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ABSTRACT

A Study of Algorithms for Monitoring Heart Rate and
Agility Index

Luan Dinh

Advisor: Prof. Youn Tae Kim, Ph.D.
Department of IT Fusion Technology,
Graduate School of Chosun University

For ubiquitous healthcare systems, health monitoring and evaluation in a
flexible way are essential functions. The ability to monitor physical
activities and cardiac activities can aid in determining clinical diagnoses,
observing the physical demand of human circulatory system, assessing the

intensity of physical activity, and evaluating general health conditions.

In this thesis, algorithms for real-time wireless monitoring of heart rate
and agility index, which were implemented in the patched-type sensor
module are presented. The proposed method for detecting heart rate was
developed by the combination of the following techniques: digital filtering to
reduce the effect of noises, threshold QRS detection, T-wave discrimination
technique, which provides high ability to distinguish QRS complex from
T-wave and template matching method to discriminate QRS complex from
VPC. We suggested agility index as a helpful indicator for the evaluation of

exercise performance. The algorithm used to calculate agility index was

Vii



based on several digital processing techniques of multi-axis accelerometer
signals. We developed a real-time wireless system (AirBeat'™) for health
monitoring and evaluation based on the effective algorithms executed in
sensor module and the analysis software. For testing, the CASE system
(from General Electric Medical Co., USA) was used as a reference system,
and the Bruce protocol was conducted. For heart beat, the error rate was
within 6.2%. The correlation coefficient between average agility index and a
conventional agility point was over 0.8. The change of heart rate and
agility index can be monitored very effectively and measured at the same
time during exercise. Such monitoring and measurement capabilities can

™

provide our AirBeat = system with the ability to evaluate health condition.
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[. Introduction

A. General Description of ECG and Agility Index

1. Electrocardiogram (ECQ)

1.1 Introduction

The electrocardiogram (ECG) describes the electrical activity of the
heart. It is obtained by placing electrodes on the chest, arms, and legs.
With every heartbeat, an impulse through the heart, which determines its
rhythm and rate, causes the heart muscle contract to pump blood. The
voltage variations measured by the electrodes are caused by the action
potentials of the excitable cardiac cells, as they make the cells contract.
An ECG is characterized by a series of waves, the morphology and timing
provide information used for diagnosing diseases that can be identified by
disturbances of the electrical activity of the heart. The pattern that
characterizes the occurrence of successive heartbeats is also very
important.

The Dutch physiologist, Willem Einthoven, developed using a string
galvanometer that was sensitive enough to record electrical potentials on
the body surface. He also defined sites for electrode placement on the
arms and legs which remain in use today. ECG recording has developed
incredibly and become an indispensable tool in many different contexts. The

ECG record is used today in a wide variety of clinical applications.



1.2 The Integrated ECG

The heart comprises several different types of tissues such as:! sinoatrial
(SA) and atrioventricular (AV) nodal tissue, atrial, purkinje, and ventricular
tissue. Each type of cells exhibits its own characteristic of action potential.
During pumping action, the ECG corresponds to the sum of the electrical

activities come from different tissues, as shown in Fig. 1.

branches

Purkinje

) T T T T T T 1
Time(msj 0 100 200 300 400 500 600 700

Fig. 1. The integrated ECG.

For monitoring of health condition, heartbeat is a very useful parameter,
because it provides the vital signs of heart functions. The morphologies and
inter—beat intervals of heartbeats can reveal the condition of heart

contraction.



The ECG is used to analyze heart condition for many years. The use of
ECG signal is the most accurate method for detecting heart rate. The QRS
complex is the most outstanding waveform in the ECG, because it is related
to the electrical activities in the heart during the ventricular contraction.
Much useful information about current state of the heart is provided by the
shape of the QRS complex and the time at which it occurs.

The electrodes used for ECG recording are positioned so that the
spatiotemporal variations of the cardiac electrical field are sufficiently
well-reflected. The difference in voltage between a pair of electrodes is
referred as a lead. The ECG is typically recorded with a multiple-lead

configuration.

1.3 The Standard 12-Lead ECG

The heart's electrical activity can be recorded from electrodes on the
surface of the body. The lead system, which is used to record the ECG, is
formed by 12 positions of a pair-electrode. The 12-lead ECG provides
spatial information about the heart's electrical activity in three,
approximately-orthogonal directions ie., right and left; superior and inferior;
anterior and posterior. Each of the 12 leads represents a particular

orientation in space, as shown in Fig. 2.



Right arm Left arm

- EEEee D

f

Fig. 2. Lead placement diagram.

Right Arm : RA, Left Arm: LA, Left Foot: LF.
Bipolar limb leads (frontal plane):
+ Lead I: RA (=) to LA (+)
+ Lead II: RA (=) to LF (+)
+ Lead III: LA (=) to LF (+)
Augmented unipolar limb leads (frontal plane):
+ Lead aVR: RA (+) to [LA&LF] (=)
+ Lead aVL: LA (+) to [RA&LF] (-)
+ Lead aVF: LF (+) to [RA&LA] (=)

And others unipolar (+) chest leads in horizontal plane include leads V1,

V2, and V3 (posterior anterior), and leads V4, V5, and V6 (right left).
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2. Agility Index

The Agility index is the ability to change the position of body in an
efficient and effective way, which requires the combination of balance,
coordination, speed, reflexes and strength. Balance is the ability to maintain
the equilibrium during physical activity, which includes several coordinated
actions controlled by body's sensory functions. For an athlete, the ability to
maintain balance under changing condition of body movement (dynamic
balance) is more important than ability to keep the center of mass above
the base of support in stable conditions. Coordination is the ability to
control the movement of body in cooperation with the body's sensory
functions. Speed is the ability to move all or part of the body quickly.
Strength is the ability of muscles to overcome a resistance.

In sports, agility can indicate the potential of athletes, in order to
improve agility many training exercises have been proposed. Agility index
is manually calculated by a supervisor. The measurement of agility is based
on the time it takes an athlete to complete the prescribed exercise or how

many steps he or she can complete during a given period of time.

B. Research Necessity

The increasing of social interest in healthcare has resulted in enhanced
public demand for programs and activities that promote health and physical
development. Currently, health-related devices are becoming the
commercial products. Various types of devices have been developed for use
in physical fitness training for assessing the physical state of the body.
However, most of them are only used in the limited space (indoors) or

cause some disadvantages in the exercise. In our modern society, people
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are confined in a stuffy, high press work environment and they have to
deal with the lifestyle imposed by crowded cities. So, outdoor spaces, such
as parks or nature—friendly areas, are preferred. The demand for the
development of devices that can be used outdoors to measure and manage
physical fitness and exercise training is increasing rapidly. For a healthcare
system, especially in sports activities, a wireless patched-type sensor
module that can provide the desired information and analyses is essential,
because it provides subjects a flexible and freely-moving condition. The
information provided by the combination of simultaneous monitoring of heart
rate and body movement intensity comprises a valuable set of physiological
and behavioral data related to the physical activity and cardiac activity. It
is widely known that the intensity of body movement has a close
relationship with the physical demand of the human circulatory system. The
added knowledge about the subject's activity intensity provides valuable
information for monitoring, diagnostics, or health alerts.

The manual measurement, calculation, and analysis of the agility index is
inconvenient. The accuracy of heart rate monitoring during intensive
physical activity is not high, which means that it is difficult to determine
with appropriate accuracy when an emergency situation is occurring by just
analyzing heat stress. Every year, many athletes and students have strokes
and die after intensive exercises or athletic competition due to our inability
to forecast such problems or manage them properly when they occur.

In this thesis, algorithms for flexible, high—accuracy monitoring of heart
rate and agility index are proposed. A wireless system for evaluating,
training and monitoring of athletes, as well as providing emergency forecast
of potential problems by assessing the combination of heart rate and agility

index information, was developed.



C. Research Goals

As mention above, the purposes of our study were to provide a suitable
and high accuracy method for heart rate monitoring in harsh conditions of
athletes encounter; develop a new indicator that correlates well with
conventional agility index; focus on the development of a small,
light-weight, patched-type sensor module to collect vital information about
health conditions of subject. The aims of this study are:

(1) To increase the accuracy of Heart Rate detection of athletes by

using multiple techniques.

(2) To provide a new method to calculate agility index in flexible,

highly—sensitive way.

(3) To develop a real-time, wireless system for health monitoring and

evaluation base on effective algorithms executed by a sensor module and

by the analysis software in a computer.

D. Thesis Organization

In Chapter I, background knowledge and the principle of ECG signal and
agility index are introduced. Also, the reasons for conducting the research
and its final target are presented. In Chapter II, we present the common
methods for detecting heart rate, and calculating agility index. The
problems and limitation of each methods are discussed, and our proposed
methods are described. The system we developed and the results of its
performance evaluation are described in Chapter III. Our conclusion are

provided in Chapter IV.



II. Algorithms for Monitoring Heart Rate and
Agility Index

A. Heart Rate Detection Algorithm

Normally, an ECG signal contains several types of waves with differing
periods, as shown in Fig. 3. The P wave represents the initiation of the
heartbeat in the upper chambers of the heart (atria); the duration of the P
wave is usually less than 0.12 second. The QRS complex corresponds to
the lower chambers (ventricular) depolarization. Its duration is normally

0.04 to 0.12 second. The T-wave represents the recovery phase.

RR Interval

Y, Nad

P wave : T wave
_...._f\

S

s

Complex

o
o

Fig. 3. The components of ECG signal.

In order to calculate heart rate, we must specify the position of the QRS
complex and the RR interval precisely. (RR interval is the time that elapses

between two consecutive R waves).



1. Problems in QRS Detection

Highly-accuracy QRS detection is difficult because various types of
noises occur in the ECG signal. Muscle action, electrode motion, baseline
instability can be the sources of noises. The occurrence of T waves with
high frequency characteristics similar to those QRS complex can be
obstacles for QRS detection. This is especially an issue for athletes
engaged in high intensity activities, because the ECG may have a lot of
noise. Unexpected noise with random amplitude and frequency easily can
cause false detection. In addition, the physiological variability of the QRS
complex requires more effort to detect heart rate. A detailed description of
each noise signal and its characteristic is given bellow:

Motion artifacts: During the movement of subject, the motion of electrodes
changes the electrode—-skin impedance lead to the transient (not step)
baseline changes. As electrode-skin impedance changes, the ECG amplifier
recognizes a different source impedance, which form a voltage divider with
the amplifier input impedance. Therefore, the amplifier input voltage
depends on the source impedance. Normally, we consider motion artifacts
as vibrations or movement of the subject. The shape of the baseline
disturbance caused by motion artifacts can be assumed as a biphasic signal
resembling on cycle of a sine wave. The peak amplitude varies up to 500
percent of peak-to-peak ECG amplitude, and the duration of the artifact
ranges from 100 to 500 ms.

Electrode contact noise: Electrode contact noise is transient interference
caused by loss of contact between the electrode and skin, which effectively
disconnects the measurement system from the subject. Movements and
vibration of subject bring the loose electrode in and out of contact with the

skin, this loss of contact can be permanent or intermittent. The switching
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action at the input of measurement system can result in large artifacts
since the ECG signal is usually capacitively coupled to the system. The
60-Hz interference may be significant as the amplifier input is
disconnected. Electrode contact noise can be modeled as a
randomly-occurring, rapid baseline transition (step), which decays
exponentially to the baseline value and has a superimposed 60-Hz
component. The transition may occur only one, or rapidly occur several
times. The characteristics of this noise signal include the amplitude of the
initial transition, the amplitude of the 60-Hz component, and the time
constant of the decay. The duration can be 1 s and the amplitude is up to
the maximum output of the recorder.

Electrical activity of muscles: Muscle contractions cause artifactual
milivolt—level potentials to be generated. The baseline of electromyogram is
in the microvolt range, so it is usually insignificant. The signals that result
from muscle contraction can be considered as transient bursts of
zero—mean, band-limited Gaussian noise.

Baseline drift and ECG amplitude modulation with respiration: The drift of
the baseline with respiration can be represented as a sinusoidal component
at the frequency of respiration added to the ECG signal. The frequency and
amplitude of this component should be variable. The amplitude of the ECG
signal also varies about 15 percent with respiration. The variation could be
reproduced by amplitude modulation of the ECG and the sinusoidal
component that was added to the baseline.

Sometimes atria premature contraction (APC) and ventricular premature
contraction (VPC) occur in detected signal. The APC and QRS complex
have similar wave form to a normal contraction while the VPC wave is
difference from the shape of QRS. Using threshold method, one can

recognize QRS and VPC waves, but cannot distinguish them because of the
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lack of information about wave form.

2. Related Works

Software QRS detection has been a research topic for long time, and,
with the great advances in computer technology, the computational load is
no longer a concern. Many new approaches of QRS detection have been
proposed and implemented using computer such as algorithms from the field
of artificial neutral networks, genetic algorithms and wavelet transforms.
However, in this study, the algorithm for the detection of QRS was
implemented in a battery-driven device. The computational load and power
consumption need to be considered, and, for this reason we conducted
studies to determine the strong points of the following approaches, and we
incorporated those points in our algorithm, called the First Derivative based
Algorithm: Holsinger et al. [5] proposed a QRS detection scheme base on
first derivative, the equation they used is shown below :

Yy = Xy~ Xy (1
This array is searched until a point is found that exceeds the slope
threshold Y(;) >0.45 . QRS candidate occurs if another point in the next
three sample points also exceeds the threshold:

Yi+pand Y4 and Y44 > 0.45. (2)

Amplitude and First Derivative based Algorithm: This algorithm was
proposed by Gustafson [6]. The first derivative is calculated at each point
of the ECG:

Yi) = Xus 1) — Xo-1) 3)
The first derivative array is then searched for points which exceed a
constant threshold: Y{; > 0.15, also the next three derivative value

_11_



If all above conditions are met, and if the next two sample points have
positive slope amplitude product

Y+ Xirnand Y o) X0) > 0 (5)
point i is considered as a QRS complex.
Digital Filters based Algorithm: Okada et al. [7] proposed a QRS detection
algorithm, in which the first stage smooths the ECG using three-point
moving average filter:

YO,

[X(nfl) + 2X(n) + X(n+ 1)]/4 (6)

then the output is passed through a low-pass filter:
n+m
Vi) = [1/@m+1)] Y, (YO,) @)
k=n—m
the difference between input and output of the low-pass filter is squared:
YQ(") == (YO(") - Yl("))? (8)

then the squared difference is filtered:

n+m

Y3(n) = Y(?)[ Z YQ(k:)]Qv (9

k=n—m
finally, the fourth array is formed by:
Yi(,) = Y3(,) if[Y0(,) — Y04, )] [ YO(,) = YO(, 4 ] >0 (10)
otherwise Y4,y =0
the threshold 1s determined by:
Threshold = 0.125max | Y4,)]. (11)

The QRS complex occur when a point in Y4u exceeds the threshold.

3. Proposed Algorithm

As mention above, several methods have been suggested for eliminating
noise In the ECG signal, with positive results. However, in our study we

aim to find an effective method, that takes advantage of the strong points
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of these methods and that is suitable for low processing capacity of a
patched-type sensor. The algorithm for detecting heart rate was focused on
analyzing the athlete's heart rhythm during exercise.

We have redesigned a well-known, band pass filter-based R-wave
detection algorithm to make it more robust during motion. This algorithm
processes acquired Lead II signal according to the flowchart shown in Fig.

4.

T wave
identification
" y
Enhancement digital
filter Template match
v VPC detection

Threshold

QRS detection =

ECG >

Fig. 4. The flowchart of heart rate detection.

The ECG signal is converted into digital signal by an analog-to-digital
converter (ADC) with a sampling rate of 200 Hz, and this 12-bit A/D
stores data for a period of 3 seconds before converting them to 8-bit data
and sending them to processing components. The digitalized signal is
passed through the enhancement digital filter stage to reduce the effect of
noise and obtain other major information about QRS complex. The filter

stage includes the following processing steps (Fig. 5).
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Low-pass R High-pass
integer filter integer filter

.| Moving-window
integral

»  Differentiation > Squaring

Fig. 5. Enhancement digital filter.

The combination of low and high pass creates an effective band-pass
filter. The passband is up to the maximum energy of QRS complex, which
is approximately 5 to 15 Hz. Because we only use the integer coefficient,
which reduces the operation of the micro-processor by a considerable
amount, the real-time filtering, and other calculations to identify the QRS
can be implemented by micro—controller (MSP430F149). Low-pass filter:

The transfer function of the low-pass filter is described by:

(1—29)?
H , =——"" (12)
(2) (1_2—1)2
The amplitude response is:
sin? (3w T)
H, n =——7—"—. (13)
| sin® (3w T/2)

Where T is the sampling period (units). The difference equation of the
filter 1s given by:
Y1) = 2Yr- 1)~ Yur—27) T L) ~ 2Z(0r—67) T Tln1— 127> (14)
High-pass filter: The high-pass filter will subtract the low frequency
components from the output signal of previous low-pass filter, the transfer
function is:

_ - 16 —32
H<Z>:( 1+32z _1+z )' (15)
1+z2

The amplitude response is:

(256 + sin® (16w T)]'/?

cos(wT/2) (16)

|H('u;T)| =

_14_



The difference equation is:
Yur) = 32Ty - 167) — [y(an 7t T T Tar- 32T)] an
The differentiation step will provide the QRS complex slope information,
the transfer function is:
H.y= (1/8T)(—z*—22"+22 +2%) (18)
The amplitude response:
|Hi,ml = (1/4T)[sin 2w T) + 2sin(wT) (19)
The difference equation is given by:
Yo = /8D =2(r—ar) = 2Z(ar—1) + 2T(nre 1) + Tt 21)) (20)
After differentiation, the signal is passed through squaring process in
order to enhance the slope of the frequency-response curve of the
derivative and reduce false positives caused by highly abnormal energy T

wave. In this stage, the signal is squared point by point with the equation:

Y1) = [T (21)
Finally, the moving-window integral process was used to obtain
information about slope and width of QRS complex. The equation of this
process is
Yur) = U/N)z(r- vy + Tlar— (v—2)1) + - + T m)] (22)
The width (number of samples) of moving-window is very important; it
should be the same as the widest possible QRS complex in ECG signal. If
the window is too narrow, the integrated waveform will produce several
peaks. On the other hand, if the window is too wide, the QRS and T wave
will be merge to form the integrated signal. These problems can cause
difficulty for detecting the QRS complex in the next step.
The filtered signal is passed through an adaptive-threshold, QRS
detection procedure to detect the QRS candidate (QRS"). Through the QRS
detection stage, thresholds are chosen and adjusted to float over the noise.

Taking the advantages of high signal-to—noise provided by digital filter in

_15_



previous stage, both low and high threshold are used. First, the higher
threshold is used to detect QRS", and, if there is no found signal within
pre—defined period, the back—-searching process conducted using the lower

threshold. The details of this process are shown in Fig. 6.
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Find maximum peak value
(during 3 sec)

A

Determine threshold value
(Threshold = 0.5* Max peak value)

A

Find first point is
over threshold value

A

A

QRS candidate is removed
and skip 240msec region

Find Max peak point
If bigger peak is found of QRS candidate

(Searching region is 240 msec
from first threshold over point)

A

If RR interval is less than
200msec remove and

Find peak bigger than candidate
(Searching region is 240msec
before and after candidate)

skip 240msec region

If present RR interval is longer
Than before 1.3*RR interval

Back-searching process

1. Decide back-searching threshold value
(threshold = 0.2*Max peak value)

2. Find point over threshold value

3. Find max peak point of QRS candidate
4. Find peak bigger than QRS candidate
5. Decide QRS* or remove

Compare RR interval

| __All condition

Pass

Pass interval compare

—»>

QRS candidate is decided
QRS* peak

Fig. 6. Adaptive threshold QRS detection.
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Find the maximum peak value: The input data are stored in three
seconds, and, then max-value is selected by measuring the peak to peak.
The high threshold is a half of max peak value. Find the QRS candidate:
Search the max-value in 240-msec interval region from the first point
over the threshold value. Peak value comparison: The comparison to other
peak value is conducted, and the QRS candidate will be considered as a
QRS complex if it is the only maximum value in the region of 240 msec
before and after it. If there is a peak value greater than the QRS
candidate, 240-msec interval region is skipped, and the candidate is
removed. QRS interval comparison: The RR interval between the decided
QRS candidate and previous QRS will be compared to the previous RR
interval. If current RR interval is too short, it means that the T wave or
other abnormal signal is detected. If current RR interval is longer than 1.3
times of the previous RR interval, there is a possibility of missing the QRS
complex. So, the back-searching process is performed. Back-searching
process: As back-searching process is conducted, the low threshold is
decided by 0.2 times of the maximum peak value. After that, the decision
of QRS complex is performed as above process. After going through the
steps above, the QRS" is decided and will be inspected again before being
identified as a QRS complex by the template match stage. We calculate the

cross correlation coefficients between QRS#* and QRS template, defined as

Coe = - i / ; (23)

Where x; and y; are QRS" and QRS template, respectively. The

coefficient has the values between -1 and +1. The wvalues that are
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approximately equal to 1 show a high similarity to the QRS template. On
the other hand, the lower numbers refer to VPC, which has a different
wave shape. To minimize the calculation, the window size N of QRS
template only spans the duration of detected QRS" and it is updated after
each QRS is decided. In the above steps, the QRS peaks are dropped if
they are lower than 50% of the previous value. The QRS complex which
does not show heart rate within 30 to 250 bpm is rejected. Finally, the

algorithm calculates the heart rate.

B. Agility Index Algorithm

1. Physical Activities Monitoring

Human motion analysis has been primarily dominated by video camera.
C. R. Taylor et al. [8] digitized the captured video of motion states, and
the movements, can be enhanced further for analysis through motion
analysis software. In a study conducted by K. Aninian et al [9], physical
activities were monitored based on accelerometers and compared with
video observation. T. Ryan Burchfield et al. [10] developed a wireless
sensor application that detects abnormal human movements, such as
seizure. In another study [11], a kinematic sensor that was composed of a
multi-axial accelerometer and gyroscope was used to monitor the daily
physical activities of elderly people. J. Ng et al. [12] developed a device
that can record information about body position along with ECG signal in
order to aid clinical diagnosis. However, motion detection with multiple
cameras requires complicated setup in a limited space, so it is unsuitable
for monitoring people in outdoor or mobile environments. The above

studies, which were related to body posture, were limited by the accuracy
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of the system. In order to acquire more accurate depiction of body posture
and position, it would be necessary to mount more sensors at various

places on the body.

2. Proposed Algorithm

We developed an agility index for evaluating the exercise performance
and potential of athletes. This new indicator has high correlation coefficient
with conventional agility index. In this study, the change of acceleration in
exercise was detected by using a 3-axis accelerometer (MMA7260Q). With
the fine—grained sensitivity of this sensor, we were able to adjust the
sensitivity range at low gravity levels or to acquire more coarse—grained
data acquisition at high gravity levels. Because our study aim was to
measure the motion signal of athletes, the accelerometer was configured at
-6G to 6G range. The proposed algorithm that was used to calculate the
agility index was based on several digital signal processing techniques, as

shown in Fig. 7.

3-axis acceleration Robust zero-
signal crossing detection

!

Feature calculation

A/D conversion
filtering

v -

Agility index
calculation

Normalize E——

Fig. 7. The flowchart of the agility index calculation.
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First, the acceleration signal is digitalized by wusing a 12-bit,
analog-to-digital converter with a 100-Hz sampling rate. Because the
signal is not noise free, a pre—processing stage was required to reduce the
effect of noise. For digital filtering, a band-pass filter and the moving
average were used.

For each axis, the accelerometer generates an analog voltage that is
relative to the accelerometer force parallel to that axis. The g-value of
each axis was computed independently and then combined into a single
value that required less memory and computational resources of

micro—controller. The root—-mean squared formula is as follow:

9= Vg +tg +g (24)
Base on the output characteristics of the MMA7260Q sensor, the detected
signal was always positive. However, the real acceleration can be positive
or negative, depending how the velocity changed. Therefore, the filtered

signal was passed through a normalize stage, as shown in Fig. 8.

. = ({4

» » |
» »

Positive signal Zero reference Real acceleration

Fig. 8. Normalize stage.
In oder to reduce the effects of noises, the zero reference point is the

output of accelerometer at non—-movement condition. The accelerometer

output varies from the minimum (Vagmin) to the maximum (Vaamax) value. The
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zero value is near to Vadmn * (Vddmax — Vaamin)/2. Values that are greater
than the reference point represent positive values of acceleration, and the
lower values represent deceleration.

In the above steps, zero-crossing detection is the most important step.
Actually, "zero—crossing" is a common term in electronics, mathematics, and
image processing. In math, this usually means the change of sign, e.g., from
positive to negative, that occurs when the graph of a particular function
crosses the axis (zero-value). In actuality, many noise factors affect the
acceleration signal. So, we have to design the robust zero-crossing
detector.

As shown in Fig. 9, our zero—crossing detection algorithm uses the
following steps.

APP

Acceleration
A

(g) AEP

+thr

\ @
U]
thr \

Fig. 9. The procedural drawing of the robust zero-crossing detection

algorithm.
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(1) Determine the positive and negative threshold (+thr and -thr)
considering the noise margins.

(2) When signal strength goes above +thr, we can find zero-crossing point
by decreasing sample index from the intersecting point. Then, the
zero—crossing point is named as the Acceleration Start Point (ASP).

(3) After finding ASP, the Acceleration Peak Point (APP) can be detected as
a peak value by increasing the sample index from +thr intersecting
point.

(4) Then, we consequently find zero-crossing point as Acceleration End
Point (AEP) by increasing the sample index.

(5), (6), (7) We reiterate these steps in the negative threshold, -thr.

With this procedure we can reduce the possibility of the extraction of
the false value due to motion artifact noise. The results of algorithm's
performance tests show that it achieved correct detections on the simulated
acceleration signal 99% of the time. We can calculate feature values by
using the extracted feature points that were provided by robust
zero—crossing detection. The feature value is experimentally selected as
tri—angular area of ASP, APP and AEP, since this area value shows the
best correlation with agility performance test in zigzag run, side step test,
burpee test and shuttle run test. Finally, agility index was defined as the
average triangular areas of the graph of accelerations per second, as
shown in Fig. 10.

We evaluated the new indicator by calculating the correlation coefficient
between the agility index in this study and the conventional agility index

used for exercise.
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Accelermtion

| (@)

Fig. 10. The conceptual acceleration waveform with feature points, feature

value (triangular area) and agility index (the sum of area per sec).

_24_



III. System and Performance Evaluation

A. AirBeat™ System

Our health evaluating system includes a wireless sensor module with two
proposed algorithms implemented and a computer with analysis software.
The sensor is attached to the chest of the subject to measure heart rate
and agility index. The measured information is sent to host computer where
analysis software performs processing, analyzing, and displaying functions.
The system is shown in Fig. 11. From left to right are the receiver, the

sensor module, and the analysis software.

Fig. 11. AirBeat™ system.
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The patched-type sensor module for real-time monitoring of heart rate and

agility index is shown in detail in Fig. 12.

Fig. 12. The patched-type sensor module.

Table I shows the specification of sensor module

Table I. Specifications of the sensor module.

Item Description
System clock 4MHz
Program memory 64Kbyte flash memory
Data memory 2Kbyte RAM

AD converter

12-Bit internal reference

Sampling rate

200 sample/s

Program language C
Compiler IAR C/C++ compiler for MSP430
Power supply DC 3.3V
Comm. module Zigbee
Comm. distance 400m
Channel 8 ch
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With the support of analysis software, a technician can observe both heart
rate and agility index at the same time in real time or save subject's
information for further offline analysis and evaluation. Detailed software

specification are provided in table II.

Table II. Specifications of AirBeat™ software.

Compiler MS Visual studio .NET
Program language C#
Microsoft windows XP Professional
PC OS .
V.2002 Service Pack 2
PC Intel pentium® 4 CPU 2.60 GHz
RAM 1.0 GB
Port USB 2.0

Fig. 13 is an example of heart rate (line graph) and agility index (bar

graph) displayed by AirBeat™ system.

F T T Tl rr1iMr Ty rrrrY 1l

Fig. 13. Displayed information (heart rate and agility index).
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B. Case System

CASE system, a commercial product of General Electric Medical Co.,
USA. is a well known system for heart rate monitoring and diagnosis.
The CASE system enables clinical excellence with outstanding data quality
and accuracy in an easy-to-use system. Diagnostic support provided by
the CASE system includes 1) full-disclosure data that enable the review
and re-analysis of every beat and arrhythmia for enhanced clinical
confidence and 2) risk-predicting algorithms that assist technician in
predicting patients are at risk for sudden cardiac death.

The system is shown in Fig. 14.

Fig. 14. CASE system.
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C. Evaluation of The Heart Rate Detection Algorithm

In order to evaluate the performance of proposed algorithm, we
performed a test in which a runner's speed was change, and we monitored
the test simultaneously with the reference system and with our system
(AirBeat™), then compared the results.

We use the CASE system (GE medical, USA) as a reference system. Heart
rate information was real time monitored and gathered simultaneously from
both the reference system and our system. Fig. 15 shows the equipment

setup.

Fig. 15. Equipment setup for the comparative test.

During the test, five male subjects (Table III) at the ages 27 and 28, ran
on the treadmill machine at speeds that ranged from 0.2km/h to 13km/h,

with the speed increased incrementally as shown in Table IV.
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Table III. Subjects information.

Subject | Gender | Age Height Weight Heart disease
S1 Male 28 168cm 76kg no
S2 Male 28 176cm 71lkg no
S3 Male 27 177cm 71lkg no
S4 Male 28 168cm 64kg no
S5 Male 27 170cm 68kg no

Table IV. Speed profile.
Step Duration (second) Speed (km/h)
1 0-:60 0.2
2 60 - 180 3
3 180 - 300 5
4 300 - 600 10
5 600 — 780 13

Table V. Electrode position on subjects.

Subject

S1
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S2

S3

S4

S5
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The results in comparison with CASE system are shown as follow:

Table VI. HR comparison results.
Subject
o 1}
e aaapt
|
-”—\'.’HI(
160 —
g_, == S
S1 2 . e
o = a-lM
& 18
1]
P4 TI0 1R nd @ 22 2E 28 M A4 37 40 40 45 8B B2 EE B & 2487 TO
Time (s)
a0
4D 'l
— o \J
g.-:-:\ o
) J,J
& <9 e R
S2 T ey T
o L SRR
T 4 T 0 TF8 "B E S8R MM FT A0 A3 48 48 ET EEER BT B4 BT TO
Time (s)

_32_




S3

(& ]

50 Bg s 00y U0 s 00580 99 p 00 s B0 BB b e gl s s bus s g B0 s BB el sl sl DU 00 sl s plaily

37 41 45 4@ B2 &7 81 €6 69
Time (s)

—— =R 33

-

——

S4

H_R [bpm}.

0

§1 34 37 40 43 46 4% 32 66 66 61 6267 7O

_33_




i 1|
. F il l
E
- pranti¥in gty
I P
£ .
£ 100
85 Ch
4t
i 1 s 2 B B 8 T 4 & 48 45 E3 i &
Time (s)

These results show that during wide range of exercise speed, AirBeat™
system can provide highly accuracy of heart rate detection that was within
6.2% difference (compared to the CASE system). The average errors are

shown in Table VII.

Table VII. Average errors.
Subject Error
S1 1.2%
S2 1.4%
S3 5.2%
S4 1.5%
S5 6.2%

As mentioned above, CASE system i1s well-known for heart rate
monitoring and diagnosis which provides highly accurate information about

heart rate. However, CASE system uses wired electrodes which attached to
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body surface of subject to measure the heart rate. The wired electrode
system only works in limited space (indoor) and causes inconvenient for
subject. According to the results of the comparison our wireless system
and CASE system which shown in table VII, one can see the error range is
from 1.2% to 6.2%. It means the difference between our AirBeat'" system
and CASE system in measured heart rate is in acceptable range (less than
6.2%). In addition, our wireless system can provide a flexible way to
measure heart rate. Without the constraint of wired electrode, our system

can perform heart rate monitoring with high accuracy in outdoor condition.

D. Evaluation of Agility Index Algorithm

As mention above, in our approach to calculate agility index, detecting the
zero—crossing is a very important process that extracts feature points of
the acceleration signal. This function was evaluated by using simulated
signal in an environment that included noise. We use a generator to
simulate the signals with noises level control shown in Fig. 16. Our robust
zero—crossing detector showed good extraction of feature points with 1%

error.
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Fig. 16. Screen shot of the simulated signal generator program for

evaluating the feature point extraction.

After zero-crossing detection, we conducted real-time monitoring of agility
index. We evaluated the accuracy of our agility index that were determined
based on the athlete's exercise states. In this experiment, 10 athletes
performed several kinds of tasks, such as a zigzag run, the burpee test and
side step, and a 20-m shuttle run. The =zigzag run was a run in a zigzag
pattern, using long strides with each step, swinging both elbows from
side-to—-side and leaning the body toward the direction of motion. The
burpee test is a full body exercise that is performed in five steps, ie., (1)
standing position, (2) drop into a squat position with hands on the ground,
(3) kick foot back while lowering yourself without a pushup, (4) return foot
to the squat position while straightening arms, (5) leap up as high as
possible from the squat position with arms overhead. The Side-step test is
performed by standing at a center of line, then jumping to the side and

touching the line with the closest feet, jumping back to the center then
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jumping to the other side. The shuttle run is performed by sprinting as fast
as possible from the starting line to the finishing line, picking up a block,
and returning the block to the ground behind the starting line. In each task
the conventional agility point and our agility index were determined by a
supervisor (base on time or counts) and the AirBeat'" system. We
calculated the correlation coefficient between them, and the results are

shown in table VIII.

Table  VIIL. Correlation cogfficient between average agility
index measured by AirBeat " and conventional agility point.
Test Correlation coefficient
Zlgzag run 0.90
Burpee test 0.89
Side step test 0.91
Shuttle run 0.80

Originally, the correlation coefficient was a statistical measure of the
strength of the linear relationship between two variables. Positive values
indicate a relationship between x and y variables, such that as values for x
increase, values for y also increase. If x and y have a strong positive
linear correlation, the correlation coefficient is close to + 1.

With the correlation coefficients from 0.8 to 0.9, as shown in table VIII, it
is apparent that the proposed agility index shows good correlation with
conventional agility test. Therefore, it can be applied in sport and exercise

programs for evaluating the athlete's exercise states.
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E. Evaluation of Heart Rate and Agility Index

Relationship Using the Bruce Protocol

In this step, we show the relation between heart rate and agility index.
In keeping with the Bruce protocol, an exercise with multiple steps was
performed. After each step (each of which had a duration of three minutes)

the exercise Intensity was increased.
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Fig. 17. The result field test using the bruce protocol.

Fig. 17 shows the result of the field test using the Bruce protocol.
According to the test results, both the agility index and heart rate increase
after each steps. The change of agility index can cause a corresponding
change in heart rate. Heart rate and agility index can be monitored and

measured accurately during the exercise.
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IV. Conclusion

We confirmed that the minute measurement of heart rate and agility index
was possible by using the patched-type sensor module that we designed.
The proposed agility index showed good correlation with conventional
agility test and it can be used to evaluate the athlete's exercise state. The
change of the heart rate and the agility index according to the change of
the exercise intensity was confirmed through the analysis of heart rate
variability and 3-axis acceleration. The ability of the proposed module to
detect heart rate and agility accurately using a wireless patched-type
sensor provides a reliable and flexible way to monitor and evaluate the
health status of athletes and others engaged in strenuous physical activity.

Our experiment showed that agility index is a vitally important
parameters for determining the heart rate during exercises. Heart rate has
been shown to be higher as agility index increases. Because of the ability
to provide useful information about the status of the athletes during periods
of exercise, we aim to apply our wireless system training, monitoring, and
evaluating athletes in various sports, as well as an emergency forecast
method for monitoring in-situ heart rate.

However, in the conditions when subjects were engaging in highly
intense activities, the error rate of heart rate detection was still high, about
6.2% compared to the CASE system. Also, the current size of the sensor
module (100#50%5 mm) is quite large, and it must be reduced in size for
future applications. Therefore, in future work, we plan to increase the

accuracy of heart rate detection and reduce the size of the sensor module.
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