the user moves, motion
artifacts (MA) are included in the PPG signal acquired from
the wearable device due to the movement, which makes the
PPG signal susceptible to distortion. That is, motion artifacts
interfere heart rate information of the PPG signal, and
thereby, it is difficult to accurately estimate an actual heart
rate.

[0007] In order to solve this problem, a study is being
conducted to eliminate motion artifact components from the
PPG signal, but it is difficult to accurately measure the pulse
wave of a moving user in real life using a motion artifact
elimination technique that is limited in a situation of low
motion artifacts, and the motion artifact elimination tech-
nique performed in a situation where the motion artifacts are
large uses a high resolution spectrum estimation, and
thereby, it takes a long time and it is difficult to accurately
measure the pulse wave in real time.

[0008] A technology of background of the present inven-
tion 1s disclosed in Korean Patent No. 10-0462182 (issued
on Dec. 16, 2004).

DISCLOSURE

Technical Problem

[0009] An object of the present invention is to provide an
apparatus for eliminating motion artifacts that uses a PPG
signal, which effectively eliminates motion artifact compo-
nents from the PPG signal using three-axis acceleration
values, and a method thereof.

Technical Solution

[0010] According to an embodiment of the present inven-
tion for solving the technical problem, a method for elimi-
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nating motion artifacts using an apparatus for eliminating
motion artifacts includes steps of receiving a PPG signal and
three-axis (X-axis, Y-axis, and Z-axis) acceleration signals
measured from an examinee, extracting the PPG signal and
the three-axis acceleration signals by a period of a prede-
termined unit of time and filtering the signals at a preset
bandwidth, Fourier-transforming the PPG signal and the
three-axis acceleration signals corresponding to the
extracted period to transform into a frequency domain,
arranging power spectra of the X-axis, the Y-axis, and the
Z-axis in ascending order of value of average power spec-
trum by calculating an average power of each frequency
domain of the three-axis accelerations, and extracting a final
power spectrum of the PPG signal by sequentially eliminat-
ing power spectra of the X-axis, Y-axis, and Z-axis accel-
erations from the power spectrum of the PPG signal in an
order of arrangement.

[0011] The period may be extracted to overlap a previous
period by a preset time, and the step of arranging the power
spectra of the X-axis, the Y-axis, and the Z-axis may include
steps of calculating an average value of the power spectrum
of each of the X-axis, the Y-axis, and the Z-axis using a least
square method, and arranging the power spectra of the
X-axis, the Y-axis, and the Z-axis in an ascending order from
a small spectrum having a small average value to a large
spectrum.

[0012] The step of extracting the final power spectrum of
the PPG signal may include steps of setting a first coeflicient
value of a power spectrum corresponding to a first axis
having a smallest power spectrum among the X axis, the Y
axis, and the Z axis, subtracting a value obtained by multi-
plying the spectrum of the first axis by the first coeflicient
value from a power spectrum of the PPG signal, setting a
second coeflicient value of a second axis having a second
smallest power spectrum among the X-axis, the Y-axis, and
the Z-axis using the power spectrum of the subtracted PPG
signal, subtracting a value obtained by multiplying the
spectrum of the second axis by the second coeflicient value
from the power spectrum of the subtracted PPG signal,
setting a third coefficient value of a third axis having a
largest power spectrum among the X axis, the Y-axis, and the
Z-axis using the power spectrum of the subtracted PPG
signal, and extracting a power spectrum (P,*(f)) by subtract-
ing a value obtained by multiplying a spectrum of the third
axis by the third coeflicient value from the power spectrum
of the subtracted PPG signal.

[0013] The first to third coefficient values (C,(i)) may be
set to satisty a following condition

e (i) = argminl|P} () — cAY ()]

constrained to

(%max(Pf-‘ (Af)) —cAf (Af)] =0,(k=1,2,3)

[0014] where P(f) denotes a power spectrum of the PPG
signal, ¢ denotes a coefficient, Ai*(f) denotes power spectra
of the three-axis accelerations, k denotes indices of the first
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to third axes corresponding to an arranged order, Af denotes
a guard band using a heart rate estimated in the previous
period.

[0015] The first to third coeflicient values may be cor-
rected by using the calculated coefficient (c,(i)) and a
coeflicient (uc,(i-1)) of a previous period as represented by
a following equation

i)=He, - D+{1-pe(d)

[0016] where c,(i) is first to third corrected coeficient
values, and L is a parameter used for an autoregressive
model, and ¢ (1)=c,(1) is set to an initial value.

[0017] The step of extracting the final power spectrum of
the PPG signal may include a step of extracting a power
spectrum (P,(f)) of a final PPG signal by using a power
spectrum (P, (f)) of the final PPG signal extracted from a
previous period and a power spectrum (P*(f)) of a PPG
signal obtained by subtracting a value obtained by multi-
plying a spectrum of the third axis by the third coeflicient
value, as represented by a following equation

P O=PHP-c,()A5(D

Pif=ePy(f+(1-0)P (N

[0018] where P*'(f) denotes a power spectrum obtained
by subtracting a power spectrum of an axis multiplied by a
coeflicient value from the power spectrum of the PPG signal,
is a parameter for adjusting the sum of weighted values, and
an initial value of the previous period is set to P, (f)=P,(f).
[0019] According to another embodiment of the present
invention, an apparatus for eliminating motion artifacts
includes a reception unit that receives a PPG signal and
three-axis (X-axis, Y-axis, and Z-axis) acceleration signals
measured from an examinee, a filter unit that extracts the
PPG signal and the three-axis acceleration signals by a
period of a predetermined unit of time and filtering the
signals at a preset bandwidth, a transformation unit that
Fourier-transforms the PPG signal and the three-axis accel-
eration signals corresponding to the extracted period to
transform into a frequency domain, an arrangement unit that
arranges power spectra of the X-axis, the Y-axis, and the
Z-axis in ascending order of value of average power spec-
trum by calculating an average power of each frequency
domain of the three-axis accelerations, and an extraction unit
that extracts a final power spectrum of the PPG signal by
sequentially eliminating power spectra of the X-axis, Y-axis,
and Z-axis accelerations from the power spectrum of the
PPG signal in an order of arrangement.

Advantageous Effects

[0020] According to the present invention, by removing
the three-axis acceleration value gradually from the axis
having the small average value in the PPG signal, it is
possible to remove the motion artifacts component stably
and efficiently.

[0021] In addition, according to the present invention,
there is an advantage that the amount of calculation is
simplified compared with the existing motion artifact elimi-
nation algorithm.

DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1 is a diagram illustrating a PPG signal
measured from an examinee according to an embodiment of
the present invention.
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[0023] FIG. 2 is a configuration diagram illustrating a
motion artifact elimination apparatus according to the
embodiment of the present invention.

[0024] FIG. 3 is a flowchart illustrating a method for
eliminating motion artifacts using the motion artifact elimi-
nation apparatus according to the embodiment of the present
invention.

[0025] FIG. 4 illustrates graphs of a signal Fourier-trans-
formed into a frequency domain by the motion artifact
elimination apparatus according to the embodiment of the
present invention.

[0026] FIG. 5 is a diagram illustrating a process of elimi-
nating motion artifacts from a PPG signal using the motion
artifact elimination apparatus according to the embodiment
of the present invention.

[0027] FIG. 6 illustrates graphs illustrating a process of
estimating a final power spectrum by applying a method for
eliminating motion artifacts according to an embodiment of
the present invention.

[0028] FIG. 7 illustrates graphs for comparing a pulse
wave, an actual pulse wave, and a pulse wave from which
motion artifacts are not eliminated, which are estimated by
applying the method for eliminating the motion artifacts
according to the embodiment of the present invention.

BEST MODE FOR INVENTION

[0029] Hereinafter, embodiments of the present invention
will be described in detail with reference to the accompa-
nying drawings such that a person skilled in the art to which
the present invention belongs can perform easily the
embodiments. The present invention can be embodied in
many different forms and is not limited to the embodiments
described herein. In order to clearly describe the present
invention, parts not related to the description are omitted,
and a similar unit is denoted by a similar reference numeral
throughout the specification.

[0030] When it is described throughout the specification
that a unit includes an element, it means that the unit can
further include other elements, rather than excluding other
elements unless specifically described otherwise.

[0031] Hereinafter, embodiments of the present invention
will be described in detail with reference to the accompa-
nying drawings such that a person skilled in the art to which
the present invention belongs can easily perform the
embodiments.

[0032] FIG. 1 is a diagram illustrating a PPG signal
measured from an examinee according to an embodiment of
the present invention.

[0033] As illustrated in FIG. 1, the PPG signal measured
from the examinee is configured by performing a non-linear
combination of several signals.

[0034] That is, the PPG signal p(n) includes pulse wave
information (True heart rhythm, h(n)) capable of measuring
a heart rate of the examinee, x-axis motion artifact a,(n),
y-axis motion artifact a (n), z-axis motion artifact a,(n), and
noise v(n) which is hard to be specified.

[0035] Here, since a motion artifact component is a noise
generated due to movement of the examinee, the motion
artifact component can be separately measured using three-
axis acceleration values.

[0036] As such, since the motion artifact component
included in the PPG signal causes the pulse wave informa-
tion (True heart rhythm, h(n)) to be distorted so as to make
the pulse wave hard to be measured through the PPG signal,
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in order to more accurately measure the pulse wave, the
motion artifact elimination apparatus according to an
embodiment of the present invention identifies a correlation
between the PPG signal and the three-axis acceleration
measurement value, gradually removes the three-axis accel-
eration measurement value from the PPG signal, and
removes the motion artifacts.

[0037] FIG. 2 is a configuration diagram illustrating a
motion artifact elimination apparatus according to the
embodiment of the present invention.

[0038] As illustrated in FIG. 2, a motion artifact elimina-
tion apparatus 100 according to the embodiment of the
present invention includes a reception unit 110, a filter unit
120, a transformation unit 130, an arrangement unit 140, and
an extraction unit 150.

[0039] The motion artifact elimination apparatus 100
according to the embodiment of the present invention may
be embedded in an apparatus for measuring the PPG signal
or a three-axis acceleration signals or an apparatus for
providing pulse wave information of a user or may be a
separate user terminal.

[0040] First, the reception unit 110 receives the PPG
signal and the three-axis acceleration signals measured from
the examinee. The reception unit 110 may be connected to
a wearable apparatus worn on the body of the examinee or
a server storing a measurement signal of the examinee
wirelessly or by a wire to receive the PPG signal and the
three-axis acceleration signals.

[0041] The filter unit 120 extracts the received PPG signal
and three-axis acceleration signals by a period of a prede-
termined unit of time so as to overlap a previous period by
a preset time.

[0042] In addition, the filter unit 120 may filter the PPG
signal and the three-axis acceleration signals of the extracted
period at a preset bandwidth corresponding to a pulse wave
range measurable from the examinee. Here, the preset
bandwidth can be individually set depending on an age, a
sex, and physical characteristics of a person, and can be
changed and set depending on a state of the examinee.
[0043] A sequence of a period extracting process and a
bandwidth filtering process of the filter unit 120 is not fixed
and can be changed by a user later.

[0044] In addition, the transformation unit 130 Fourier-
transforms the PPG signal and the three-axis acceleration
signals corresponding to the extracted period to transform a
time domain into a frequency domain.

[0045] The arrangement unit 140 calculates an average
power of each of frequency domains of the three-axis
accelerations using the least square method. The arrange-
ment unit 140 arranges power spectra of the X-axis, the
Y-axis, and the Z-axis in ascending order of value of average
power spectrum.

[0046] The extraction unit 150 sequentially removes the
power spectra of the X-axis, Y-axis, and Z-axis accelerations
in order of arrangement from the power spectrum of the PPG
signal to extract the final power spectrum of the PPG signal.
[0047] Hereinafter, the method for eliminating motion
artifacts according to an embodiment of the present inven-
tion will be described with reference to FIGS. 3 to 5.
[0048] FIG. 3 is a flowchart illustrating the method for
eliminating motion artifacts using the motion artifact elimi-
nation apparatus according to the embodiment of the present
invention, and FIG. 4 illustrates graphs of a signal Fourier-
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transformed into a frequency domain by the motion artifact
elimination apparatus according to the embodiment of the
present invention.

[0049] First, the reception unit 110 according to the
embodiment of the present invention receives the PPG
signal and three axis (X-axis, Y-axis, and Z-axis) accelera-
tion signals measured from the examinee (S310).

[0050] Here, the PPG signal is a measured PPG signal
having a non-linear combination of the PPG signal and noise
and has a time domain value, and the three-axis acceleration
signals indicates a value of each of the X-axis, Y-axis, and
Z-axis along each axis.

[0051] The PPG signal and the three-axis acceleration
signals can be received in real time from a wearable appa-
ratus worn by the examinee or can be connected to a server
or a database storing the measured signal to receive the PPG
signal and the three-axis acceleration signals.

[0052] Next, the filter unit 120 extracts the PPG signal and
the three-axis acceleration signals by a period of a prede-
termined unit of time and filters the PPG signal and the
three-axis acceleration signals at a preset bandwidth (8320).
[0053] Here, the filter unit 120 may extract periods of the
PPG signal and the three-axis acceleration signals so as to
overlap the previous period by a preset time.

[0054] For example, if it is assumed that the predeter-
mined unit of time is 8 seconds and the preset time is 6
seconds for the PPG signal and the three-axis acceleration
signals measured for a total of 5 minutes, the filter unit 120
can extract a first period from 0 to 8 seconds in the whole
measured period and extract a second period from 2 seconds
to 10 seconds so as to overlap the first period by 6 seconds.
[0055] In addition, the filter unit 120 may generally filter
the signal at a pulse wave bandwidth measurable from an
adult. For example, if it is assumed that a pulse wave range
measurable from the adult is 0.4 Hz to 5 Hz, the filter unit
120 can filter the PPG signal and the three-axis acceleration
signals at a bandwidth of 0.4 Hz to 5 Hz.

[0056] At this time, the filter unit 120 can set a bandwidth
to be filtered according to an age, a sex, and physical
characteristics of an examinee in a personalized manner.
[0057] Then, the transformation unit 130 performs a fast
Fourier transform of the PPG signal and the three-axis
acceleration signals corresponding to the extracted period to
transform into a frequency domain (S330).

[0058] It is difficult to intuitively identify influence of the
three-axis acceleration signals on the PPG signal as the
measured PPG signal and three-axis acceleration signals
have larger motion artifacts in the time domain. Therefore,
the transformation unit 130 performs a fast Fourier trans-
form (FFT) so as to transform the PPG signal and the
three-axis acceleration signals from the time domain into the
frequency domain.

[0059] (a) of FIG. 4 is a graph of the PPG signal trans-
formed from the time domain into the frequency domain. At
this time, a circle portion indicates a true heart rate which is
actually measured.

[0060] (b), (c), and (d) of FIG. 4 are graphs of the
respective three-axis acceleration signals (x-axis, y-axis, and
z-axis) transformed from the time domain into the frequency
domain.

[0061] Ina PPG spectrum in (a) of FIG. 4, it can be seen
that a portion (remaining peak portion except for the circle
portion) influenced by motion artifacts is larger than an
actually measured pulse wave (the circle portion). That is, 1t
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can be seen that it is easy to determine the influence of
spectrums of the three-axis accelerations on the actual PPG
spectrum in the graph of the signal transformed into the
frequency domain.

[0062] Therefore, the transformation unit 130 performs
the fast Fourier transform of the PPG signal and the three-
axis accelerations to transform into the frequency domain so
as to easily determine a correlation between the PPG signal
and the three-axis accelerations.

[0063] Next, the arrangement unit 140 calculates an aver-
age power of each of frequency domains of the three-axis
accelerations and arranges power spectra of the X-axis, the
Y-axis, and the Z-axis in ascending order of value of average
power spectrum (S340).

[0064] That is, the arrangement unit 140 calculates the
average power by using the least square method for the
power spectra of the X-axis, the Y-axis, and the Z-axis which
are transformed into the frequency domain. At this time, the
arrangement unit 140 can calculate the average power of the
power spectra using a method other than the least squares
method.

[0065] The arrangement unit 140 can arrange the power
spectra of the X-axis, the Y-axis, and the Z-axis in ascending
order of value of average power spectrum. The arrangement
unit 140 can arrange the axis having the smallest average
power spectrum as a first axis, the axis having the second
smallest average power spectrum as a second axis, and the
axis having the largest average power spectrum as the third
axis.

[0066] For example, if a magnitude of the power spectrum
is calculated in the order of Z-axis>X-axis>Y-axis as illus-
trated in FIG. 4, arrangement is made such that the first axis
is the Y-axis, the second axis is the X-axis, and the third axis
is the Z-axis.

[0067] Next, the extraction unit 150 sequentially elimi-
nates the power spectra of the X-axis, Y-axis, and Z-axis
accelerations according in the order of arrangement from the
power spectrum of the PPG signal to extract the final power
spectrum of the PPG signal (S350).

[0068] That is, the extraction unit 150 can extract the final
power spectrum by setting a coeflicient value for each axis
in the order in which the power spectra of the X-axis, Y-axis,
and Z-axis accelerations are arranged, multiplying a corre-
sponding coeflicient value, and subtracting the value from
the power spectrum of the PPG signal.

[0069] Hereinafter, a process of extracting the final power
spectrum of the PPG signal using the extraction unit 150 of
the motion artifacts elimination apparatus 100 will be
described in detail with reference to FIG. 5.

[0070] FIG. 5 is a diagram illustrating a process of elimi-
nating motion artifacts from the PPG signal using the motion
artifact elimination apparatus according to the embodiment
of the present invention.

[0071] The extraction unit 150 of the motion artifact
elimination apparatus 100 according to the embodiment of
the present invention sets coeflicient values for the respec-
tive axes so as to prevent a peripheral spectrum of the power
spectrum representing the actual pulse wave from being
completely eliminated when subtracting the power spectra
of the three-axis accelerations from the power spectrum of
the PPG signal and to eliminate the maximum motion
artifacts at the same time.

[0072] That is, the extraction unit 150 can set each coef-
ficient value for the power spectrum among the X-axis,
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Y-axis, and Z-axis using the PPG power spectrum. At this
time, the motion artifact elimination apparatus 100 can set a
coeflicient value satisfying following Equation 1.

cx (i) = argmin|PA (£) - cAL (£ [Equation 1]

constrained to

(%max(ﬂf (Af)) — Ak (Af)] 20,(k=1,2,3)

[0073] Here, P/(f) denotes a power spectrum of the PPG
signal, ¢ denotes a coefficient, Ai*(f) denotes power spectra
of three-axis accelerations, k denotes indices of the first to
third axes corresponding to an arranged order, Af denotes a
guard band using the heart rate estimated in the previous
period,

[0074] That is, as represented by Equation 1, the extrac-
tion unit 150 sets the coeflicient value so as to be the smallest
value by subtracting the power spectra of the three-axis
accelerations obtained by multiplying the coefficient value
from the power spectrum of the PPG signal.

[0075] However, in order to prevent the peripheral spec-
trum of the power spectrum representing the actual pulse
wave from being completely eliminated, the extraction unit
150 can sets the coefficient value under the condition that a
value greater than half is not removed from the power
spectrum of the PPG signal having the largest value based on
the pulse wave measured in the previous period.

[0076] The extraction unit 150 can correct the coefficient
value by applying a coeflicient c,(i) calculated through
Equation 1 and a coefficient pc,(i-1) of the previous period
to following Equation 2.

i) =exli=D+{1-pe(d)

[0077] Here, c,(i) is first to third corrected coeflicient
values, and  is a parameter used for an autoregressive
model, and ¢,(1)=c,(1) is set to an initial value.
[0078] That is, since there is an overlapping period
between the previous period and the corresponding period,
in order to prevent the coeflicient values of the previous
period and the corresponding period from rapidly changing,
the coefficient value is corrected to be set within a prede-
termined range with the coefficient value of the previous
period by using Equation 2.
[0079] Then, the extraction unit 150 multiplies the corre-
sponding axis by the corrected coeflicient value and subtract
the multiplied value from the power spectrum of the PPG
signal as represented by Equation 3.

P i}”l(f):P ik(f)_Ek(i)Aik(f)
[0080] As illustrated in FIG. 5, the extraction unit 150 sets
the axis having the smallest value as a first axis A,'(f), the
axis having the second smallest value as a second axis A *(f),
and the axis having the largest value as a third axis A,>(f)
according to a magnitude of the average power spectrum
among the X-axis, Y-axis, and Z-axis, and hereinafter, for
the sake of convenient description, it is assumed that the first
axis is the Y-axis, the second axis is the X-axis, and the third
axis is the Z-axis, as described above.

[Equation 2]
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[0081] Then, the extraction unit 150 sets the first coeffi-
cient value (c, (1)) for the first axis (Y-axis) through Equation
1 and Equation 2 and extracts P,*(f) by applying the set first
coeflicient value (c, (1)) to Equation 3 to subtracts from the
power spectram (P,'(f)) of the PPG signal.

[0082] The extraction unit 150 sets the second coefficient
value (c,(i)) the second axis (X-axis) by applying the power
spectrum (P*(f)) of the PPG signal obtained by subtracting
the power spectrum of the first axis (Y-axis) multiplied by
the first coeflicient value to Equation 1 and Equation 2.
Then, the extraction unit 150 extracts (P,*(f)) by subtracting
the power spectrum of the second axis (X-axis) multiplied
by the second coefficient value (c,(i)) from the power
spectrum (P(D)) of the PPG signal.

[0083] Then, the extraction unit 150 sets the third coeffi-
cient value (c,(i)) for the third axis (Z-axis) by applying the
power spectrum (P2(f)) of the PPG signal obtained by
subtracting the power spectrum of the second axis multiplied
by the second coefficient value to Equation 1 and Equation
2. Then, the extraction unit 150 extracts (P,*(f)) by subtract-
ing the power spectrum of the third axis (Z-axis) multiplied
by the third coefficient value (c5(i)) from the power spectrum
(P2(f)) of the PPG signal.

[0084] At this time, if the power spectrum of the PPG
signal is smaller than a reference value, an accurate pulse
wave measurement can be hard even if the power spectra of
the three-axis acceleration signals are eliminated. Therefore,
the extraction unit 150 uses the final power spectrum of the
previous period when extracting the final power spectrum of
the correspond period using characteristics of the continuous
and overlapping periods.

[0085] The extraction unit 150 extracts the power spec-
trum (P()) of the final PPG signal by applying the power
spectrum (P,*()) of the PPG signal extracted by subtracting
all the power spectra from the three-axis acceleration signals
and the power spectrum (P, (D)) of the final PPG signal
extracted in the previous period to following Equation 4.

P(fi=eP . (f1+(1-e)P ()

[0086] Here, € is a parameter for adjusting the sum of
weighted values, and an initial value of the previous period
is set to P,(D=P,(f).

[0087] Inthisway, the extraction unit 150 extracts the final
power spectrum of the PPG signal of the corresponding
period using the final power spectrum of the PPG signal of
the previous period through Equation 4, thereby, being
capable of reducing a pulse wave estimation error generated
in a case where power of the actual pulse wave is small.
[0088] In this way, the extraction unit 150 sequentially
eliminates the spectra of the three-axis accelerations multi-
plied by each coeflicient value from the power spectrum of
the PPG signal according to an arrangement order, and then,
can extract the final power spectrum of the PPG signal of the
corresponding period by using the final power spectrum
value of the PPG signal of the previous period.

[0089] FIG. 6 illustrates graphs illustrating a process of
estimating the final power spectrum by applying a method
for eliminating motion artifacts according to an embodiment
of the present invention.

[0090] (a) of FIG. 6 illustrates the power spectrum of the
PPG signal in a case where motion artifacts influence a
frequency of the PPG signal which is different from a
frequency of the PPG signal estimated as an actual pulse
wave, and (b) of FIG. 6 illustrates the power spectrum of the

[Equation 4]
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PPG signal in a case where the motion artifacts influence the
frequency of the PPG signal around the frequency of the
PPG signal estimated as the actual pulse wave.

[0091] That is, in (a) of FIG. 6, it can be seen that the
influence of the motion artifacts is large at a frequency
different from the frequency (true heart rate) estimated as an
actual pulse wave, and in (b) of FIG. 6, it can be seen that
the influence of the motion artifacts is large at a frequency
around the frequency (true heart rate) estimated as the actual
pulse wave.

[0092] In (a) and (b) of FIG. 6, the frequency (true heart
rate) estimated as an actual pulse wave is indicated by a
dashed line, the graph illustrated by a solid line represents a
power spectrum of the PPG signal, and a dotted line indi-
cates the power spectrum of each axis multiplied by a
coeflicient.

[0093] In (a) and (b) of FIG. 6, each first graph represents
the power spectrum (solid line: P,*(f)) of the PPG signal
measured from an examinee and the power spectrum (dotted
line: A,*(f)) of the first axis multiplied by the first coefficient
value, and each second graph represents the power spectrum
(solid line: P*(f)) of the PPG signal from which the power
spectrum (A, (f)) of the first axis is eliminated and the power
spectrum (dotted line: A *(f)) of the second axis multiplied
by the second coeflicient value. In addition, each third graph
represents the power spectrum (solid line: A *(f)) of the PPG
signal from which the power spectrum (A,*(D)) of the first
axis is eliminated and the power spectrum (dotted line:
A2(D) of the third axis multiplied by the third coefficient
value, and each fourth graph represents the power spectrum
(P,*(f)) of the PPG signal from which the power spectrum
(A (D) of the third axis is eliminated.

[0094] As can be seen from the first, second, and third
graphs of (a) and (b) of FIG. 6, by gradually eliminating the
power spectra of the three-axis accelerations from the power
spectrum of the PPG signal, only the frequency (true heart
rate) estimated as an actual pulse wave can be easily
estimated, as illustrated in the fourth graph in (a) and (b) of
FIG. 6.

[0095] That is, it can be seen that, in (a) and (b) of FIG.
6, the method for eliminating motion artifacts according to
the embodiment of the present invention effectively elimi-
nates the motion artifact component not only in a case where
the motion artifact component influences a specific portion
of the frequency domain of the PPG signal but also in all
cases.

[0096] FIG. 7 illustrates graphs for comparing a pulse
wave, an actual pulse wave, and a pulse wave from which
the motion artifacts are not eliminated, which are estimated
by applying the method for eliminating motion artifacts
according to the embodiment of the present invention.

[0097] InFIG. 7, an individual heart rate was measured for
each examinee with a sampling frequency of 125 Hz for
each data for the PPG signal and the three-axis accelerations
measured for examinees (subject 2, subject 6, subject 10,
and subject 12) in exercise. At this time, the period is a
period shifted by 2 seconds so as to overlap the previous
period for 6 seconds by unit of time of 8 seconds, and a
parameter Af used when the coeflicient value is set means a
guard band which is [prevHR-12, . . ., prevHR+12] when
a heart rate estimated in the previous period is referred to as
prevHR. Each parameter is assumed to be p=0.83 and
e=0.18.
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[0098] FIG. 7 illustrates a result (with the proposed
method) in which the heart rate is estimated by applying the
method for eliminating motion artifacts according to the
embodiment of the present invention, an actual heart rate
(true heart rate), and a result (without MA removal) in which
the heart rate is estimated from which motion artifacts are
not eliminated.

[0099] Here, by using a method for estimating a heart rate
using a PPG power spectrum, the heart rate can be estimated
by setting the highest point exceeding a corresponding
threshold as a heart rate candidate group in the spectrum
from which motion artifacts are eliminated after the thresh-
old is set, the heart rate can be estimated by using a
probability density function (PDF) based on statistical infor-
mation on the heart rate, or the heart rate can be estimated
through a maximum likelihood (ML) among candidate
groups.

[0100] In FIG. 7, the result of estimating the heart rate
using the PPG spectrum from which the motion artifacts are
not eliminated are greatly different from the actual heart rate.
Meanwhile, it can be seen that the result of estimating the
heart rate by applying the method for eliminating motion
artifacts according to the embodiment of the present inven-
tion is little different illustrates from the actual heart rate.
[0101] That is, it can be seen from FIG. 7 that the method
for eliminating motion artifacts according to the embodi-
ment of the present invention is efficient in eliminating
motion artifacts in the PPG power spectrum.

[0102] As described above, according to the embodiments
of the present invention, by gradually eliminating three-axis
acceleration values from an axis having a small average
value in a PPG signal, motion artifacts can be eliminated
stably and efficiently.

[0103] In addition, there is an advantage that the amount
of calculation is simplified compared with the existing
motion artifact elimination algorithm. While the present
invention is described with reference to embodiments illus-
trated in the drawings, the embodiments are merely exem-
plary, and it will be understood by those skilled in the art that
various modifications and equivalent embodiments can be
made. Accordingly, the true scope of the present invention
should be determined by the technical idea of the appended
claims.

1. A method for eliminating motion artifacts using an
apparatus for eliminating motion artifacts comprising steps
of:

receiving a PPG signal and three-axis (X-axis, Y-axis, and

7-axis) acceleration signals measured from an exam-
inee;

extracting the PPG signal and the three-axis acceleration

signals by a period of a predetermined unit of time and
filtering the signals at a preset bandwidth;

Fourier-transforming the PPG signal and the three-axis

acceleration signals corresponding to the extracted
period to transform into a frequency domain;
arranging power spectra of the X-axis, the Y-axis, and the
Z-axis in ascending order of value of average power
spectrum by calculating an average power of each
frequency domain of the three-axis accelerations; and
extracting a final power spectrum of the PPG signal by
sequentially eliminating power spectra of the X-axis,
Y-axis, and Z-axis accelerations from the power spec-
trum of the PPG signal in an order of arrangement.
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2. The method for eliminating motion artifacts according
to claim 1,
wherein the period is extracted to overlap a previous
period by a preset time, and
wherein the step of arranging the power spectra of the
X-axis, the Y-axis, and the Z-axis includes steps of
calculating an average value of the power spectrum of
each of the X-axis, the Y-axis, and the Z-axis using
a least square method; and
arranging the power spectra of the X-axis, the Y-axis,
and the Z-axis in an ascending order from a small
spectrum having a small average value to a large
spectrum.
3. The method for eliminating motion artifacts according
to claim 2,
wherein the step of extracting the final power spectrum of
the PPG signal includes steps of
setting a first coefficient value of a power spectrum
corresponding to a first axis having a smallest power
spectrum among the X axis, the Y axis, and the Z
axis;
subtracting a value obtained by multiplying the spec-
trum of the first axis by the first coeflicient value
from a power spectrum of the PPG signal,
setting a second coeflicient value of a second axis
having a second smallest power spectrum among the
X-axis, the Y-axis, and the Z-axis using the power
spectrum of the subtracted PPG signal;
subtracting a value obtained by multiplying the spec-
trum of the second axis by the second coeflicient
value from the power spectrum of the subtracted
PPG signal;
setting a third coeflicient value of a third axis having a
largest power spectrum among the X axis, the Y-axis,
and the Z-axis using the power spectrum of the
subtracted PPG signal; and
extracting a power spectrum (P,*(f)) by subtracting a
value obtained by multiplying a spectrum of the third
axis by the third coeflicient value from the power
spectrum of the subtracted PPG signal.
4. The method for eliminating motion artifacts according
to claim 3,
wherein the first to third coeflicient values (C,(1)) are set
to satisfy a following condition

e (i) = argmin||PE (f) — cAR(f)]

constrained to

(%max(ﬂi‘ (Af)) — cAf (Af)] =0,(k=1,2,3)

where P/(f) denotes a power spectrum of the PPG signal,
¢ denotes a coefficient, Ai*(f) denotes power spectra of
the three-axis accelerations, k denotes indices of the
first to third axes corresponding to an arranged order, Af
denotes a guard band using a heart rate estimated in the
previous period.

5. The method for eliminating motion artifacts according

to claim 4,



US 2019/0192082 Al

wherein the first to third coefficient values are corrected
by using the calculated coeflicient (¢, (1)) and a coeffi-
cient (uc,(i-1)) of a previous period as represented by
a following equation

i) =peeli-1)+H1-ey(d)

where ¢,(i) is first to third corrected coefficient values, and
 is a parameter used for an autoregressive model, and
¢, (1)=c,(1) is set to an initial value.

6. The method for eliminating motion artifacts according

to claim 3,

wherein the step of extracting the final power spectrum of
the PPG signal includes a step of

extracting a power spectrum (P(f)) of a final PPG signal
by using a power spectrum (P, ,(f)) of the final PPG
signal extracted from a previous period and a power
spectrum (P,*(f)) of a PPG signal obtained by subtract-
ing a value obtained by multiplying a spectrum of the
third axis by the third coeflicient value, as represented
by a following equation

PN =PH(-c (AP

Fl-(f):s?i,l(fh(l—s)Pf(f)

where P/*L(f) denotes a power spectrum obtained by
subtracting a power spectrum of an axis multiplied by
a coeflicient value from the power spectrum of the PPG
signal, is a parameter for adjusting the sum of weighted
values, and an initial value of the previous period is set
to P, (=P, (D.

7. An apparatus for eliminating motion artifacts compris-

ing:

a reception unit that receives a PPG signal and three-axis
(X-axis, Y-axis, and Z-axis) acceleration signals mea-
sured from an examinee;

a filter unit that extracts the PPG signal and the three-axis
acceleration signals by a period of a predetermined unit
of time and filtering the signals at a preset bandwidth;

a transformation unit that Fourier-transforms the PPG
signal and the three-axis acceleration signals corre-
sponding to the extracted period to transform into a
frequency domain;

an arrangement unit that arranges power spectra of the
X-axis, the Y-axis, and the Z-axis in ascending order of
value of average power spectrum by calculating an
average power of each frequency domain of the three-
axis accelerations; and

an extraction unit that extracts a final power spectrum of
the PPG signal by sequentially eliminating power spec-
tra of the X-axis, Y-axis, and Z-axis accelerations from
the power spectrum of the PPG signal in an order of
arrangement.

8. The apparatus for eliminating motion artifacts accord-

ing to claim 7,

wherein the period is extracted to overlap a previous
period by a preset time, and

wherein the arrangement unit calculates an average value
of the power spectrum of each of the X-axis, the Y-axis,
and the 7-axis using a least square method and arranges
the power spectra of the X-axis, the Y-axis, and the
Z-axis in an ascending order from a small spectrum
having a small average value to a large spectrum.

9. The apparatus for eliminating motion artifacts accord-

ing to claim 8,
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wherein the extraction unit sets a first coefficient value of
a power spectrum corresponding to a first axis having
a smallest power spectrum among the X axis, the Y
axis, and the Z axis and subtracts a value obtained by
multiplying the spectrum of the first axis by the first
coeflicient value from a power spectrum of the PPG
signal, sets a second coeflicient value of a second axis
having a second smallest power spectrum among the
X-axis, the Y-axis, and the Z-axis using the power
spectrum of the subtracted PPG signal and subtracts a
value obtained by multiplying the spectrum of the
second axis by the second coeflicient value from the
power spectrum of the subtracted PPG signal, and sets
a third coeflicient value of a third axis having a largest
power spectrum among the X axis, the Y-axis, and the
7-axis using the power spectrum of the subtracted PPG
signal and extracts a power spectrum (P,*(f)) by sub-
tracting a value obtained by multiplying a spectrum of
the third axis by the third coeflicient value from the
power spectrum of the subtracted PPG signal.

10. The apparatus for eliminating motion artifacts accord-

ing to claim 9,

wherein the first to third coeflicient values (C,(1)) are set

to satisfy a following condition

cx () = argminl|P4 (£) — cAS (£

constrained to

(%max(p;‘ (Af)) —cAt (Af)] >0,(k=1273)

where P“(f) denotes a power spectrum of the PPG signal,
¢ denotes a coefficient, Ai*(f) denotes power spectra of
the three-axis accelerations, k denotes indices of the
first to third axes corresponding to an arranged order, Af
denotes a guard band using a heart rate estimated in the
previous period.

11. The apparatus for eliminating motion artifacts accord-

ing to claim 10,

wherein the first to third coefficient values are corrected
by using the calculated coefficient (c,(1)) and a coefli-
cient (uc,(i-1)) of a previous period as represented by
a following equation

()R- 1)+{1-Wiee(?)

where ¢,(i) is first to third corrected coefficient values, and
W is a parameter used for an autoregressive model, and
c,(1)=c,(1) is set to an initial value.

12. The apparatus for eliminating motion artifacts accord-

ing to claim 10,

wherein the extraction unit extracts a power spectrum (
P.(D)) of a final PPG signal by using a power spectrum
(P._,(D) of the final PPG signal extracted from a pre-
vious period and a power spectrum (P,*(f)) of a PPG
signal obtained by subtracting a value obtained by
multiplying a spectrum of the third axis by the third
coeflicient value, as represented by a following equa-
tion
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PFU=PHA-C(HAKD

PP, (+(1-e)P(f)

where P*'(f) denotes a power spectrum obtained by
subtracting a power spectrum of an axis multiplied by
a coeflicient value from the power spectrum of the PPG
signal, is a parameter for adjusting the sum of weighted
values, and an initial value of the previous period is set

to P, (0=, (D).
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