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HEART RATE PATH OPTIMIZER

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 14/466,890, filed Aug. 22, 2014 and
published on Feb. 25, 2016 as U.S. Patent Publication No.
2016-0051201, the contents of which are incorporated
herein by reference in its entirety for all purposes.

FIELD OF THE DISCLOSURE

[0002] This relates generally to processing of a photopl-
ethysmogram (PPG) signal and for determining the most
probable heart rate at various times within a sampling time
interval.

BACKGROUND OF THE DISCLOSURE

[0003] A photoplethysmogram (PPG) signal may be
obtained from a pulse oximeter, which employs a light
emitter and a light sensor to measure the perfusion of blood
to the skin of a user. The PPG signal may be compromised
by noise due to motion (e.g., acceleration) artifacts. That is,
movement of the body of a user may cause the skin and
vasculature to expand and contract, introducing acceleration
artifacts into the PPG signal. While such acceleration arti-
facts may be at least partially compensated for, there remains
a problem of determining accurate heart rate measurements
even after such partial compensation. When presented with
various heart rate values over sampling times within a time
interval, it is often difficult to determine the most probable
heart rate for each sampling time and consequently the most
probable heart rate path considering the multiple possible
candidate paths from one sampling time to the next over the
overall time interval.

SUMMARY OF THE DISCLOSURE

[0004] A photoplethysmogram (PPG) signal may be
obtained from a pulse oximeter, which employs a light
emitter and a light sensor to measure the perfusion of blood
to the skin of a user. However, the signal may be compro-
mised by noise due to motion artifacts especially artifacts
caused by acceleration. That is, movement of the body of a
user may cause the skin and vasculature to expand and
contract, introducing noise to the signal. To address the
presence of motion artifacts, examples of the present dis-
closure can utilize an accelerometer to measure movements
of the user and signal processing of the PPG signal in
combination with the accelerometer signal to at least par-
tially compensate for unwanted artifacts.

[0005] While most acceleration artifacts may be taken into
account and compensated for, they are sometimes difficult to
eliminate completely. Thus, there remains a problem in that
it can be difficult to determine accurate heart rate values over
plural sampling times during a time interval, as for example
an exercise time interval.

[0006] In accordance with some examples of the disclo-
sure, time domain PPG and acceleration signals can be
digitized and transformed into the frequency domain by
utilization of a Fourier transform such as the Fast Fourier
Transform to provide spectrograms. The magnitude (abso-
lute value) of a given Fourier coeflicient of frequency f
represents the probability of occurrence of that frequency
in the time domain signal. Thus, the identification of the
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highest Fourier coefficient magnitude corresponds to the
peak in the spectrogram of frequency f and corresponds to
the most probable heart rate having this frequency f.
[0007] Accurate identification of the heart rate at each
sampling time period is often improved by examining sub-
sequent data and reevaluating the earlier determined heart
rate in view of this subsequent data. Thus, the earlier data
may be viewed as candidate heart rates which are provi-
sionally determined for later confirmation or selection of the
more correct heart rate. The series of candidate heart rates
over a given time period presents candidate heart rate paths.
In accordance with examples disclosed herein, the heart rate
paths may be evaluated under certain rules to determine the
most probable heart rate path, and thus by back-tracking,
make a most probable selection of the heart rate among the
provisionally determined candidate heart rates. The rules
used 1o evaluate the candidate heart rate paths involve a
reward of paths proportional to the sum of Fourier coeffi-
cient magnitudes taken by the path (such that the most
probable frequencies, i.e., heart rates) are chosen, and a
penalty for the paths proportional to changes in the heart rate
between consecutive sampling times (such that large jumps
in heart rate between consecutive sampling times are less
likely).

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 shows an overall block diagram of the heart
rate measuring and path optimization device used in various
examples of the disclosure;

[0009] FIG. 2 is an overall flow diagram showing the data
flow and computation steps used in determining the heart
rate and path optimization in accordance with various dis-
closed examples;

[0010] FIG. 3 is a three dimensional illustration of a heart
rate spectrogram in accordance with certain examples;
[0011] FIG. 4 is a two dimensional projection of the
spectrogram of FIG. 3 onto the frequency axis showing both
heart rate and artifact components according to various
examples of the disclosure;

[0012] FIG. 5 is a three dimensional illustration of the
acceleration spectrogram showing acceleration artifacts as
measured by an accelerometer according to various
examples of the disclosure;

[0013] FIG. 6 is a three dimensional illustration of the
heart rate spectrogram after compensation for the accelera-
tion artifacts of FIG. 5 according to various examples of the
disclosure;

[0014] FIG. 7 is a graph showing an acceleration artifact
peak and is used in describing various artifact compensa-
tions methods in accordance with various examples of the
disclosure;

[0015] FIG. 8 is a graph similar to FIG. 4 but shows the
application of the artifact compensation techniques in accor-
dance with various examples of the disclosure;

[0016] FIG. 9A illustrates a heart rate (HR) path optimi-
zation algorithm using 6 points according to various
examples of the disclosure;

[0017] FIG. 9B illustrates the HR path optimization algo-
rithm using six points according to various examples of the
disclosure;

[0018] FIG. 9C illustrates the HR path optimization algo-
rithm using 12 points according to various examples of the
disclosure;
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[0019] FIG. 10A shows a summary of path lengths for the
six point path optimization algorithm of FIG. 9A according
to various examples of the disclosure;

[0020] FIG. 10B shows a summary of path lengths for the
nine point path optimization algorithm of FIG. 9B according
to various examples of the disclosure;

[0021] FIG. 10C shows summary of path lengths for the
12 point path optimization algorithm of FIG. 9C according
to various examples of the disclosure;

[0022] FIG. 11 shows correspondence table for determin-
ing the total path using previously determined optimum
candidate paths according to various examples of the dis-
closure;

[0023] FIG. 12 is a flowchart showing program steps for
determining and outputting the heart rate and the determined
optimum path at the end of an exercise time period accord-
ing to various examples of the disclosure;

[0024] FIG. 13 is a flowchart showing program steps for
determining and outputting the heart rate and the determined
optimum path at each sampling time during an exercise time
period according to various examples of the disclosure;
[0025] FIG. 14 is a flowchart showing program steps for
determining and outputting the heart rate at each sampling
time during an exercise time period according to various
examples of the disclosure;

[0026] FIG. 15 is a flowchart showing details of the
reward/penalty algorithm used in computing the heart rate
path optimization according to various examples of the
disclosure; and

[0027] FIG. 16 is a block diagram illustrating an example
of a system architecture that may be embodied within any
portable or non-portable device according to examples of the
disclosure.

DETAILED DESCRIPTION

[0028] Inthe following description of examples, reference
is made to the accompanying drawings which form a part
hereof, and in which it is shown by way of illustration
specific examples that can be practiced. It is to be under-
stood that other examples can be used and structural changes
can be made without departing from the scope of the
disclosed examples.

[0029] A photoplethysmogram (PPG) signal may be
obtained from a pulse oximeter, which employs a light
emitter and a light sensor to measure the perfusion of blood
to the skin of a user. However, the signal may be compro-
mised by noise due to motion artifacts especially artifacts
caused by acceleration. That is, movement of the body of a
user may cause the skin and vasculature to expand and
contract, introducing noise to the signal. To address the
presence of motion artifacts, examples of the present dis-
closure utilize an accelerometer to measure movements of
the user and signal processing of the PPG signal in combi-
nation with the accelerometer signal to compensate for
unwanted artifacts.

[0030] FIG. 1 is an overall block diagram of some
examples of the disclosure and is seen to illustrate a light
emitter 2, light sensor 4, A/D converter 4a, accelerometer 6,
processor 8 and I/O unit 10. These devices may be incor-
porated within a physical device 12 that is worn or held by
a user such as being secured to a user’s skin (a limb for
example) or otherwise attached to an article of clothing worn
by the user, with the light emitter 2 and light sensor 4 being
positioned proximate a user’s skin. Alternately, the device
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12 may be entirely or partially incorporated within a smart-
phone such that a user can hold the smartphone in a manner
to cause the below described light beam to be reflected from
the user’s skin back into a light sensor positioned within the
smartphone itself. A portion of the light from a light emitter
2 may be absorbed by the skin, vasculature, and/or blood,
among other possibilities, and a portion may be reflected
back to a light sensor 4 co-located with the light emitter. The
light sensor 4 can be situated in a line parallel to a blood
pulse wave, and the signals from the sensor 4 can include
heart rate (HR) signals due to the pulse wave.

[0031] The accelerometer 6 can provide time domain
acceleration output signals indicative of acceleration move-
ments of the user. For example, the device 12 may be worn
on a user’s wrist, and the accelerometer output signals can
be indicative of the arm movements (i.e., arm swings) made
by the user.

[0032] In operation, the light emitter 2 can transmit a light
beam to the user’s skin 14, and the light beam can be
reflected by the user’s skin 14 and received by the light
sensor 4. The light sensor 4 can convert this light into an
electrical signal indicative of the intensity thereof. This
electrical signal can be in analog form and can be converted
into digital form by A/D converter 4a. The digital signal
from the A/D converter 4a can be a time domain PPG heart
rate (HR) signal which is fed to the processor 8. The outputs
of the accelerometer 6 can also be converted to digital form
using A/D converter 4b. The processor 8 can receive the
digitized HR signal from the light sensor 4 and the digitize
accelerometer output signals from the accelerometer 6, and
can process these signals to provide a HR output signal to
the I/O unit 10. The I/O unit 10 may take the form of one or
more of a storage device, a visual display, an audible
annunciator, a touch screen integral with device 12, or other
output indicator. The I/O unit 10 may, under program control
from the processor 8, provide historical information in
visual (numeric, tabular, graphic) or audible (synthesized
voice or tone) form of the detected heart rate over a period
of time. As one non-limiting example, a visual graph may be
displayed showing the HR calculated for each 5 minutes
during a prior fixed time interval (e.g., 1 hr.) or after an
exercise period has been completed as determined by an
indication thereof from the user. The I/O unit 10, may also
provide, under control of the processor 8 average heart rate
information or statistical information of the heat rate over a
prior time period or periods. As a further example, the /O
unit 10 may provide current heart rate values as “real time”
heart rate values displayed to the user periodically (e.g.,
every second) during the course of an ongoing exercise
program.

[0033] The I/O unit 10 may be coupled to one or more of
remote unit 18, touch screen 20 and microphone/speaker 22
via a wired or wireless communication links 24. The remote
unit 18 may be a user smart phone or other I/O device
conveniently carried or worn by the user, or may be a distant
computer or data server such as the user’s home computer or
the user’s cloud storage service. The I/O unit 10 may receive
input from the remote unit 18 or may receive input from the
user by means of the touch screen 20 and/or the microphone/
speaker 22.

[0034] FIG. 2 is a block diagram of example functional
units that can be contained within or controlled by the
processor 8 of FIG. 1. These functional units can be imple-
mented as discrete hardware units such as, for example,
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digital signal processors (DSP), application specific inte-
grated circuits (AISC), field programmable logic arrays
(FPGA) or dedicated fast Fourier transform (FFT) integrated
circuits. The functional units can be combined into one or
more interconnected devices. Alternatively, these functional
units can be implemented in the form of software or firm-
ware configured to operate a programmable processor. Fur-
ther, the functional units can be a combination of discrete
hardware, software and firmware.

[0035] FIG. 2 is seen to comprise a filter 30, spectrogram
computation units 32 and 34, acceleration compensation unit
36, post-processing unit 38, path optimization unit 40,
output unit 42 and timing and control unit 44.

[0036] The filter 30 can receive the (raw) PPG signals
from the light sensor 4 of FIG. 1, which can operate as a PPG
sensor of the wearable device 12. These PPG signals can be
time domain heart rate (HR) signals having time domain HR
components indicative of a user’s HR and time domain
artifact components. The filter 30 can, for example, be a
third order band pass filter having a bandpass of 0.5-8 Hz
corresponding to 30-480 bpm (beats per minute). One put-
pose of the filter 30 can be to remove signals that do not have
frequency components that fall within or near the range
expected for heart rate monitoring under various expected
user conditions or activity levels. The output of the filter 30
can be a filtered PPG signal which can be fed to the
spectrogram computational unit 32.

[0037] The spectrogram computation unit 32 can convert
the filtered PPG signal output from the filter 30 into the
frequency, and this conversion can be performed using a fast
Fourier transform (FFT). The spectrogram computation unit
32 can take the absolute value of the FFT frequency coef-
ficients by complex conjugation to provide real valued
outputs indicative of the magnitudes of the frequency coef-
ficients at each sampling time. Thus, the outputs of the
spectrogram computation unit 32 can be frequency domain
HR (FDHR) signal magnitudes. The sampling time can be
for example, each second.

[0038] In a similar fashion, the spectrogram computation
unit 34 can convert accelerometer signals (x,y,z) from the
accelerometer 6 of FIG. 1 into the frequency domain using
a fast Fourier transform (FFT) and can take the absolute
value thereof to provide real valued coeflicient magnitudes.
Thus, outputs of the spectrogram computation unit 34 can be
frequency domain accelerometer (FDA) signals magnitudes.
The FFT for both the spectrogram computation units 32 and
34 can, for example, be carried out by the same hardware,
firmware and/or software and can be computed in parallel or
can be time multiplexed to receive the time domain HR
signals (PPG signals) and the time domain accelerometer
output signals.

[0039] The spectrogram computation units 32 and 34 can
convert digitized time domain PPG signals into the fre-
quency domain. The time domain signals from the PPG
sensor can be sampled periodically by the A/D converters
4a, 4b such as, for example, at a sampling frequency of 128
Hz. A sampling (sliding) window can be established to
assemble a fixed number of samples and in some examples,
an 8 second window collects a first set of data points, namely
128%x8=1024 sampling points to feed the initial FFT opera-
tions by the spectrogram computation units 32, 34. In this
way the FFT can be performed with eight seconds worth of
data. As new data samples (128 samples at time t=9 seconds)
are taken, the first seconds worth of data (128 samples) can
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be discarded (hence the sliding window) and another FFT
can be taken for the second set of 1028 data points. The
process can repeat such that each FFT can be taken with
respect to a sliding window of 1028 time domain data points.
As used hereinbelow a “data sample” generally refers to the
output of spectrogram units 32, 34 or 36 (1024 data points)
as opposed to the output of the A/D converters. That is, the
data samples that are relevant (as used in subsequent FIGS.
3-11) are those in the frequency domain, and these samples,
are generated, for example, every second. The data sample
is variously termed a spectrogram sample, time sample or
simply sample.

[0040] The accelerometer compensation unit 36 can
receive both the FDHR signal magnitudes from the spec-
trogram computation unit 32 and the FDA signal magnitudes
from the spectrogram computation unit 34, and can com-
pensate the FDHR signal magnitudes based on the FDA
signal magnitudes to provide compensated FDHR compo-
nent magnitudes. In essence, the accelerometer compensa-
tion unit 36 acts to compensate the FDHR signal magnitudes
in view of the acceleration induced artifacts that can be
present in the FDHR signal magnitudes. Such compensation
tends to reduce or eliminate the effects of the acceleration
induced artifacts, and the details of such compensation are
set forth below. The compensated FDHR component mag-
nitudes can be fed to post processing unit 38. The post
processing unit 38 can perform one or more of several
functions such as harmonic boost, and peak boost to be
explained hereinafter. The post processing unit 38 can feed
its output as a processed HR signal magnitudes (or alter-
nately termed processed PPG signal magnitudes) to the path
optimization unit 40. The path optimizer unit 40 can select
the most probable heart rate from the processed HR signal
magnitudes and can provide its output to an output unit 42.
The output unit 42 can comprise a memory or buffer and an
associated 1/0 device to provide an output suitable for the
VO unit 10 of FIG. 1. The timing and control unit 44
provides various timing and control signals to the other
components of FIG. 2 as needed.

[0041] In certain examples, FIG. 2 can be implemented as
a software program and the various blocks illustrated therein
may be understood as steps in a flowchart showing the
overall program flow in accordance with the description
herein.

[0042] FIG. 3 shows a plot of an exampler FDHR signal
magnitudes from spectrogram computation unit 32. FIG. 3 is
a three dimensional (3-D) illustration with the x,y coordi-
nates being time (in seconds) and frequency (in Hz) respec-
tively and the third dimension represented by the size of the
point (see blowup portion of FIG. 3) corresponding the
magnitude (absolute value) of the Fourier coefficient at each
X,y point. It may be seen that the plot of the FDHR signal
magnitudes from the spectrogram computation unit 32
includes two component magnitudes: (1) frequency domain
heart rate (FDHR) component magnitudes represented by
regions HR1, HR2 and (2) frequency domain artifact
(FDART) component magnitudes represented by regions
ART1, ART2, ART3. The HR1 region represents the fun-
damental frequencies and the HR2 region is the weaker first
harmonic. These HR regions represent the true heart rate
signal which is desired to be measured. Generally, there will
be higher order harmonics (such as second and third order
harmonics) as well, but for ease of illustration, and in most
practical applications as well, the fundamental and first
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harmonic are all that need be considered since these higher
order harmonics contribute less and less energy to the
fundamental. The ART1, ART2, ART3 regions result from
acceleration induced artifacts inherent in the PPG sensor
signals when the device 12 is worn by a user performing
some sort of exercise or motion. These acceleration induced
artifacts can be periodic or non-periodic. A periodic accel-
eration induced artifact may, for example, be produced by
the periodic swinging of the users arm if the device 12 is
affixed to the user’s wrist. A non-periodic accelerations
artifact can be produced when a user makes a hand waving
motion or gesture. Non-periodic accelerations will generally
not have clearly defined harmonic structures. Artifact com-
pensation may be applied to both periodic and non-periodic
acceleration in accordance with examples described herein.
In FIG. 3 the regions ART1, ART2, ART3 can correspond to
a periodic acceleration influence, and as such, the frequency
corresponding to these regions is substantially flat corre-
sponding, for example, to a fixed frequency arm motion of
the user during relevant time intervals. Each of the HR and
ART regions can be represented by an upper and lower curve
or envelope. For HR1, the upper and lower curves are
identified by C1 and C2 respectively and similar curves (not
labeled) bound each of the HR and ART region.

[0043] As used herein the word “magnitudes” used in
reference to Fourier coeflicient is the absolute value of the
Fourier coefficient. For example, in the terms FDHR signal
magnitudes, FDA signal magnitudes, FDHR component
magnitudes FDART component magnitudes, and Fourier
coeflicients magnitudes the word “magnitude’ is meant to
correspond to the absolute value of the Fourier coefficients
as calculated, for example, by the complex conjugate of the
Fourier coeflicient so that these magnitudes are real num-
bers, typically represented by floating point values.

[0044] The time axis of FIG. 3 illustrates an example of a
first time interval between time t1 and t2 corresponding to
the user jogging; an example second time interval between
time 12 and t3, corresponding to the user running; and an
example third time interval between time t3 and t4 corre-
sponding to the user walking. It may be seen that the
frequencies of the Fourier coefficients on the y axis relate to
the heart rate by simply multiplying the v axis frequencies
by 60 to convert the frequency to beats per minute.

[0045] The blowup portion of FIG. 3 shows, in simplified
form, the magnitude of the Fourier coeflicients of the
spectrogram at a representative time tr within region HR1.
It may be seen that the larger magnitude coeflicients (rep-
resented by the larger circles) occur near the center of the
upper and lower curves C1, C2 forming the envelope of the
region HR1. While the blowup showing the relative mag-
nitude or value of the Fourier coefficients is shown only for
region HR1 at representative time tr, it is understood that the
spectrogram has coeflicient magnitudes (values) all along
the representative time tr, that is, not only within region
HR1, but also within regions HR2, ART1, ART2, ART3 and
even outside of these regions, although the magnitudes
outside of the regions HR1, HR2, ART1, ART2, ART3 are
much smaller than those inside these regions and can be
considered part of the noise signal.

[0046] Itis noted in FIG. 3 (and related spectrogram FIGS.
5 and 6) that the Fourier coefficient magnitudes within the
envelope curves C1, C1 contain the peak values and values
around the peaks. It is understood that there are additional
smaller valued Fourier coefficient magnitude points between
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each major region shown. That is there are smaller Fourier
coefficient magnitude points between ART1 and HR1, and
between HR1 and ART2, etc. These smaller Fourier coeffi-
cients magnitudes are shown for example in the projection
of FIG. 4 and are typically part of or close to the noise signal.
[0047] To better appreciate the 3-D nature of FIG. 3, an
example 2-D projection of the FDHR signal magnitudes
along the frequency (y) axis at the representative time tr is
shown in FIG. 4. Thus, FIG. 4 plots the magnitude (nor-
malized) of the Fourier coeflicient on the y axis against
frequency along the x axis. These magnitudes correspond to
the size of the circles in the blowup portion of FIG. 3. Thus,
the peak for HR1 is seen to have a frequency of about 1.8
Hz and have the highest magnitude of the spectrogram taken
at representative time tr. The magnitude of the first harmonic
HR2 peaks at about 4.2 Hz as seen from the HR2 region at
representative time tr in FIG. 3 and as also shown in FIG. 4.
The value of the peak at HR2 is much less than that of HR1.
FIG. 4 also shows the artifact components at ART1 and
ART?2 corresponding to regions ART1 and ART2 of FIG. 3
at representative time tr. As in FIG. 3, it may be seen that in
FIG. 4 the acceleration artifact components of the spectro-
gram are well separated from the true heart rate components.

Acceleration Artifacts as Measured by Accelerometer

[0048] FIG. 5 shows the 3-D plot of example accelerom-
eter FDA signal magnitudes output from the spectrogram
computation unit 34. These spectrograms can result from the
output of the accelerometer 6. In FIG. 5, ART1 is the
fundamental, ART2 is the first harmonic and ART3 is the
second harmonic. In some examples, the second and higher
order harmonics can be ignored. The ART1, ART2, ART3
regions of FIG. 5 correspond to the ART1, ART2, ART3
regions of FIG. 3. In FIG. 5, there are no heart rate
components as the spectrograms of FIG. 5 results from
signals taken only from the accelerometer. The blowup of
FIG. 5 is similar to that of FIG. 3 in that it is meant to show
the 3-D aspect of FIG. 5 and also the fact that the spectro-
gram peaks falls at approximately the central portion of the
region ART1 at representative time tr. As in FIG. 3, spec-
trogram points can exist both within and outside of the
regions ART1, ART2, ART3. Points A and B are labeled in
FIG. 5 and are used below to explain how artifact compen-
sation is performed in accordance with certain examples.

HR Fourier Coefficient Magnitudes Compensated for
Acceleration Artifacts

[0049] FIG. 6 illustrates example compensated FDHR
component magnitudes. That is FIG. 6 is the spectrogram of
FIG. 3 after being compensated for by the acceleration
compensation unit 36. The artifacts ART1, ART2 etc. can be
readily identified from FIG. 5, and having been so identified,
the compensation for the identified regions ART1, ART2 can
be applied to FIG. 3 to result in FIG. 6. Although FIG. 6 does
not show any defined artifact regions (such as ART1, ART2),
the points corresponding to these regions are generally
non-zero and can be close to noise levels and as such are not
expressly shown in FIG. 6. (In this connection, it is noted
that FIG. 3 also does not expressly show regions of noise,
but generally in FIGS. 3 and 6 there will be non-zero Fourier
coeflicient magnitude noise values all along each represen-
tative time sample tr as shown in FIG. 4). In effect, the
Fourier coefficient magnitudes for the artifacts has been
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reduced to such an extent that these magnitudes are com-
parable to the noise levels and are thus not expressly shown
in FIG. 6.

[0050] The blowup portion of FIG. 6 shows three labeled
points P1, P2 and P3. The three points are used in the
subsequent description of the reward/penalty algorithm or
methodology as describe in detail below in connection with
FIGS. 9A-9C, 10A-10C and 11.

[0051] In accordance with examples, the FFT coeflicients
of each peak point and surrounding peak points of the
artifact components ART1, ART2 can be replaced by inter-
polated values based on the coefficient values on either side
of the peak. The peaks may be identified by requiring the
ART1, ART2 etc. to exceed a predetermined threshold. The
points on either side of the peak can be selected by taking the
first local minimum on either side of the artifact peak. For
ART1, the first local minimum on either side of the peak at
representative time tr is represented by points A and B of
FIG. 5. This interpolation is explained in more detail below.

Artifact Compensation

[0052] Artifact compensation may be understood in ref-
erence to FIGS. 4, 5, 7 and 8. FIG. 7 shows an example
projection of FDA signal magnitudes of the ART1 region
onto the y or frequency axis at the representative time tr.
Similar to the projection of FIG. 4, FIG. 7 projects the 3-D
representation of region ART1 of FIG. 5 into a 2-D repre-
sentation at time tr. With reference to FIG. 7, point A can be
located at the first local minimum to the right of the ART1
peak (toward the higher frequency direction) and while point
B can be located at the first local minimum to the left of the
ART1 peak (toward the lower frequency direction). In
accordance with certain examples, one may interpolate
between points A and B by taking a mean or average value
between the two points, and then replace all points between
A and B with the mean or average value. In other examples,
interpolation can be done by drawing a straight line between
points A and B as shown by the dotted line in FIG. 7 and
using values along this line to replace the values of the ART1
peak. The result of such replacement is that the peak and
surrounding points in the ART1 region (and all ART har-
monic regions) is replaced with non-zero values thus effec-
tively compensating for the acceleration artifacts in the
frequency domain PPG signals.

[0053] Of course, the method of replacing the artifact peak
for ART1 as described above can be performed for all
artifact peaks (ART1, ART2, ART3 etc.) and for all times
(e.g., every second) during which data is processed in the
acceleration compensation unit 36.

[0054] After artifact compensation, the spectrogram can
take the form as illustrated in FIG. 8. FIG. 8 is similar to
FIG. 4, but now the acceleration induced artifacts have been
compensated for, such as by being reduced in magnitude,
such that their influence on the coeflicient magnitudes of the
HR fundamental and HR harmonic peaks are substantially
reduced or minimized. FIG. 8 may also be understood at the
2-D projection of the spectrogram of FIG. 6 at representative
time tr onto the frequency axis (y axis). The relationship of
FIG. 8 to FIG. 6 is the same as the relationship of FIG. 4 is
to FIG. 3.

[0055] It will be apparent that other methods may readily
be apparent to those of skill in the art to compensate for the
unwanted artifact signals ART1, ART2 etc. so that only the
true heart rate signals regions HR1, HR2 etc. remain.
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[0056] 1In the event that the artifact region is non-periodic,
there will be no harmonics and in this case only the single
artifact peak is compensated.

[0057] One function of the post-processing unit 38 of FIG.
2 is to apply one or more post-processing procedures to the
output of the acceleration compensation unit 36.

Harmonic Boost

[0058] A first post-processing process can provide for a
“harmonic boost” which is the augmentation of the funda-
mental HR1 peak by the addition thereto of a first harmonic
HRT2 peak and optionally by higher harmonics if desired. In
some examples, a Gaussian convolution of the spectrogram
of FIG. 8 can be taken before the HRT2 peak values are
added to the HR1 peak values. Thus, the harmonic boost can
be performed by first convolving the entire spectrogram of
FIG. 8 (containing the peaks for HR1 and HR2) for each
time sample (such as representative time sample tr in FIG.
6) with a Gaussian kernel and for each Fourier coeflicient
magnitude data point at frequency f (for the points within the
peak of HR1) adding thereto the Fourier coefficient magni-
tudes at frequency 2f. In other words, the points of the peak
of HR2 can be added to the points of the peak of HR1 so that
the new values of the points of the peak at HR1 can be
“boosted” by the addition thereto of the higher harmonic
points (the points at twice the frequency for each point).
[0059] The convolution of the spectrogram of FIG. 8 with
the Gaussian kernel serves to provide a low pass filtering of
the spectrogram. Further the Gaussian kernel convolution
produces a weighted average of the points being convolved.
Thus, the higher value points in the HR1 and HR2 peaks can
be given more weight and the lower value points less weight.
This can have the effect of enhancing the highest values of
the peak points so that the peaks themselves are more readily
defined.

Peak Boost

[0060] As a further post processing step, the peak values
of the harmonic regions HR1 and HR2 may be further
boosted. The peak boost process can involve identifying
each local maxima in the projected frequency 2-D plot (FIG.
8) and multiplying each peak by a factor greater than one
(e.g. by 1.2). This can have the effect of enhancing the peak
values. Only the largest single value within each region
HR1, HR2 (corresponding to the peak point) may be mul-
tiplied. This boost can further enhance the peak value by
providing even further definition of the peak value within
HR1, the region of most interest.

[0061] In the post processing unit 38 the post processing
steps of harmonic boost and peak boost may be performed
individually without the other being performed at all or both
harmonic boost and peak boost may be performed in either
order. In some examples, both harmonic boost and peak
boost can be performed.

Reward/Penalty Methodology

[0062] FIGS. 9A-9C, 10A-10C and 11 illustrate an exam-
pler operation of the path optimization unit 40 of FIG. 2.
FIGS. 9A-9C are simplified, high level depictions of the
spectrogram of FIG. 6 at a particular time sample (such as
representative time tr) after any desired post processing by
post processing unit 38. FIG. 9A shows thee points at time
t=1, labeled P1, P2 and P3, and three points at time t=2
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labeled P4, PS5 and P6. Points P1, P2 and P3 of FIG. 9A
correspond to points P1, P2 and P3 respectively of the
blowup portion of FIG. 6. Points P4, P5 and Pé would
correspond to another set of three points at a spectrogram
time sample of tr+1. Thus, FIGS. 9A, 9B and 9C equate
directly to a simplified version of FIG. 6 but in the case of
FIGS. 9A, 9B and 9C the y axis is labeled with heart rate
values in beats per minute (bpm) as opposed to frequency in
Hz. Further, in FIGS. 9A-9C, there are only three choices of
heart rate values on the y axis, namely, 110, 112 and 114.
Again, this is done for convenience of explanation.

[0063] As seen in the example of FIG. 9A, Point P1 has a
Fourier coeflicient magnitude of 23; P2 a magnitude of 37
and P3 a magnitude of 40. These three magnitudes are
normalized to 100 for the sake of convenience and illustra-
tion. Normalization can take place at each of the spectro-
gram sample times. In each of the FIGS. 9A-9C, the values
shown adjacent and to the right of the points along any time
line t=1, t=2, etc. represent the Fourier magnitudes at these
points. The points are representations of a portion of the
HR1 region of the spectrogram of FIG. 6. These magnitudes
are the absolute value (complex conjugate) of the Fourier
coeflicients, and they can correspond to the probability
associated with that coefficient. Thus, in reference to FIG.
9A, point P3 has a 40% chance of representing the spectro-
gram peak; P2 at 37% chance and P1 a 23% chance. In terms
of heart rate, this means that there is a 40% probability that
the heart rate at time t1 is 110 beats per minute (correspond-
ing to the y value associated with point P3); a 37% prob-
ability that the heart rate is 112 bpm (corresponding to the
y value associated with point P2); and a 23% probability that
the heart rate is 114 bpm (corresponding to the y value
associated with point P1). It may thus be seen that the
Fourier coeflicient magnitudes at each sampling time can
correspond to the relative probability of the peak existing at
that point and consequently, a most probable path can be
based at least in part on a path that takes into account these
highest probability consecutive points.

[0064] The objective is to find the point at each sampling
time that is the most probable and thus most optimally
representative of the true heart rate at each sampling time
(e.g., each second or each fixed time interval). Hand in hand
with the determination of the most probable point (heart
rate) at each time, is to find the most optimum path during
all times within the time interval under consideration. That
is, a goal may be to find the heart rate optimum path (e.g.,
the most probable or optimum value of the heart rate over
time), for example, during an exercise period and to be able
to provide an output indicative of this optimum path. In this
way, the user doing an exercise routine may be able to see
a an output such as a time graph or chart of his/her heart rate
at each time interval (one second, five seconds etc.) during
the just completed or in progress exercise routine. It is
pointed out as will be seen below, that the determination of
a particular point as having the highest Fourier coeflicient
magnitude for a given sampling time may not mean that such
a point is ultimately part of the overall most probable heart
rate path, and it is necessary to maintain a knowledge of
earlier best heart rate paths as time goes on since the optimal
path is dynamically determined at each sampling time and
can also be determined based on the Fourier coeflicients in
the current and past samplings.

[0065] In practice, instead of three points at each time
interval (e.g., one second), there may typically be on the
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order of 210 such points, for example, representing a pos-
sible range of HR from about 30 to about 240 bpm. That is
the y axis may typically span the range of 30-240 beats per
minute.

[0066] The algorithm utilized in the path optimization is
termed the reward/penalty algorithm and is configured such
that a candidate path can be given a reward for all points the
optimum path passes through, and a penalty can be assessed
based on the distances between points. By distance between
points it is intended to mean the vertical distance (y direction
or heart rate distances as in FIGS. 9A-9C). In FIGS. 9A-9C
and 10A-10C and 11, when the candidate path passes
through two points the Fourier coefficients of those two
points can be added together. Thus, in the example of FIG.
9A, a candidate path going from path P2 to P5 would have
a value of 37439=76 as seen in FIG. 10A at the intersection
of P5-P2. However, in going from point P2 to P4, (a one umt
vertical jump in this case equal to two bpm), a penalty can
be imposed by subtracting a value of “2” from the added
coeflicients. Thus, the path “length” in going from P2 to P4
is 37+23-2=58 again as shown in FIG. 10A. The penalty in
going two vertical jumps (y direction of 4 bpm) is —4 so that
the “length” in going from P3 to P4 would be 40+23-4=59.
In general, the penalty can be increase as the vertical
distance between sampling points increases, and the penalty
can be subtracted from the path length giving it a lower
overall score. This increase in penalty may be understood in
that it may not be probable for the heart rate to drastically
change from one sampling time (e.g., one second) to the
next. The larger the change from one second to the next, the
smaller is the probability of such a change. The optimum
path selection algorithm can take this into account by
imposing the above described penalties. This penalty can
assure that a non-smooth path is less likely than a smooth
path. In general, the penalty can increase with increasing
vertical distances. A constant, determined experimentally,
may be employed as a multiple in a 2"¢ order polynomial to
calculate the penalty. Thus if the constant is 1, a vertical
Jump of 1, 2 and 3 (corresponding in FIGS. 9A-9C to a jump
of 2, 4 and 6 beats per minute) would correspond to a penalty
of -2, -4, -9. While the example of FIGS. 9A-9C show a
vertical jump to be two bps, the vertical jump (threshold)
triggering the penalty may be selected to be otherwise and
may be chosen to be any fixed number of beats per minute
typically between 2-10 and preferably 5. Thus, if five bps is
chosen as the penalty threshold, there would be no penalty
for heart rate changes (the vertical jumps above) between
suiccessive sampling times of 4 bpm or less; and a penalty
(e.g., =2) for a heart rate change of 5 pbm (or between 5-9
bpm); a =4 penalty for a two jump heart rate change of 10
bpm (or between 10-14) and -9 penalty for a three jump
heart rate change of 15 bpm (between 15-19) and so forth.

[0067] Flowcharts showing an exemplary algorithm for
computing the optimum path (computed in the path optimi-
zation unit 40) are shown in FIGS. 12-15, and these flow-
charts will be used in conjunction with FIGS. 9A-9C,
10A-10C and 11. It is noted that according to some examples
the flowcharts can represent the program flow of a program-
mable computing device implemented to carry out the
functions of the path optimization unit 40. This program-
mable computing device can also be programmed to carry
out the functions of one or more of the remaining units 30,
32, 34, 36, and 38 of FIG. 2.
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[0068] One may initially assume, as per step 120 of FIG.
12, that the largest Fourier transform coefficient at time t1
corresponds to the most probable heart rate at time t1. Thus,
at time tl1, a heart rate of 110 (corresponding to the highest
Fourier coefficient magnitude of 40) would be the most
probable. However, in accordance with certain examples,
the heart rate value can be recomputed after additional
coefficients at additional times are considered as well. In
accordance with certain examples, the HR value can be is
recomputed for each new sampling time period, that is, for
example, for each second as new Fourier coeflicients are
calculated and output from the post-processing unit 38.

[0069] At time t=2, a second set of Fourier coefficient
magnitudes can be obtained as shown in step 122 of FIG. 12.
For each sample point P4-P6, the path value (sometimes
called the path “length”) can be computed utilizing the sum
of Fourier coeflicient magnitudes minus the penalties (as a
function of vertical jumps) as explained above and as
indicated in step 124 of FIG. 12. These results are shown in
the examples of FIG. 10A. As seen in FIG. 10A, the path
length can be computed for all points ending in point P4.
There are three such paths starting from Pb, P2 and P3. The
path length P1-P4 is 23+23=46. The path length P2-P4 is
37+23-2 (penalty)=58. The path length P3-P4 is 40+23-
4=59. The same procedure can be performed for all paths
ending at point P5. The P1-P5 path length is 23+39-2=60;
the P2-P5 path length is 37+39=76; the P3-P5 path length is
40+39-2=77. For the final paths ending in point P6 one has
path length P1-P6 of 23+38-4=57; path length P2-P6 of
37+38-2=73; and path length P3-P6=40+38=78. In accor-
dance with step 126 of FIG. 12, the highest score (path
length) can be selected and stored for each end point. Thus,
score 78 can be selected and recorded as the highest score
(path length) ending at P6. It originates from P3. Likewise
the highest score path ending in P5 originates from P3 and
the highest score path ending at P4 also originates from P3.
In FIG. 10A, these highest scores are shown circled. In some
examples, after these highest score paths have been deter-
mined, it is not necessary to store the losing score paths.
That at point Pé it may only be necessary to know that the
most optimal path ending at P6 originates from P3.

[0070] Considering time t=2, it may be seen that the
highest scoring path is the one from P3 to P6. This path is
shown in the dotted line of FIG. 9A. It is noted that this path
corresponds to a heart rate value of 110 at time t=2, the same
as that at time t=1. This determination at time t=2 can be
made even though the value of the Fourier coeflicient
magnitude at point P5, corresponding to a heart rate value of
112, is actually higher than the value of the Fourier coeffi-
cient magnitude at point P6, corresponding to the value of
110. In this example, it may thus be seen that the optimum
heart rate is determined not just in view of the most recent
spectrogram samples of the Fourier coeflicient magnitudes
but also in view of the previous spectrogram samples.

[0071] As seen in the example of FIG. 10A, the highest
scores 59, 77 and 78 are shown below each of the points
P4-P6 respectively. In this example, the losing scores need
not be further considered.

[0072] At step 128 in FIG. 12 it can be determined
whether this current data sample (Fourier coeflicient spec-
trogram data) s the last to be analyzed. If there is more data,
as for example, if the exercise period of the user is still in
progress so that more data is coming into the device 12, then

Apr. 26,2018

the program flow returns to step 122 to get the next sample,
here the sample at time sampling point t=3.

[0073] FIG. 9B shows the continuation of the optimum
path algorithm for the next three data points at time t=3.
Here points P7-P9 are contained in the next sampling time
having Fourier coeflicient magnitudes of 26, 37 and 37
respectively. Again, these values are normalized to 100.
Again in accordance with step 124 of FIG. 12 the path length
can be computed for all paths ending in each of the three new
data points P7, P8 and P9. For paths ending at point P7, the
path values (path length) from P4-P7 is 59+26=85. It is
noted that the value 59 is used here instead of the value 23
since it is the total path length that is desired to be calculated
and the value “23” was already considered in determining
the path length leading to point P4 from the originating
highest value path P3-P4 per FIG. 10A. Thus, the path
lengths ending in P7 are P4-P7=85; P5-P7 calculated as
77+26-2=101 (-2 being the penalty) and P6-P7 calculated
as 78+26-4=100 (-4 being the penalty).

[0074] In a similar fashion the path lengths may be cal-
culated per step 124 of FIG. 12, and the results are shown in
FIG. 10B with paths ending at P8 being P4-P8 calculated as
59+37-2=94; P5-P8 calculated as 77+37=114; and P6-P8
calculated as 78+437-2=113. For paths ending at point P9 the
results are P4-P9 calculated as 59+37-4=92 (with -4 pen-
alty); P5-P9 calculated as 77+37-2=112 (with -2 penalty)
and P6-P9 calculated as 78+37=115. The results are shown
in FIG. 10B with the circled values representing the most
optimum paths at time t=3. Again, the highest scores 101,
114, and 115 are shown below their respective points P7, P8
and P9.

[0075] Considering time t=3, it may be seen that the
highest scoring path is the one from P6 to P9. This path is
shown in the dotted line of FIG. 9B. FIG. 9B also shows the
highest scoring or most optimum path ending at point P6
which, as in FIG. 94, is the one originating from point P3.
Thus, FIG. 9B shows the optimum path at time t=3 to be the
path P3-P6-P9. This path would correspond to heart rate
value of 110 at each sampling time t=1, 2, 3.

[0076] At step 128 of FIG. 12 it can be determined again
if additional spectrogram samples are to be considered. Here
it can be assumed that there is one more sample at time t=4
which is to be considered as shown in FIG. 9C. Thus the
program once again cycles to step 122 to obtain the next data
samples.

[0077] The t=4 time sample includes spectrogram data
points P10, P11 and P12 with Fourier coeflicient magnitudes
0f 24, 40 and 36 respectively. Again, in accordance with step
124, the total path length or value can be computed for all
paths ending in the three end points P10, P1 land P12.
[0078] For paths ending at P10, path length values for
P7-P10 can be calculated as 101+24=125; path length values
for P8-P10 can be calculated as 114+24-2=136 (-2 penalty);
and path length values for P9-P10 can be calculated as
115+24-4=135. For paths ending at P11, path length values
for P7-P11 can be calculated as 101+40-2=139 (-2 penalty);
path length values for P8-P11 can be calculated as 114+
40=154; and path length values for P9-P11 can be calculated
as 115+40-2=153 (-2 penalty). Finally, for paths ending at
P12, path length values for P7-P12 can be calculated as
1014+36-4=133 (-4 penalty); path length values for P§-P12
can be calculated as 114+36-2=148 (-2 penalty); and path
length values for P9-P12 can be calculated as 115+36=151.
Again, the highest value for the three candidate paths ending
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at each point P10, P11 and P12 is circled in FIG. 10C, and
these scores are placed below their respective points P10,
P11 and P12 in FIG. 9C.

[0079] Proceeding now to step 126 of FIG. 12, the highest
score of each of the end points P10, P11 and P12 can be
selected and stored. These points are just the circled points
in FIG. 10C. Assuming now that there are no more data
sample points (spectrogram) to be considered (e.g., the
exercise program of the user has completed), the decision in
step 128 of FIG. 12 is made as “yes” and the program
proceeds to step 130 where the overall highest score is
selected among the most recently analyzed end points, that
is amongst points P10, P11 and P12. It may be seen that the
highest score is 154 which ends at point P11. This score of
154 indicates that at time t=4 the most probable value of the
heart rate is 112 as this heart rate value is the y coordinate
associated with point P11.

[0080] Thus, point P11 can be determined to have the
highest overall path length score and consequently corre-
sponds to the most probable heart rate value associated with
this point. The program next proceeds to step 132 in FIG. 12
where the optimum path can be determined. This path can be
determined by back-tracking from the highest scoring point
at time t=4 to the highest scoring path which ended at this
point P11. From the table of FIG. 10C it may be seen that of
the points ending at P11, point P8 had the highest score
meaning that the path P8-P11 was the most probable path
from among the paths feeding point P11.

[0081] Now considering the point P8 as the ending point,
the table in FIG. 10B can be utilized to determine that the
path from P5 to P§ gives the highest scoring path from
among all of the paths feeding to path P8. Thus, the path so
far is P5-P8-P11. Back tracking one final time to t=1, it can
be determined from the table in FIG. 10A that the highest
scoring path from among all the points feeding into point P5
is that originating from path P3. Thus, the complete path
calculated at time t=4 is P3-P5-P8-P11 as shown by the solid
line in FIG. 9C.

[0082] Instead of storing all of the path scores at a given
time terminating a each ending point and originating at each
possible starting point, in some examples the most probable
path can be kept by considering just the points at the time
under consideration (current time) and the points immedi-
ately preceding the time under consideration. Thus, instead
of storing all values in FIGS. 10A, 10B and 10C, just the
points having the highest path value can be stored. Thus,
FIG. 11 shows that for current point P11 the previous point
(having the highest score to this ending point) is P8. Simi-
larly, if the current point is P8, the previous point (having the
highest score to this ending point) is P5. From P5 the
previous point is P3. The total path is then P3-P5-P8-P11. In
fact, FIG. 11 is a distilled composite of FIGS. 10A, 10B and
10C showing only the data that may be relevant in deter-
mining the optimum path. Thus according to examples of the
disclosure is generally not necessary to keep track of the
“losing” scores; that is, for paths ending at point P5 it is not
necessary to keep track of the paths P1-P5 and P2-P5. Only
the point associated with the highest scoring path at each
sampling time (t=1, 2, 3, 4) needs be retained. Thus, for
ending point P5 it is only necessary to know that the
optimum path feeding this point (at the immediately pre-
ceding time sample) is coming from P3. As another
example, for ending point P11 it is only necessary to know
that the optimum path feeding this point (at the immediately
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preceding time sample) is coming from P8. In this fashion
FIG. 11 shows a concise way to determine the optimum
previous point feeding any given current point, and in using
FIG. 11, it is possible to back-track to determine the entire
optimum or most probable path.

[0083] Once the optimum path points have been identified
using FIG. 11, the heart rate values associated with each of
these points is retrieved for further storage and/or output in
step 134 of FIG. 12. From the data of the highest scoring
points taken from FIG. 11, and the original spectrogram data
input into the path optimization unit 40, it may be deter-
mined that the heart rate corresponding to points P11, P8 and
PS5 (the y coordinate value of these points) is 112, and the
heart rate associated with point P3 is 110. Thus, at times t=1
to t=4, the heart rate history is represented as 110, 112, 112,
112. In step 132 the program may store this heart rate history
and/or output this history to an output device such as I/O unit
10 and or one or more of remote output unit 18 and touch
screen 20. (See FIG. 1). Instead of or in addition to the heart
rate history, only the final heart rate value may be output so
that a user of the device may know the heart rate at the end
of the exercise program. This heart rate data may also be
stored for later retrieval and study by the user of the device.

[0084] In comparing FIGS. 9C and 9B it may be seen that
the optimum path is dynamically changed as a result of new
sampling data (spectrogram) introduced at time t=4 as
compared to =3. The optimum path changed from P3-P6-P9
(at time t=3) to P3-P5-P§-P11 (at t=4). This example shows
why it can be important to keep in play the identification of
the highest scoring points feeding into each ending point
(FIG. 11). Maintaining this back-tracking data as per FIG. 11
can enable the dynamically determine of paths that are later
found to be the optimum path and which replace candidate
paths previously determined to be optimal.

[0085] FIG. 13 is an example flowchart similar to that of
FIG. 12, but shows the program flow assuming that the heart
rate is to be displayed at each sampling time. In FIG. 13,
steps 140, 142, 144, 146, 150, 152 and 154 are the same as
steps 120, 122, 124,126, 128, 130, 132 and 134 respectively
of FIG. 12. Thus, in FIG. 13, at step 140, the highest Fourier
coeflicient magnitude can be determined at time t1 which
would correspond to determining that P3 of FIG. 9A has the
highest Fourier coefficient magnitude. In step 142, the next
sample is taken corresponding to examining the points
P4-P6 at time t-2 in FIG. 9A. In step 142 the total path
length can be computed for all points ending in each end
point of the current sample which corresponds to determin-
ing the path length (score) as shown and explained in FIG.
10A. In step 150 the highest of the computed scores can be
determined corresponding to the circled end points shown in
FIG. 10A. In step 152, back tracking to successive points
can be performed to find the optimum path. For FIG. 9A, the
back tracking can be simple and amounts to going back only
one step to identify the optimum path P3-P6. For time t=4,
the back tracking per FIGS. 9C and 11 would be such as to
identify the path P3-P5-P8-P11. In step 154 the heart rate
values can be retrieved for each of the points in the optimum
path and these heart rate values can be stored and/or output.
At step 156, it can be determined if there are any further
sample from the post processing unit 38 (FIG. 1) and if so
the program goes again to step 142 where another iteration
of steps 144-154 can be performed. If in step 156 it is
determined that the last sample has been processed, the
program goes to end step 158. Thus, in FIG. 13, the heart
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rate values at each time sample may be displayed or output
to the user and additionally, the optimum path data is also
available and may be displayed or output to the user as well.
[0086] FIG. 14 is a flowchart similar to FIG. 13, but omits
the step 152 found in FIG. 13. Thus, steps 160, 162, 164,
166, 168, 170, 172 and 174 of FIG. 14 are the same
respectively as steps 140, 142, 144, 146, 150, 154, 156 and
158 of FIG. 13. The program of FIG. 14 can be useful to
display the heart rate data to the user at each time sample,
but does not provide output data for the optimum path. Thus,
while the highest score of the Fourier coeflicient magnitudes
can be computed using the reward/penalty algorithm, this
algorithm may now only be used to display or otherwise
output to the user an indication of the computed heart rate at
each sample time.

[0087] It is noted that the device 12 may be user configu-
rable so that the user may select one of several program
modes of operation corresponding to the flowcharts of FIGS.
12-14.

[0088] FIG. 15 shows in more detail an example reward/
penalty algorithm and may be understood as a subroutine
called from step 124 of F1G. 12, step 144 of FIG. 13 and step
164 of FIG. 14. In FIG. 15, step 180 can compute the path
considering the initial two data samples (initial two spec-
trograms). Thus, 1 can be set to 1 and all paths to end points
at time i=2 can be calculated. As an example, referring to
FIGS. 9A and 10A, the path lengths ending at point P4 and
originating from point P1 can be rewarded by adding
together the Fourier coeflicient magnitudes associated with
P1 (23) and P4 (23). No penalty may be applied here since
the P1-P4 path does not traverse a vertical distance, e.g.,
there are no jumps from HR of 110 to another HR. The path
from P2 to P4 can be calculated with a reward of the sum of
the Fourier coefficient magnitudes of each point P2 (37) and
P4 (23) but now a penalty of -2 can be imposed representing
one vertical jump (from heart rate of 114 to heart rate of
112). Finally, the path length from P3 to P4 can be calculated
by adding the Fourier coefficient magnitudes of points P3
(40) to P4 (23) but now applying a penalty of —-4. The jump
penalty has now increased relative to the penalty applied in
going from point P2 to P4 since the (vertical) jump from P3
to P4 is now two steps with jump one being from heart rate
of 110 to 112, and jump two being from heart rate of 112 to
114. The results are tabulated in FIG. 10A.

[0089] Next, at step 182, the largest path length represent-
ing the highest score based on the computations of step 180
can be selected. In reference to FIGS. 9A and 10A, these
selected highest scores are the circled scores in FIG. 104,
namely, 59, 77 and 78 shown below their respective points
P4, P5 and P6 of FIG. 9A.

[0090] In step 184, the next data sample can be taken and
the index i can be increment by one.

[0091] In step 186, the reward/penalty algorithm can be
used to determine highest score Fourier coeflicient magni-
tude for each point at time t(i+1) by adding Fourier coeffi-
cient magnitude of each end point at time t(i+1) with highest
path score of each point at time t(i), and applying a penalty
for points requiring heart rate jumps at or above a preset
value where the penalty increases with the size of the jump.
The penalty can be chosen in some examples to be -2 for a
jump of one vertical distance, -4 for two vertical distances,
and -9 for three vertical distances. It is noted that there is a
difference between the calculation in step 180 and 186. In
step 180, since there is not yet determined any highest
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previous path score, the Fourier coefficient magnitudes of
the two points defining the origin and end points can simply
be summed. In step 186, there is already a highest path score
calculated at time t(1) (corresponding to the circled values in
FIGS. 10A, 10B and 10C), and thus these previously deter-
mined highest scores at time t(i) can be added to the Fourier
coeflicient magnitudes at the end points at time t(i+1).
[0092] As a specific example and in reference to FIGS. 9B
and 10B, the reward/penalty algorithm of step 186 can be
applied to points of the time samples ending at time=3 and
originating at time t=2.

[0093] Taking the end point P7 as a representative
example, the path lengths for the three originating points
feeding P7 are:

[0094] P4-P7 calculated as the sum (reward) of the prior
highest score ending in P4 (59) with the Fourier coefficient
magnitude at point P7 (26) for a total of 85;

[0095] P5-P7 calculated as the sum (reward) of the prior
highest score ending in P5 (77) with the Fourier coeflicient
magnitude at point P (26) minus a penalty of 2 representing
one vertical jump for a total of 101; and

[0096] P6-P7 calculated as the sum (reward) of the prior
highest score ending in P6 (78) with the Fourier coeflicient
magnitude at point P (26) minus a penalty of 4 representing
two vertical jumps for a total of 100.

[0097] Instep 188, it can be determined whether or not the
current data sample is the last one or whether additional
samples are to be considered. If there are additional samples,
the program returns to step 184 where the new sample is
obtained and the index i is incremented by one.

[0098] If the last sample has been processed in step 188,
the program returns to the calling program corresponding to
one of step 124 of F1G. 12, step 144 of FIG. 13 and step 164
of FIG. 14.

System Architecture

[0099] Attention is now directed towards examples of a
system architecture that may be embodied within any por-
table or non-portable device including but not limited to a
wearable device (smart band, health band, smart watch); a
communication device (e.g. mobile phone, smart phone), a
multi-media device (e.g., MP3 player, TV, radio), a portable
or handheld computer (e.g., tablet, netbook, laptop), a desk-
top computer, an All-In-One desktop, a peripheral device, or
any other system or device adaptable to the inclusion of
system architecture 2000, including combinations of two or
more of these types of devices. FIG. 16 is a block diagram
of one example of system 2000 that generally includes one
or more computer-readable mediums 2001, processing sys-
tem 2004, I/O subsystem 2006, radio frequency (RF) cir-
cuitry 2008, audio circuitry 2010, and sensors circuitry
2011. These components may be coupled by one or more
communication buses or signal lines 2003.

[0100] It should be apparent that the architecture shown in
FIG. 16 is only one example architecture of system archi-
tecture 2000, and that system architecture 2000 could have
more or fewer components than shown, or a different
configuration of components. The various components
shown in FIG. 16 can be implemented in hardware, soft-
ware, firmware or any combination thereof, including one or
more signal processing and/or application specific integrated
circuits.

[0101] RF circuitry 2008 can be used to send and receive
information over a wireless link or network to one or more
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other devices and includes well-known circuitry for per-
forming this function. RF circuitry 2008 and audio circuitry
2010 can be coupled to processing system 2004 via periph-
erals interface 2016. Interface 2016 can include various
known components for establishing and maintaining com-
munication between peripherals and processing system
2004. Audio circuitry 2010 can be coupled to audio speaker
2050 and microphone 2052 and can include known circuitry
for processing voice signals received from interface 2016 to
enable a user to communicate in real-time with other users.
In some examples, audio circuitry 2010 can include a
headphone jack (not shown). Sensors circuitry 2011 can be
coupled to various sensors including, but not limited to, one
or more Light Emitting Diodes (LEDs) or other light emit-
ters, one or more photodiodes or other light sensors, one or
more photothermal sensors, a magnetometer, an accelerom-
eter, a gyroscope, a barometer, a compass, a proximity
sensor, a camera, an ambient light sensor, a thermometer, a
GPS sensor, and various system sensors which can sense
remaining battery life, power consumption, processor speed,
CPU load, and the like.

[0102] Peripherals interface 2016 can couple the input and
output peripherals of the system 2000 to one or more
processor 2018 and one or more computer-readable medi-
ums 2001 via a controller 2020. The one or more processors
2018 communicate with the one or more computer-readable
mediums 2001 via the controller 2020. The one more
computer-readable mediums 2001 can be any device or
medium that can store code and/or data for use by the one
or more processors 2018. In some examples, medium 2001
can be a non-transitory computer-readable storage medium.
Medium 2001 can include a memory hierarchy, including
but not limited to cache, main memory and secondary
memory. The memory hierarchy can, as non-limiting
examples, be implemented using any combination of RAM
(e.g., SRAM, DRAM, DDRAM), ROM, FLASH, magnetic
and/or optical storage devices, such as disk drives, magnetic
tape, CDs (compact disks) and DVDs (digital video discs).
Medium 2001 may also include a transmission medium for
carrying information-bearing signals indicative of computer
instructions or data (with or without a carrier wave upon
which the signals are modulated). For example, the trans-
mission medium may include a communications network,
including but not limited to the Internet (also referred to as
the World Wide Web), intranet(s), Local Area Networks
(LANs), Wide Local Area Networks (WLANSs), Storage
Area Networks (SANs), Metropolitan Area Networks
(MAN) and the like.

[0103] One or more processors 2018 can run various
software components stored in medium 2001 to perform
various functions for system architecture 2000. In some
examples, the software components can include operating
system 2022, communication module (or set of instructions)
2024, touch processing module (or set of instructions) 2026,
graphics module (or set of instructions) 2028, and one or
more applications (or set of instructions) 2023. Each of these
modules and above noted applications can correspond to a
set of instructions for performing one or more functions
described above and the methods described in this applica-
tion (e.g., the computer-implemented methods and other
information processing methods described herein). These
modules (i.e., sets of instructions) need not be implemented
as separate software programs, procedures or modules, and
thus various subsets of these modules may be combined or
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otherwise rearranged in various examples. In some
examples, medium 2001 may store a subset of the modules
and data structures identified above. Furthermore, medium
2001 may store additional modules and data structures not
described above.

[0104] Operating system 2022 can include various proce-
dures, sets of instructions, software components and/or
drivers for controlling and managing general system tasks
(e.g., memory management, storage device control, power
management, etc.) and facilitates communication between
various hardware and software components.

[0105] Communication module 2024 can facilitate com-
munication with other devices over one or more external
ports 2036 or via RF circuitry 2008 and can include various
software components for handling data received from RF
circuitry 2008 and/or external port 2036.

[0106] Graphics module 2028 can include various known
software components for rendering, animating and display-
ing graphical objects on a display surface. In examples in
which touch /O device 2012 is a touch sensing display (e.g.,
touch screen), graphics module 2028 can include compo-
nents for rendering, displaying, and animating objects on the
touch sensing display. The touch 1/O device 2012 and/or the
other [/O device 2014 may comprise the I/O unit 10 of FIG.
1 or the output unit 42 of FIG. 2, and may also incorporate
a Ul interface permitting a use to select among programming
modes of displaying heart rate data when the 1/O device is
incorporated into a device 12 of FIG. 1. Further, in relation
to FIG. 1, the light emitter 2 and light sensor 4 may be part
of the /O device 2014, and the touch screen 20 may
correspond to the touch I/O device 2012 of FIG. 16. The I/O
unit 10 either integral within device 12 or via coupling to
microphone/speaker 22 may also provide audio outputs as
part of the user communications corresponding to audio
circuitry 2010 of FIG. 16. Microphone 2052 of FIG. 16
corresponds to the microphone/speaker unit 22 of FIG. 1.
[0107] One or more applications 2023 can include any
applications installed on system 2000, including without
limitation, a browser, address book, contact list, email,
instant messaging, word processing, keyboard emulation,
widgets, JAVA-enabled applications, encryption, digital
rights management, voice recognition, voice replication,
location determination capability (such as that provided by
the global positioning system (GPS)), a music player, etc.
[0108] Touch processing module 2026 can include various
software components for performing various tasks associ-
ated with touch I/0 device 2012 including but not limited to
receiving and processing touch input received from touch
1O device 2012 via touch I/O device controller 2032.
[0109] I/O subsystem 2006 can be coupled to touch /O
device 2012 and one or more other /O devices 2014 for
controlling or performing various functions. Touch I/O
device 2012 can communicate with processing system 2004
via touch I/O device controller 2032, which can include
various components for processing user touch input (e.g.,
scanning hardware). One or more other input controllers
2034 can receive/send electrical signals from/to other 1/O
devices 2014. Other I/O devices 2014 may include physical
buttons, dials, slider switches, sticks, keyboards, touch pads,
additional display screens, or any combination thereof.
[0110] If embodied as a touch screen, touch /O device
2012 can display visual output to the user in a GUI. The
visual output may include text, graphics, video, and any
combination thereof. Some or all of the visual output may
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correspond to user-interface objects. Touch 1/O device 2012
can form a touch sensing surface that accepts touch input
from the user. Touch /O device 2012 and touch screen
controller 2032 (along with any associated modules and/or
sets of instructions in medium 2001) can detect and track
touches or near touches (and any movement or release of the
touch) on touch I/O device 2012 and can convert the
detected touch input into interaction with graphical objects,
such as one or more user-interface objects. In the case in
which device 2012 is embodied as a touch screen, the user
can directly interact with graphical objects that are displayed
on the touch screen. Alternatively, in the case in which
device 2012 is embodied as a touch device other than a touch
screen (e.g., a touch pad), the user may indirectly interact
with graphical objects that are displayed on a separate
display screen embodied as /O device 2014.

[0111] Touch I/O device 2012 may be analogous to the
multi-touch sensing surface described in the following U.S.
Pat. No. 6,323,846 (Westerman et al.), U.S. Pat. No. 6,570,
557 (Westerman et al.), and/or U.S. Pat. No. 6,677,932
(Westerman), and/or U.S. Patent Publication 2002/
0015024A1.

[0112] In examples for which touch I/O device 2012 is a
touch screen, the touch screen may use LCD (liquid crystal
display) technology, LPD (light emitting polymer display)
technology, OLED (organic LED), or OEL (organic electro
luminescence), although other display technologies may be
used in other examples.

[0113] Feedback may be provided by touch /O device
2012 based on the user’s touch input as well as a state or
states of what is being displayed and/or of the computing
system. Feedback may be transmitted optically (e.g., light
signal or displayed image), mechanically (e.g., haptic feed-
back, touch feedback, force feedback, or the like). electri-
cally (e.g., electrical stimulation), olfactory, acoustically
(e.g., beep or the like), or the like or any combination thereof
and in a variable or non-variable manner.

[0114] System architecture 2000 can also include power
system 2044 for powering the various hardware components
and may include a power management system, one or more
power sources, a recharging system, a power failure detec-
tion circuit, a power converter or inverter, a power status
indicator and any other components typically associated
with the generation, management and distribution of power
in portable devices.

[0115] In some examples, peripherals interface 2016, one
or more processors 2018, and memory controller 2020 of the
processing system 2004 can be implemented on a single
chip. In some other examples, they may be implemented on
separate chips.

[0116] Examples of the disclosure can be advantageous in
allowing for an electronic device to obtain a respiratory rate
signal from a PPG signal, making for a more accurate
reading of respiratory rate without directly monitoring
breathing.

[0117] Examples of the disclosure may be characterized as
a device for determining a heart rate (HR) of a user. The
device may include a (HR) sensor configured for providing
HR signals; an accelerometer coupled to the user’s body;
and processing circuitry capable of providing HR values that
have been compensated for artifacts from acceleration on the
HR signals as measured by the accelerometer; the HR values
provided for each of a plurality of times over a time interval,
and selecting a path of optimum HR values across the time
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interval, the selected path implementing a reward for can-
didate paths based on a sum of probabilities of a most
probable path between consecutive points of candidate
paths, and implementing a penalty based on differences
between HR values of the consecutive points along the
candidate paths.

[0118] The processing circuitry of the device may further
transform the HR signals into frequency domain HR signals
(FDHR signals) and add together at least a fundamental and
first harmonic of Fourier component magnitudes of the
FDHR signals corresponding to the HR signals to provide a
harmonic boost. The Fourier component magnitudes are
absolute values of Fourier coeflicients of the FDHR signals.
A filter may be used to provide low pass filtering of the
Fourier component magnitudes of the FDHR signals and the
low pass filtering may be performed using utilizing a Gauss-
ian convolution. Further, the processing circuitry may be
capable of providing a peak boost to Fourier component
magnitudes of the FDHR signals, and the peak boost may be
such as to multiply each local maxima of the Fourier
component magnitudes by a number larger than one.
[0119] The Fourier component magnitudes are absolute
values of Fourier coeflicients of the FDHR signals.

[0120] The processing circuitry provides the HR values
and is capable of transforming the HR signals into frequency
domain HR signals (FDHR signals), and transforming sig-
nals from the accelerometer into the frequency domain to
provide frequency domain artifact signals (FDART signals).
The HR values are computed based on complex conjugates
of Fourier transform coeflicients of the FDHR signals and
the complex conjugates of Fourier transform coeflicients of
the FDART signals. An analog to digital converter may be
configured for converting the HR signals and signals from
the accelerometer to digital signals or the conversion may be
performed within the processing circuitry.

[0121] The processing circuitry identifies peak values in
the Fourier coeflicient magnitudes of the FDART signals and
replaces the identified peak values by interpolated values
based on values on opposite sides of the identified peak
values and utilizing the interpolated values for compensating
for artifacts from acceleration.

[0122] Examples of the disclosure may be characterized as
a device for determining a heart rate (HR) of a use. The
device includes a HR sensor configured for providing time
domain HR signals, the time domain HR signals having time
domain HR components indicative of a user’s HR and time
domain artifact components indicative of user acceleration
movements. The device also includes an accelerometer
providing time domain accelerometer output signals and
processing circuitry. The processing circuitry is capable of
converting the time domain HR signals into frequency
domain HR (FDHR) signal magnitudes and converting the
time domain accelerometer output signal into frequency
domain accelerometer (FDA) signal magnitudes, the FDHR
signal magnitudes having frequency domain HR (FDHR)
component magnitudes corresponding to a user’s heart rate
and frequency domain artifact (FDART) component mag-
nitudes corresponding to the FDA signals. The processing
circuitry is further capable of compensating for the FDART
component magnitudes in the FDHR signal magnitudes to
provide compensated FDHR component magnitudes for
each of a plurality of times over a time interval, and
selecting a path of optimum HR values across the time
interval based on the compensated FDHR component mag-
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nitudes for each of the plurality of times, the path selecting
implementing a reward for candidate paths based on a sum
of the compensated FDHR component magnitudes of all
points the candidate paths pass through, and a penalty based
on a sum of distances between consecutive compensated
FDHR component magnitudes along the candidate paths, the
distances measured by differences between the HR values
associated with consecutive path points.

[0123] The processing circuitry is further capable of pro-
viding a harmonic boost to the compensated FDHR com-
ponent magnitudes by adding together at least the funda-
mental and first harmonic of the compensated FDHR
component magnitudes. The processing circuitry is further
capable of providing low pass filtering of the compensated
FDHR component magnitudes. The low pass filtering can be
provided by utilizing a Gaussian convolution. The process-
ing circuitry is further capable of providing a peak boost to
each peak of the compensated FDHR component magni-
tudes. The peak boost can, for example, multiply each local
maxima of the compensated FDHR component magnitudes
by a number larger than 1.

[0124] The device can digitize the time domain HR signals
and the time domain accelerometer output signals using an
analog to digital converter and can subsequently, utilizing
Fourier transformations, convert the digitized time domain
HR signals into FDHR signal magnitudes and convert the
digitized time domain accelerometer output signal into FDA
signal magnitudes.

[0125] The processing circuitry of the device is capable of
compensating for the FDART component magnitudes to
provide the FDHR component magnitudes for each of a
plurality of times over the time interval by identifying peak
values in the FDART component magnitudes that exceed a
first threshold and replacing the identified peak values by
interpolated values based on values on opposite sides of the
identified peak values and utilizing the interpolated values
for compensating for artifacts from acceleration.

[0126] Examples of the disclosure may be seen to encom-
pass a method of determining a HR of a user by providing
heart rate (HR) signals from a HR sensor configured to be
positioned on or closely adjacent a user’s skin; providing
accelerometer output signals from an accelerometer coupled
to the user body; providing HR values based on compen-
sating for artifacts in the HR signals, the artifacts determined
from the accelerometer output signals, the HR values pro-
vided for each of a plurality of times over a time interval;
and selecting a path of optimum HR values across the time
interval, the selected path implementing a reward for can-
didate paths based on a sum of the probabilities of the most
probable path between consecutive points of candidate
paths, and a penalty based on differences between HR values
of the consecutive points along the candidate paths.

[0127] The disclosure may also be seen to encompass a
non-transitory computer readable medium, the computer
readable medium containing instructions that, when
executed, perform a method for operating an electronic
device, the electronic device including a processor, the
non-transitory computer readable medium, at least one light
emitter, at least one light receive and an accelerometer. The
method can comprise emitting light from the at least one
light emitter; receiving light by the at least one light
receiver; receiving heart rate (HR) signals based on light
received by the at least one light receiver; receiving accel-
erometer output signals from the accelerometer; providing
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HR values based on compensating for artifacts in the HR
signals, the artifacts determined from the accelerometer
output signals the HR values provided for each of a plurality
of time values over a time interval; and selecting a path of
optimum HR values across the time interval, the selected
path implementing a reward for candidate paths based on a
sum of the probabilities of the most probable path between
consecutive points of candidate paths, and a penalty based
on differences between HR values of the consecutive points
along the candidate paths.

[0128] Although the disclosed examples have been fully
described with reference to the accompanying drawings, it is
to be noted that various changes and modifications will
become apparent to those skilled in the art. Such changes
and modifications are to be understood as being included
within the scope of the disclosed examples as defined by the
appended claims.

What is claimed is:

1. A device for determining a heart rate (HR) of a user
comprising:

a (HR) sensor configured to be worn by a user and for

providing HR signals corresponding to HR values;
processing circuitry capable of:

selecting a first path of HR values over a first sequence of

HR measurements in accordance with a given criteria,
wherein the first path includes a selection of a respec-
tive candidate HR value for each HR measurement of
the first sequence of HR measurements; and

selecting a second path of HR values over a second

sequence of HR measurements in accordance with the
given criteria, the second sequence of HR measure-
ments including the first sequence of HR measurements
and at least one additional HR measurement subsequent
to the first sequence of HR measurements,

wherein the second path includes at least one different

selection of a respective candidate HR value for at least
one of the HR measurements of the first sequence of
HR measurements.

2. The device of claim 1, wherein the given criteria is
based on consecutive Fourier coeflicient magnitudes of
corresponding consecutive HR values along each of the first
and second paths and differences in consecutive HR values
along each of the first and second paths.

3. The device of claim 2, wherein the processing circuitry
provides the HR values by transforming the HR signals into
frequency domain HR signals (FDHR signals) and adding
together at least a fundamental and first harmonic of Fourier
component magnitudes of the FDHR signals corresponding
to the HR signals to provide a harmonic boost.

4. The device of claim 3, wherein the Fourier component
magnitudes are absolute values of Fourier coefficients of the
FDHR signals.

5. The device of claim 1, wherein providing the HR values
includes transforming the HR signals into frequency domain
HR signals (FDHR signals) and low pass filtering Fourier
component magnitudes of the FDHR signals.

6. The device of claim 5, wherein the low pass filtering is
provided by utilizing a Gaussian convolution.

7. The device of claim 1, wherein providing the HR values
includes transforming the HR signals into frequency domain
HR signals (FDHR signals) and providing a peak boost to
Fourier component magnitudes of the FDHR signals.
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8. The device of claim 7, wherein the peak boost multi-
plies each local maxima of the Fourier component magni-
tudes by a number larger than 1.

9. The device of claim 8, wherein the Fourier component
magnitudes are absolute values of Fourier coeflicients of the
FDHR signals.

10. The device of claim 1, wherein providing the HR
values includes transforming the HR signals into frequency
domain HR signals (FDHR signals) and adding together at
least a fundamental and first harmonic of Fourier component
magnitudes of the FDHR signals corresponding to the HR
signals to provide a harmonic boost and further providing a
peak boost to Fourier component magnitudes of the FDHR
signals by multiplying local maxima of the Fourier compo-
nent magnitudes by a number larger than 1.

11. A computer-implemented method for determining a
heart rate (HR) of a user comprising:

providing HR signals corresponding to HR values:

selecting a first path of HR values over a first sequence of

HR measurements in accordance with a given criteria,
wherein the first path includes a selection of a respec-
tive candidate HR value for each HR measurement of
the first sequence of HR measurements; and

selecting a second path of HR values over a second

sequence of HR measurements in accordance with the
given criteria, the second sequence of HR measure-
ments including the first sequence of HR measurements
and at least one additional HR measurement subsequent
to the first sequence of HR measurements,

wherein the second path includes at least one different

selection of a respective candidate HR value for at least
one of the HR measurements of the first sequence of
HR measurements.

12. The method of claim 11, wherein the given criteria is
based on consecutive Fourier coeflicient magnitudes of
corresponding consecutive HR values along each of the first
and second paths and differences in consecutive HR values
along each of the first and second paths.
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13. The method of claim 12, further comprising providing
the HR values by transforming the HR signals into fre-
quency domain HR signals (FDHR signals) and adding
together at least a fundamental and first harmonic of Fourier
component magnitudes of the FDHR signals corresponding
to the HR signals to provide a harmonic boost.

14. The method of claim 13, wherein the Fourier com-
ponent magnitudes are absolute values of Fourier coeffi-
cients of the FDHR signals.

15. The method of claim 11, wherein providing the HR
values includes transforming the HR signals into frequency
domain HR signals (FDHR signals) and low pass filtering
Fourier component magnitudes of the FDHR signals.

16. The method of claim 15, wherein the low pass filtering
is provided by utilizing a Gaussian convolution.

17. The method of claim 11, wherein providing the HR
values includes transforming the HR signals into frequency
domain HR signals (FDHR signals) and providing a peak
boost to Fourier component magnitudes of the FDHR sig-
nals.

18. The method of claim 17, wherein the peak boost
multiplies each local maxima of the Fourier component
magnitudes by a number larger than 1.

19. The method of claim 18, wherein the Fourier com-
ponent magunitudes are absolute values of Fourier coeffi-
cients of the FDHR signals.

20. The method of claim 11, wherein providing the HR
values includes transforming the HR signals into frequency
domain HR signals (FDHR signals) and adding together at
least a fundamental and first harmonic of Fourier component
magnitudes of the FDHR signals corresponding to the HR
signals to provide a harmonic boost and further providing a
peak boost to Fourier component magnitudes of the FDHR
signals by multiplying local maxima of the Fourier compo-
nent magnitudes by a number larger than 1.
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