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Abstract�Heart rate (HR) monitoring using photoplethysmog-
raphy (PPG) is a promising feature in modern wearable devices.
PPG is easily contaminated by motion artifacts (MA), hindering
estimation of HR. For quasi-periodic motions, previous works
generally focused on a few speci�c motions, such as walking
and fast running. However, they may not work well for many
different quasi-periodic motions where MA are very complex.
In this paper, a robust HR monitoring scheme for different
quasi-periodic motions using wrist-type PPG is proposed, which
consists of dictionary learning for signal characteristics learning,
human motion recognition for the current motion recognition and
dictionary selection, sparse representation-based MA elimination
for denoising, and spectral peak tracking for HR-related spectral
peak tracking. The proposed scheme is robust to MA caused
by different motions and has high accuracy. Experiments on six
common quasi-periodic motions showed that the average absolute
error of heart rate estimation was 2.40 beat per minute, and also
showed that the proposed method is more robust than some state-
of-the-art approaches for different motions.

Index Terms�Heart rate monitoring, photoplethysmography
(PPG), motion artifacts, sparse representation, wearable sensors.

I. I NTRODUCTION

H EART rate (HR) monitoring based on modern wearable
devices is of interest due to its useful features in

controlling training load or health monitoring during phys-
ical exercise. Photoplethysmography (PPG) signals [1] have
shown its potential in HR monitoring during physical exercise
because of its simpler hardware implementation and lower
cost over traditional Electrocardiograph (ECG) signals [2].
However, PPG is susceptible to motion artifacts (MA) [3],
making HR monitoring based on PPG a dif�cult problem.

Some methods, which were proposed for small motions,
have been investigated. One is independent component analy-
sis (ICA) [4], [5]. However, statistical independence (the key
assumption in ICA) does not hold in PPG signals contaminated
by MA [6], resulting in unsatisfactory performance of MA
elimination. Another method is adaptive �ltering (used for
small motions) [7], [8]. But adaptive �ltering is sensitive to
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reference signal. Since these techniques were proposed for
some small motions, such as �nger movements [5], walking
[7] and slow running [8], where MA was not strong, these
techniques may not work well when monitoring HR during
physical exercise [3].

Other techniques, which were proposed for strong motions
in physical exercise, were recently investigated, such as adap-
tive �ltering (used for strong motions in physical exercise)
[9], [10], [11], [12], empirical mode decomposition (EMD)
[13], [14], singular spectrum analysis (SSA) [3], spectrum
subtraction (SS) [15], [16], winer �ltering [17] and particle
�lter [18]. Most of them utilized acceleration signals as the
reference signals of MA, showing good performance in some
scenarios. However, these techniques only focused on a few
speci�c quasi-periodic motions, such as walking and fast
running. For speci�c motions, these techniques can adjust their
parameters to work well. However, the adjusted parameters
may not work well for different types of intensive physical
exercises in the real world including many different quasi-
periodic motions, such as elliptical trainer, where the hand
movements have different directions which may result in more
complex MA.

In this paper, a robust HR monitoring scheme using wrist-
type PPG during different types of quasi-periodic motions
is proposed, being composed of four key parts: dictionary
learning, human motion recognition, sparse representation-
based MA elimination, and spectral peak tracking. Dictionary
learning aims to obtain different PPG and MA dictionaries to
represent PPG signals and different MAs caused by different
quasi-periodic motions, where one kind of motion corresponds
to one PPG dictionary and one MA dictionary. Human mo-
tion recognition aims to recognize the current motion and
thereby select the corresponding PPG and MA dictionaries.
Using the selected PPG dictionary and MA dictionary, sparse
representation-based MA elimination aims to eliminate MA
caused by the current motion. Using the cleansed PPG signal
after sparse representation, spectral peak tracking aims to
locate the HR-related spectral peak. Experiments on many
common quasi-periodic motions showed that the proposed
HR monitoring approach has satisfactory accuracy, and is
robust to different MAs caused by different strong quasi-
periodic motions. The detailed contributions of this paper are
as follows:

� For intensive physical exercises in the real world, there
are many different strong quasi-periodic motions, such
as walking, fast running, beckoning, swing arm, elliptical
trainer and deep keen bend, leading to very strong and
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complex MA. To monitor HR during intensive physical
exercises, it is necessary to design a robust HR moni-
toring technique for many different strong quasi-periodic
motions. At present, for quasi-periodic motions, most
HR monitoring techniques only considered a few speci�c
motions, such as walking and fast running. However, they
may not work well during many other different quasi-
periodic motions which may cause very complex MA.
To overcome the above issue, a robust HR monitoring
technique for many different quasi-periodic motions using
PPG is proposed in this paper, which is more suitable for
practical application scenario.

� To eliminate different MAs caused by different strong
quasi-periodic motions, we propose combining human
motion recognition and dictionary learning-based sparse
representation. Human motion recognition can recognize
the motion that the current subject is performing, and then
automatically select the dictionaries corresponding to the
motion. Using the corresponding dictionaries, dictionary
learning-based sparse representation can represent and
separate PPG and MA caused by this motion, and then
can obtain the clean PPG signal.

� The performance on different types of intensive phys-
ical exercises being composed of six typical strong
quasi-periodic motions (walking, fast running, beckoning,
swing arm, elliptical trainer and deep keen bend) related
to hand movements were shown in our experiments,
because the main source of MA is from hand movements
[15]. Experiments on the six typical motions proved that
the proposed approach can achieve an accurate estimate
of HR, and it is also robust to different MAs caused
by different quasi-periodic motions in different types of
physical exercises, indicating that the proposed approach
has potential to be used in HR computation of wearable
sensors during physical exercises.

II. M OTIVATION

PPG recorded during physical exercise is easily contam-
inated by MA. One major source of MA is the voluntary
or involuntary subject movement which can make the gap
(between the sensor and the skin) easily enlarged by hand
movements during physical exercises [15]. Removal of MA
can not be easily performed because of the likely spectral and
temporal similarity between PPG and MA [19]. Acceleration
signals are shown to be powerful in eliminating MA because
of the strong correlation between acceleration signals and
MA [20]. There are mainly three kinds of methods using
acceleration signals as the reference signals of MA, as follows.

One kind of technique is signal decomposition assisted by
acceleration signals [3], [14], [21]. For example, in [3], a
method using singular spectrum analysis (SSA) assisted by
acceleration signals was proposed to eliminate MA. First, SSA
is exploited to decompose a raw PPG into many components.
Then a spectral peak associated with MA in a component is
identi�ed by checking whether there is also a spectral peak
in the spectrum of acceleration signals at the same frequency
bin.

Another kind of technique is spectrum subtraction (SS)
assisted by acceleration signals [14], [15], [22]. It removed
MA by subtracting the spectrum (calculated by Periodogram)
of the acceleration signal from the spectrum of the PPG signal.

Adaptive noise cancellation (ANC) assisted by acceleration
signals was also exploited to remove MA [12], [17]. For
example, one work that we recently proposed in [12] used
nonlinear adaptive �ltering with acceleration signals being the
reference signals of MA. However, ANC is sensitive to the
prede�ned reference signal. If the prede�ned reference signal
was not chosen properly, the performance of MA elimination
may be affected. To overcome this issue, another reference
[24] proposed using ANC with four prede�ned reference
signals, instead of only one prede�ned reference signal.

The three kinds of techniques mentioned above obtained
satisfactory results to some extent. Unfortunately, we notice
that the performance of most of these techniques were only
evaluated using speci�c physical exercises including a few
speci�c motions, such as walking and fast running. In practice,
since there are many different types of intensive physical
exercises that include many different quasi-periodic motions,
such as deep keen bend and elliptical trainer, we have to
cope with HR monitoring under many different quasi-periodic
motions, where hand movements have different directions and
thus cause more complex MA.

To visually see different quasi-periodic motions, an example
in Fig. 1 shows segments of three-axis acceleration signals
from three different quasi-periodic motions: fast running,
elliptical trainer and deep keen bend. The example shows
twofold information.

� From Fig. 1(a), Fig. 1(c) and Fig. 1(e) where the signal
segments are from one subject, (or Fig. 1(b), Fig. 1(d)
and Fig. 1(f) where the signal segments are from another
subject), we can see that the acceleration signals from
different motions have different characteristics because of
different directions of hand movements, which may cause
different characteristics of MA in PPG signals recorded
by different motions. It indicates that MA caused by dif-
ferent motions are different and very complex, resulting
in that it is dif�cult to eliminate MA caused by different
motions.

� From the acceleration signals of fast running (Fig. 1(a)
and Fig. 1(b)) from two different subjects, we can see that
the acceleration signals from the same kind of motion
have similar characteristics. In other words, the acceler-
ation signals from the same kind of motion are regular.
Since acceleration signals have strong correlation with
MA [20], MA from the same kind of motion may have
similar characteristics. If the characteristics of MA caused
by one kind of quasi-periodic motion can be learned, MA
caused by this kind of motion can be eliminated.

This example motivates using sparse representation based
on dictionary learning to eliminate different MAs caused by
different motions. Since the acceleration signals from the same
kind of quasi-periodic motion are regular and are sparse in cer-
tain transform domain, the characteristics of MA, which have
strong correlation with acceleration signals, from the same
kind of quasi-periodic motion can be learned by dictionary
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(a) Segments of one subject from fast running.
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(b) Segments of another subject from fast running.
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(c) Segments of one subject from elliptical trainer.
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(d) Segments of another subject from elliptical trainer.
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(e) Segments of one subject from deep keen bend.
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(f) Segments of another subject from deep keen bend.

Fig. 1: An example showing segments of simultaneously recorded raw acceleration signals from three different quasi-periodic
motions: fast running, elliptical trainer and deep keen bend. Fig. 1(a) and Fig. 1(b) show the signals recorded during fast
running from two different subjects. Fig. 1(c) and Fig. 1(d) show the signals recorded during elliptical trainer from two
different subjects. Fig. 1(e) and Fig. 1(f) show the signals recorded during deep keen bend from two different subjects.

learning. In other words, dictionary learning can be used to
learn a MA dictionary for representing MA caused by this kind
of motion through the acceleration signals. Then different MA
dictionaries can be learned through the acceleration signals
from different motions, used for representing different MAs
caused by different motions. Similarly, different PPG dictio-
naries can be learned through clean PPG signals from different
motions, used for representing PPG recorded from different
motions. Using the learned PPG and MA dictionaries, sparse
representation can remove different MAs caused by different
motions. Based on the proposed MA elimination method, we
can effectively eliminate different MAs caused by different
motions.

III. PROPOSEDHEART RATE MONITORING APPROACH

The proposed HR monitoring approach is composed of four
key parts: dictionary learning for learning different PPG and
MA dictionaries, human motion recognition used to recognize
which kind of motion one subject is performing and thereby
selecting the corresponding dictionaries, sparse representation-
based MA elimination for eliminating MA with the selected
PPG dictionary and MA dictionary, and spectral peak tracking
used to locate the spectral of HR value via a algorithm
we proposed in [12]. The �owchart of the proposed HR
monitoring approach is shown in Fig. 2.

Before starting the proposed HR monitoring approach, we
exploit a preprocessing step called band passing to remove
noise and MA outside of the frequency band of interest. The
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proposed HR monitoring approach uses raw PPG signals and
simultaneously recorded acceleration signals. A time window
of 8 seconds is sliding on the signals with incremental step of
2 seconds. The proposed HR monitoring approach estimates
HR in each time window.
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Fig. 2: The �owchart of the proposed HR monitoring ap-
proach.

A. Dictionary learning
The goal of this part is to learn the PPG dictionaries and the

MA dictionaries corresponding to different motions, preparing
for the part of sparse representation-based MA elimination.
Prede�ned transform basis and dictionary learning are two
main methods to obtain dictionary. Dictionary learning is
used in this paper because it has encouraging potential to
provide a sparser representation compared with prede�ned
transform basis [25], [26]. For PPG signals used for arterial
blood pressure estimation, dictionary learning was adopted
in [27]. The reference [27] proved that the characteristic of
PPG signals can be learned by dictionary learning. In our
work, dictionary learning is implemented in feature transform
domain in order to make PPG and acceleration signals (the
reference signals of MA) sparse. Short-time Fourier transform
(STFT) is used because STFT is simple and easy to implement.

For dictionary learning, training data are required. Speci�-
cally, clean PPG signals from one motion are required to learn
the PPG dictionary of one motion, and acceleration signals
from one motion are required to learn the MA dictionary of
one motion. Acceleration signals for one motion are easily to
be obtained, whereas clean PPG signals for one motion are
dif�cult to obtain because the PPG signals recorded during
motions often contain MA. There are mainly two ways to get
clean PPG signals for one motion. The �rst way is to use the
signals after being processed by some other MA elimination
methods. For example, one MA elimination method can be
selected to process the raw PPG signals used for training; if
the signals after being processed by the method are clean, the
signals after being processed by the method would constitute
training data. The second way is to select the PPG signals
being approximately clean from some other motions. For ex-
ample, the approximately clean PPG signals from one motion
(denoted by Motion1) can be used as the training signals of
another motion (denoted by Motion2). At this time, the HR
values of the signals from Motion1 should be similar to the HR
values of the signals from Motion2. If they have similar HR
values, the clean PPG signals for the two motions are similar,

and thus the approximately clean PPG signals from Motion1
can be used. In our experiments, the �rst way is adopted.
Speci�cally, one method proposed in our previous work [12]
is used to process the raw PPG signals used for training.

By means of dictionary learning, a PPG dictionary~R (used
to represent PPG signals) can be learned from a training set~S
which is assemble of STFT magnitudes of clean PPG signals
from many time windows. Also, via dictionary learning, a MA
dictionaryR (used to represent the MA caused by certain kind
of quasi-periodic motion) can be learned from a training setS
which is assemble of STFT magnitudes of acceleration signals
corresponding to this motion from many time windows.

~R can be obtained by solving the following optimization
problem:

min
~R; ~C

 ~S � ~R ~C


2

F
s:t: 8i; k~ci k0 � �; (1)

where k�kF denotes the Frobenius norm,k�k 0 denotes the
number of elements which are not zero.� denotes a small
positive integer. In equation(1), the training set~S 2 RD �W

(being assemble of training samples) stands forf ~si g
W
i=1 . Here

D denotes the length of one training sample, andW denotes
the number of training samples. A dictionary~R 2 RD �M

stands forf ~r i g
M
i=1 (where~r i denotes one atom), and a coding

matrix ~C 2 RM �W stands forf ~ci g
W
i=1 . HereM denotes the

number of atoms in one dictionary.
R can be obtained by solving the following optimization

problem:

min
R;C

kS � RC k2
F s:t: 8i; kci k0 � �; (2)

where k�kF denotes the Frobenius norm,� denotes a small
positive integer, the training setS 2 RD �N stands forfs i g

N
i=1 .

Here D denotes the length of one training sample, andN
denotes the number of training samples. A dictionaryR 2
RD �L stands forfr i g

L
i=1 , and a coding matrixC 2 RL�N

stand forfc i g
N
i=1 . HereL denotes the number of atoms in one

dictionary.
The two constrained problems expressed by equation (1)

and (2) can be solved by many algorithms, such as method
of optimal directions (MOD) [28], [30] and k - singular value
decomposition (K-SVD) [26]. For illustration, we chose MOD
in our experiments. Since equation (1) and (2) are two similar
problems, we only describe how to solve equation (2) using
MOD as follows.

To updateR and C iteratively, MOD uses a two phase
approach: sparse coding stage and dictionary update stage. The
two steps of MOD are as follows.

In sparse coding stage,R is �xed. Any pursuit algorithm,
such as orthogonal matching pursuit (OMP) [31], can be used
to compute each columnci by approximating the solution of

min
c i

n
ksi � Rc i k

2
2

o
s:t: kci k0 � �: (3)

whereci stands for one column inC, si stands for one column
in S, and � denotes the max number of coef�cients for each
signalsi .
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After the sparse coding stage,ci for each examplesi is
known. Thus errorsei = si � Rc i can be obtained. The overall
representation mean square error can be represented by

kEk2
F = ke1; e2; : : : ; eN k2

F = kS � RC k2
F : (4)

wherek�kF denotes the Frobenius norm.
In dictionary update stage,C is �xed. We can �nd an update

to R such that the above error (represented by equation(4))
is minimized.R can be obtained by taking the derivative of
equation(4) with respect toR, and the obtainedR is

R = SC � (CC T ) �1 : (5)

Repeat the sparse coding stage and the dictionary update
stage until convergence. Finally, MOD can produce a PPG
dictionary ~R that approximates~S sparsely and accurately.
Similarly, MOD can produce a MA dictionaryR that approx-
imatesS sparsely and accurately.~R and R will be used in
the part of sparse representation-based MA elimination.

B. Human motion recognition
The purpose of this part is to use acceleration signals to

recognize which motion one subject is performing, in order to
automatically choose a PPG dictionary and a MA dictionary
corresponding to this motion. One commonly-used algorithm
is XGBoost [32], which is a scalable end-to-end tree boosting
system. Since XGBoost has achieved state-of-the-art results
on many machine learning challenges [32], it is selected as
the classi�er in our experiments.

Note that, to train XGBoost-based classi�er, training data
(acceleration signals from many time windows) are required.
When collecting training data, like the part of dictionary learn-
ing, we used the leave-one-subject-out method. Speci�cally,
the data from one subject in one data set were used as testing
data, while the data from the remaining subjects in one data
set were used as training data.

1) Classi�er training:
Feature extraction.Before training the classi�er, feature

vectors being the input of the classi�er need to be extracted
from the training data. A feature vector is composed of the
features: kurtosis, skewness, energy, spectral mean, spectral
kurtosis, spectral skewness, the sum of energy for each sub-
band signal obtained by wavelet transform, the sum of the
mean for each sub-band signal, and the sum of the standard
deviation for each sub-band signal. One feature vector is
normalized so that the range of features is between -1 and
1. Finally, a lot of feature vectors are obtained, forming a
training set.

Classi�er training. The training set was used to train the
XGBoost-based classi�er to obtain the classi�er parameters
for predicting.

2) Human motion recognition using the trained classi�er:
After training the XGBoost-based classi�er, this step is to

determine which kind of motion one subject is performing.
The features mentioned in the last step are extracted from a
three-axis acceleration signal in the current time window. The
features will be used as the input of the classi�er, used to

recognize the motion one subject is performing in one time
window. Once the motion one subject is performing has been
recognized, the PPG and the MA dictionaries corresponding
to this motion would be selected.

C. Sparse representation-based MA elimination
In this subsection, a correlation decision is �rst introduced.

Correlation decision is used to determine whether the raw PPG
signal contains very strong MA. Then sparse representation-
based MA elimination is introduced.

1) Correlation decision:
This step aims to determine whether the raw PPG signal

contains very strong MA by calculating the correlation be-
tween the STFT magnitudes of the raw PPG signal and the ac-
celeration signal. If the Pearson correlation value between the
STFT magnitudes of the raw PPG signal and the acceleration
signal is not very high, the raw PPG signal does not contain
very strong MA. At this time, to avoid the disturbance of
the MA dictionary which comes from the acceleration signals,
there is no need to use the MA dictionaryR.

Before the correlation decision, STFT is used to transform
the raw PPG signal and the acceleration signal after bandpass
�ltering, sraw and araw , into signals in STFT magnitude
domain, expressed by

X = jSTFT(s raw )j ;
A = jSTFT(a raw )j : (6)

whereX 2 Rm�n denotes the STFT amplitude ofsraw , A 2
Rm�n denotes the STFT amplitude ofaraw . m denotes a
frequency range from 0 to 5 Hz, which is selected because the
frequency of HR exists in the frequency range from 0 to 5 Hz.
n denotes the number of time windows. Here the acceleration
signal after bandpass �ltering,araw , is a summation of three-
axis acceleration signals after bandpass �ltering.

Then X is transformed to into a column vector,x 2
R(m�n)�1 , which is composed of the column vectors ofX. A
is transformed to into a column vector,a 2 R(m�n)�1 , which
is composed of the column vectors ofA. Here m � n denotes
the multiplication ofm andn.

Next we measure whether the Pearson correlation value
� corr betweenx anda satis�es

j� corr j � � corr ; (7)

where� corr is a preset threshold.
If � corr can satisfy (7), the raw PPG signal is identi�ed as

a clean signal. At this time, only the PPG dictionary will be
used. This can be expressed by

D = ~R; (8)

where D denotes the dictionary that will be used in sparse
representation-based MA elimination.

If � corr can not satisfy (7), the raw PPG signal is identi�ed
as a not clean signal. At this time, both the PPG dictionary
and the MA dictionary will be used. This can be expressed by

D = [ ~R R ]; (9)
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where D denotes the dictionary that will be used in sparse
representation-based MA elimination.

2) Sparse representation-based MA elimination:
Sparse representation-based MA elimination is to eliminate

MA in a raw PPG signal using sparse representation. Sparse
representation (using sparse as a condition) is an emerging
signal processing technique, showing great potentials in many
application �elds [33], [34], [35]. PPG and acceleration signals
(the reference signals of MA) are sparse in a speci�c domain.
Moreover, these two kinds of signals can be well represented
by sparse representation due to the regularity of PPG and
acceleration signals (the reference signals of MA).

If one raw PPG signal contains strong MA, we assume that
the STFT magnitude of raw PPG signal,x 22 R(m�n) �1 ,
can be approximately a sum of the STFT magnitude of clean
PPG signal,s 22 R(m�n) �1 , and the STFT magnitude of MA,
m 22 R(m�n)�1 . The assumption can be expressed by:

x = s + m: (10)

The assumption used in the paper is similar to the assumption
used in the reference [36] for speech enhancement. The
assumption used by [36] is that one raw speech signal is
approximately a sum of spectral magnitudes of clean speech
signal and noise.

The purpose of the assumption is that: if one raw PPG
signal contains strong MA,D = [ ~R R ]; at this time, if
the assumption can be satis�ed, the constrained problem
(introduced by the next equation (11)) of the proposed MA
elimination approach can be used to eliminate MA.

In sparse representation-based MA elimination, the aim of
sparse representation algorithm is to approximatex with low
error using linear combination of a few atoms (chosen from
dictionary D) that are correlative tox. Note that the aim of
sparse representation algorithm depends on dictionaryD. If
D = ~R , the aim of sparse representation algorithm is to
approximatex with low error using linear combination of
a few atoms from~R. If D = [ ~R R ], sparse representation
algorithm aims to approximatex with low error using a sum
of a linear combination of atoms from the PPG dictionary~R
and a linear combination of atoms from the MA dictionaryR.

The constrained problem of the proposed MA elimination
approach can be represented by

min
c

kx � Dck 2

s:t: kck0 � K
(11)

where x is the STFT magnitude of a raw PPG signal after
bandpass �ltering,D is the dictionary after correlation deci-
sion (D = ~R or D = [ ~R R ]), K is a small positive integer.c
is a sparse coef�cient vector.c = c~r or c = [ c~r cr ]T , where
c~r andcr are sparse coef�cients corresponding to~R andR .

The constrained problem (11) can be solved by many
approaches, such as orthogonal matching pursuit (OMP) [31]
and basis pursuit denoising [37]. These approaches solve the
problem based on different criteria and procedures. We chose
OMP in our experiments because of its low complexity and
simple implementation [38]. OMP is a greedy algorithm used
to choose atoms from a dictionary [31].

After using OMP to solve the sparse representation problem
(9), we obtain the sparse coef�cients vectorc, wherec = c~r

if D = ~R, and c = [c ~r cr ]T if D =
h

~R R
i
. Then

the clean speech magnitude is estimated by disregarding the
contribution from the MA dictionary, preserving only the
linear combination of PPG dictionary atoms. An estimate of
the STFT magnitude of a cleansed PPG segment,ŝ, can be
obtained by

ŝ = ~Rc ~r
T ; (12)

whereŝ can be transformed into a cleansed PPG signal.
The vectorŝ 2 R(m�n) �1 is transformed into one matrix

Ŝ 2 Rm�n , which can be used to get a cleansed PPG signal
in the time domain.

Using Ŝ, a cleansed PPG signal in the time domain can
be obtained by inverse STFT transform. Here inverse STFT
transform is used to transform the obtained signal in the STFT
magnitude domain,̂S, into a cleansed PPG signal in the time
domain,srecon , which will be used in spectral peak tracking.
Note that, for inverse STFT transform, the phase of the raw
PPG signal,x, is used. The process can be expressed by

srecon = ISTFT( Ŝ); (13)

whereISTFT denotes inverse STFT transform.
The process of sparse representation-based MA elimination

approach is given inAlgorithm 1. In the OMP algorithm of
this process, for dictionary matrixD, the matrix with indices
of its columns in
 is denoted byD 
 . In the OMP algorithm,
each iterationt of the while-loop consists of two steps: atom
selection and update of the coding vector. The step of atom
selection selects the atom that is most coherent to the current
residualr̂ , implemented in �rst two lines of the while-loop.
The step of update of the coding vector setsc to the orthogonal
projection of x onto the subspaceD 
 , implemented in the
third line of the while-loop. New residual is computed in the
fourth line of the while-loop.

D. Spectral peak tracking

Using the cleansed PPG signalsrecon , a spectral peak track-
ing algorithm we proposed in [12] is used to get HR value.
The algorithm is performed in the spectrumf (calculated by
Periodogram) ofsrecon .

Before the algorithm starts, some variables are de�ned.L p
is the frequency location index of HR estimated in the previous
time window.L R 1 = [ L p � � s; � � � ; L p + � s], whereL R 1 is
the range of fundamental frequency of HR, and� s is a small
positive integer.L R 2 = [2(L p � � s � 1) + 1; � � � ; 2(L p +
� s � 1) + 1] , whereL R 2 is the range of �rst-order harmonic
frequency of HR.L 0

i (i = 1; 2) denotes the frequency location
indexes of two dominant peaks inL R 1, and L 1

i (i = 1; 2) is
from L R 2. Here dominant peak denotes the spectral peak
with an amplitude larger than a threshold of the maximum
amplitude.

Depending on the variables, a harmonic pair(L 0
i ; L 1

j )(i; j 2
f1; 2g) with a harmonic relation is de�ned. Also, one group
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Algorithm 1 Sparse representation-based MA elimination
Input: a raw PPG signalsraw and the acceleration signal after

bandpass �lteringaraw , the PPG dictionary~R and the MA
dictionaryR , and a small positive integerK .

Output: a cleansed PPG signalsrecon .
� Perform STFT transform forsraw andaraw ,

gettingX andA.
X = jSTFT(s raw )j.
A = jSTFT(a raw )j.

� TransformX andA into two vectors,x anda.
� Perform correlation decision that compute correlation

betweenx anda, getting the dictionaryD used in
sparse representation.

D = ~R or D =
h

~R R
i
.

� Perform OMP algorithm used to compute sparse
coef�cient vectorc.

Set 
 0 = fg, c = 0, r̂ = x, t = 0.
while kck0 � K do

h = D T r̂ .

 t +1 = 
 t [ farg max l jh(l )jg.
c =

�
D T


 t+1
D 
 t+1

� �1
D T


 t+1
x.

r̂ = x � Dc.
t = t + 1.

end while
� Get cleansed PPG signals in the STFT magnitude domain.

ŝ = ~Rc ~r
T , wherec~r (being fromc) is sparse

coef�cients corresponding to~R.
� Transformŝ into one matrixŜ.
� Perform inverse STFT transform for̂S.

srecon = ISTFT( Ŝ).

fL 0
1; L 0

2; L 1
1 �1
2 + 1; L 1

2 �1
2 + 1g is de�ned. Based on the har-

monic pair and the group, three labels are de�ned. Label 1
mainly represents the frequency location index of a spectral
peak selected from the harmonic pair(L 0

i ; L 1
j )(i; j 2 f1; 2g).

Label 2 represents the frequency location index (from the
group fL 0

1; L 0
2; L 1

1 �1
2 + 1 ; L 1

2 �1
2 + 1g) that is closet to the

frequency location index of HR in the previous time window.
Label 3 represents the frequency location index of the spectral
peak of HR in the previous time window.

The algorithm mainly consists of two steps: random forest-
based classi�er training and spectral peak tracking using the
trained classi�er. The �rst step aims to train random forest-
based classi�er. Based on the trained classi�er, the second step
is to locate the spectral peak of HR in the spectrumf . After
the second step, if the class label of the classi�er is Labell (l
= 1, 2, or 3), the frequency location index of the spectral peak
corresponding to Labell would become the frequency location
index H associated with HR in the current time window.

The frequency location indexH can be transformed to HR
value through the following rule:

HR = 60 �
H � 1

N
f s (BPM); (14)

where f s denotes the sampling rate, BPM denotes beat per
minute, andH belongs tof1; 2; � � � ; N g which are the location

indexes ofN equal frequency bins being from the division of
location index of the spectrum[0; f s].

IV. DATA SETS AND PERFORMANCEINDEXES

A. Data sets
Using different types of physical exercises consisting of

many different motions, we evaluated the performance of the
proposed HR monitoring approach. In the experiments of this
paper, we showed the performance of HR estimation on six
data sets recorded under six common motions: walking, fast
running, beckoning, swing arm, elliptical trainer and deep keen
bend, which were all related to hand movements because hand
movements are the main source of MA [15]. Note that the hand
movements of these motions are from different directions,
because the hand movements in practical application scenario
are from different directions. Fig. 3 gives the sketch maps of
the six common motions: walking, fast running, beckoning,
swing arm, elliptical trainer and deep keen bend.

(a) (b) (c) (d)

(e) (f)

Fig. 3: The sketch maps of six common motions.(a) walking.
(b) fast running. (c) beckoning. (d) swing arm. (e) elliptical
trainer. (f) deep keen bend.

Note that six data sets used in this paper were recorded
during six motions.Running was recorded during walking
and fast running.Beckoningwas recorded during beckoning.
Swing Armwas recorded during swing arm.Elliptical Trainer
was recorded during elliptical trainer.Deep Keen Bendwas
recorded during deep keen bend.Mixture was recorded during
beckoning, swing arm and deep keen bend.

The data set (calledRunning) recorded during walking and
fast running was �rst used in [3]. It was recorded from 12
volunteers with age ranged from 18 to 35, being composed
of 12 recordings. In each recording, there is a single-channel
PPG signal, a three-axis acceleration signal and an ECG signal,
recorded simultaneously from a subject. All signals were
sampled at 125Hz. In each recording, subjects �rst walked
with 1-2 km/h for 0.5 minute, then ran with 6-8 km/h for 1
minute, next ran with 12-15 km/h for 1 minute, then ran with
6-8 km/h for 1 minute, next ran with 12-15 km/h for 1 minute,
and �nally walked with 1-2 km/h for 0.5 minute.

The other �ve data sets (Beckoning,Swing Arm,Elliptical
Trainer, Deep Keen BendandMixture) were recorded during
beckoning, swing arm, elliptical trainer and deep keen bend.
The �rst four data set was from 9 volunteers with age ranged
from 18 to 35, being composed of 9 recordings. The data set
of Mixture was from 4 volunteers, consisting of 4 recordings.
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(b) A subject with the hardware.

Fig. 4: (a) The block diagram of the hardware setup for data
recording. The ECG sensor was used to obtain a three-lead
ECG: LA, RA and LL. The LA and RA were placed at left
and right chest, and LL was placed at the left lower abdomen.
To collect PPG signals, a re�ective pulse oximeter sensor with
green LED was used. The PPG sensor was placed at the back
of the wrist. To collect three-axis acceleration data, ADXL345
was used. All the data from the sensors were processed by
STM32 which is a chip used for con�guring ECG, PPG
and acceleration sensors. Finally, all the data from STM32
were transmitted to a host computer used for data analysis,
processing and presentation. (b) A subject with the hardware.

Each recording lasts for 4 minutes. In each recording, there is
a single-channel PPG signal, a three-axis acceleration signal
and an ECG signal, recorded simultaneously from a subject.
All signals were sampled at 125Hz. Fig. 4(a) shows the block
diagram of the hardware setup for data recording. An example
of a subject with the hardware is shown in Fig. 4(b).

The details of the other �ve data sets (Beckoning,Swing
Arm, Elliptical Trainer, Deep Keen Bendand Mixture) are
described as follows.

Beckoningwas recorded during beckoning. In each record-
ing, subjects rested for the �rst and last 0.5 minutes. For
the other 3 minutes, subjects performed the movement of
beckoning. The movement of beckoning was very similar with
maneki-neko (literally meaning �beckoning cat�) which is a
common Japanese lucky �gurine that depicts a cat beckoning
with an upright paw.

Swing Armwas recorded during swing arm. In each record-
ing, subjects rested for the �rst and last 0.5 minutes. For the
other 3 minutes, the arm wearing sensors swung fore backward
with about an angle of sixty degrees.

Elliptical Trainer was recorded during elliptical trainer. In
each recording, subjects rested for 0.5 minute, then exercised
with 4-6 km/h for 1 minute, next exercised with 7-8 km/h
for 1 minute, then exercised with 4-6 km/h for 1 minute, and
�nally rested for 0.5 minute.

Deep Keen Bendwas recorded during deep keen bend.
In each recording, subjects rested for the �rst and last 0.5
minutes. For the other 3 minutes, subjects performed the
motion of deep keen bend. Before starting, subjects stood with
the waist and back straight and with the knees being in the
same direction as the tips of the toes. Note that the movement
of squat should be natural and smooth, and hands should be
put on the knees when reaching the lowest point of squat so
that the hands can give proper support when getting up.

Mixture was recorded during a mixture of three motions
(beckoning, swing arm and deep keen bend). The data set con-
sists of four recordings. In each recording, subjects rested for
the �rst and last 0.5 minutes. For the other 3 minutes, subjects
performed two types of motions. For the �rst type, subjects
performed beckoning for 1.5 minutes, and then performed
swing arm for 1.5 minutes. For the second type, subjects
performed beckoning for 1.5 minutes, and then performed
deep keen bend for 1.5 minutes. For four recordings in
Mixture, the �rst two recordings belong to the �rst type, and
the last two recordings belong to the second type.

B. The performance indexes
1) The performance index for identifying MA intensity:
To better evaluate the performance of HR estimation, an

effective way is to see whether one approach can work well
on the data set containing strong MA. To achieve this, it is
necessary to identify MA intensity in PPG signals, namely to
identify whether PPG signals contains strong MA. If one ap-
proach can achieve a satisfactory accuracy for HR monitoring
using PPG signals containing strong MA, it is robust to strong
MA, indicating a good performance of this approach.

In order to identify MA intensity in one recording, namely,
to identify whether MA in one recording is very strong, the
proportion of time windows identi�ed as being very strong
in one recording is calculated. The proportion is denoted by
Intensity and calculated by the following equation:

Intensity =
No

To
; (15)

where No denotes the number of time windows identi�ed
as being very strong by the condition expressed in the next
equation, andTo denotes total number of time windows in one
recording. The value ofIntensity is between 0 and 1. The
larger the value ofIntensity is, the stronger the MA in one
recording is.

Table I lists the comparison of six data sets (Running,
Beckoning,Swing Arm,Elliptical Trainer, Deep Keen Squat
and Mixture) in terms ofIntensity . For the six data sets,
the averages ofIntensity s of all recordings were 0.35, 0.22,
0.43, 0.54, 0.57 and 0.21 respectively. From the results we can
see that the MA inElliptical Trainer and Deep Keen Squat
are more strong than the MA inRunning, Fortune catand
Swing Arm. The results indicates that MA elimination and
HR estimation on the data sets ofElliptical Trainer andDeep
Keen Squatare more challenging than those of the data sets
of Running,BeckoningandSwing Arm.

Note that, to obtainNo in equation (15) for one recording,
we should design one condition to identify whether the MA in
one time window is strong or not. By comparing the spectra of
both PPG signals with very strong MA and PPG signals with
not strong MA, we observed that the spectrum of the former
usually has more spectral peaks than the spectrum of the
latter, and also obtained that the distance between the highest
peak and the true peak associated with HR (calculated by the
simultaneously ECG signal) in the former is usually farther
than the distance in the latter. Based on the observations, one
condition used to calculateNo in equation (15) is de�ned as
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TABLE I: The comparison of six data sets in terms ofIntensity . The larger the value ofIntensity is, the stronger the
MA in one recording is. This table shows thatElliptical Trainer and Deep Keen Squathave more strong MA thanRunning,
Beckoning,Swing ArmandMixture.

Data sets

Intensity Subject
Sub.1 Sub.2 Sub.3 Sub.4 Sub.5 Sub.6 Sub.7 Sub.8 Sub.9 Sub.10 Sub.11 Sub.12 Ave

Running 0.64 0.78 0.62 0.15 0.04 0.12 0.00 0.23 0.00 0.71 0.25 0.63 0.35
Beckoning 0.23 0.30 0.21 0.32 0.17 0.20 0.19 0.18 0.15 - - - 0.22
SwingArm 0.04 0.56 0.35 0.51 0.19 0.34 0.30 0.79 0.79 - - - 0.43

Elliptical Trainer 0.18 0.06 0.74 0.62 0.74 0.74 0.60 0.42 0.75 - - - 0.54
DeepKeen Squat 0.57 0.77 0.67 0.75 0.30 0.78 0.51 0.68 0.10 - - - 0.57

Mixture 0.51 0.13 0.05 0.16 - - - - - - - - 0.21

n <= � 1 & d < = � 2; (16)

wheren denotes the number of spectral peaks in the spectrum
of PPG signal in one time window,d denotes the distance
between the highest peak and the true peak associated with
HR, and� 1 and � 2 denote two small positive numbers being
3 and 2 in our experiments. The process of using (16) to
calculateNo is: set the initial value ofNo to 0; if MA in
one time window is identi�ed as being very strong by (16),
No = No + 1, otherwiseNo would not change.

2) The performance indexes for HR monitoring:
To evaluate the performance of our proposed HR monitoring

approach, the simultaneous ECG signal was used to calculate
the ground-truth. Using the ground-truth, two performance
indexes used in [3] were exploited. One was the average
absolute error de�ned as:

Error =
1
~W

~WX

i =1

jHR est (i) � HR true (i)j; (17)

whereHR true represents the ground truth of HR in thei -th
time window, HR est denotes the estimated HR values, and
~W denotes the total number of time windows.

The second one was the Bland-Altman plot used to verify
agreement between the ground-truth of HR and the estimated
HR values. In the plot, the horizontal axis represents the
average of two measures (the ground-truth and the estimates),
and the vertical axis represents the difference between the two
measurements, namely, the difference of the estimates and the
ground-truth. The Limit of Agreement (LOA) expressed by
[� � 1:96�; � + 1:96� ] was also calculated here, where� is
the average of the differences between the estimates and the
ground-truth, and� is the standard deviation of the differences.
In this range, 95% of all differences are inside.

V. EXPERIMENTS

In this simulation, we evaluated the performance of HR
estimation for six data sets ofRunning, Beckoning, Swing Arm,
Elliptical Trainer, Deep Keen SquatandMixture, respectively,
which were recorded during six motions of walking, fast
running, beckoning, swing arm, elliptical trainer and deep keen
bend. In the part of dictionary learning, the PPG dictionaries
and the MA dictionaries corresponding to the motions in
the six data sets were learned by MOD [28], separately. To
obtain the training data used for dictionary learning and human

motion recognition, the �rst �ve data sets (Running, Beckon-
ing, Swing Arm, Elliptical Trainer,Deep Keen Squat) adopt
the leave-one-subject-out method, which is chosen because
it resembles the real world situation [29]. In the real world
situation, one method is trained by the data from all the
available subjects, and then the method will be tested on new
subjects whose data did not exist in the data during training. In
the method of leave-one-subject-out, each time the data from
one of the subjects are used as testing signals, and the data
from the remaining subjects are used as training signals. Note
that, for the data set ofMixture, training data are obtained by
another way, instead of the method of leave-one-subject-out.
Speci�cally, the data in the other �ve data sets are used as
training data, and the data inMixture are tested. When testing
the performance onMixture, this way is similar to the real
world situation where the proposed method is trained by the
data from many motions, and then the proposed method will
be tested on a mixture of trained motions.

First, we present the ef�cacy of sparse representation (SR)-
based MA elimination. Fig. 5 shows the elimination of MA
caused by three different motions: swing arm, elliptical trainer
and deep keen bend. In Fig. 5(a), (or Fig. 5(b), or Fig. 5(c)),
from the spectrum of raw PPG we can see that the spectral
peak associated with HR is not prominent due to the effect
of MA. In contrast, the spectrum of PPG after SR-based MA
elimination clearly presents the spectral peak associated with
HR. The experiment indicates that SR-based MA elimination
can eliminate MA caused by three different motions (swing
arm, elliptical trainer and deep keen bend), making the spectral
peak associated with HR more prominent, which can help to
obtain a more accurate HR value.

We then present the results of HR monitoring for some
state-of-the-art HR monitoring approaches. Table II lists the
comparison of performances of some state-of-the-art HR mon-
itoring approaches (RandomForest [12], temko [17], TROIKA
[3], JOSS [15] and EEMD [14]) in terms ofError on six
data sets. Averaged across all the recordings in six data sets,
Error of the proposed approach was 2.40� 1.30 BPM.
These results show that the proposed approach can achieve
satisfactory accuracy on all six data sets, even on the two
challenging data sets:Elliptical Trainer andDeep Keen Squat.

Moreover, from Table II we can see that, RandomForest [12]
and temko [17] can achieve satisfactory accuracy on the data
sets ofRunning, Beckoning, Swing ArmandMixture, whereas
they can not work well on two challenging data sets:Elliptical
Trainer and Deep Keen Squat. For TROIKA [3], JOSS [15]
and EEMD [14], they can work well onRunning, whereas
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they did not always work well on the other �ve data sets.
In contrast, the proposed approach can achieve satisfactory
performance on all the six data sets. The results means that
the proposed approach is more robust than the other �ve
approaches for different motions in the six data sets. Further,
we can see that the standard deviation (std) of the proposed
method (1.30 BPM) is smaller than those of the other �ve
methods: 7.12 BPM for RandomForest [12], 9.73 BPM for
temko [17], 10.82 BPM for TROIKA [3], 15.97 BPM for JOSS
[15] and 19.36 BPM for EEMD [14]. The results again indicate
that the proposed approach is more robust than the other �ve
approaches for different motions in the six data sets.

In the table, for the performances of the other �ve methods,
we found that there are some outliers, such as 70.18 in
TROIKA [3]. Considering theErrors without outliers larger
than 15 BPM, the averageErrors on all the recordings
for the �ve methods are 3.25 BPM, 3.95 BPM, 3.52 BPM,
4.94 BPM and 2.95 BPM. If some outliers in the other �ve
methods are removed, we also remove the corresponding errors
in the proposed method. Since the outliers in the other �ve
methods are different, the proposed method removes different
errors, obtaining �ve different averageErrors: 2.35 BPM,
2.27 BPM, 2.40 BPM, 2.19 BPM and 2.07 BPM. The results
show that the performance of the proposed method is still
better than that of the other �ve methods, even though the
outliers have been removed.

To better compare the methods in Table II,t-test is adopted
to test whether the estimation errors of the proposed method
are signi�cantly different from those of the other �ve methods.
Here we consider averageErrors without outliers larger than
15 BPM. Based ont-test, the estimation errors of the proposed
method was signi�cantly different from those of the other �ve
methods at the signi�cant level� =0:01. The p values were
7:99� 10�31 for the proposed method and randomForest [12],
2:22� 10�6 for the proposed method and temko [17],1:61�
10�73 for the proposed method and TROIKA [3],6:86� 10�76

for the proposed method and JOSS [15], and7:21� 10�23 for
the proposed method and EEMD [14].

To further show the performance of the proposed approach,
Fig. 6 gives the Bland-Altman plot. In the �gure, the absolute
value of � for six data sets were 0.52 BPM, 0.46 BPM,
0.29 BPM, 0.88 BPM, 0.23 BPM and 0.09 BPM. From the
results we can see that� in the six data sets are all close
to zero. We also can see that most of the points are close
to �, which means that the estimates are close to the ground
truth. The results mean that the proposed approach can achieve
satisfactory accuracy on all six data sets, indicating that it is
robust to different MAs caused by different motions and is
robust to strong MAs in the data sets ofElliptical Trainer
andDeep Keen Squat. This �gure indicates a good estimation
performance of the proposed approach.

Fig. 6 can also indicate the range of HR where MA is very
strong. For example, from Fig. 6(e) we can see that large
errors (outside the red line) occur frequently in a low HR
range. This indicates that, forDeep Keen Squatin Fig.6(e),
the proposed method made large errors in a low HR range.
This phenomenon may indicate that MA is very strong in a
low HR range forDeep Keen Squat.
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Fig. 5: Experiments showing the bene�t of SR-based MA
elimination using PPG signal segments during three motions:
swing arm, elliptical trainer and deep keen bend. The �gure
shows simultaneously recorded ECG and its spectrum (calcu-
lated by Periodogram), simultaneously recorded raw PPG and
its spectrum, and PPG after SR-based MA elimination and its
spectrum. The red circles indicate the spectral peak associated
with HR calculated from simultaneously recorded ECG.

VI. D ISCUSSIONS

In this paper, we focus on some common quasi-periodic
motions that could be modeled. Though quasi-periodic mo-
tions are a speci�c subset of motions, eliminating MA caused
by quasi-periodic motions are still challenging, because quasi-
periodic motions may be detected as a HR component falsely
and thus may result in inaccurate estimation of HR.








