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Abstract : Body movement is one of the important factors in sleep analysis. In this study, a thermopile detector with four channels
was implemented as a non—contacting detector of body movement in sleep. Using a thermopile mathematical model and several
frames of thermal images, the possibility of detecting body movement was evaluated. Instant body movement signals were evaluated
for the upper, lower, and entire body using the Haar wavelet. This decomposition shows the points in time when the upper-body or
lawer-body movement occurred and the level of body movement. Additionally, partial body movement was decomposed in head-only,
whole body, and leg-only movement using the ANFIS algorithm. Finally, three subject’s data were evaluated for 60 minutes, and the
cetection rates of instant and partial body movement, on average, were 96.3% and 89.2%, respectively.
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Although detection of body movement using a CCD
cameral2] does not require the use of electrodes, one of
the major problems associated with video processing and
analysis

INTRODUCTION

Body movement is one of the events occurring during
tuman sleep and is considered an important parameter in
evaluating quality of sleepl[l]. Furthermore, body movement
in sleep can be used for detecting sleep apneal2] and
ravoclonic  seizure in newborns[3]. Evaluating sleep
characteristics has been accomplished through many kinds
cf signals such as ECG, EEG, EOG, and EMG. Although
these physiological signals are commonly used, these
methods are uncomfortable to the subjects due to the
attachment of many electrodes. Body movements can be
detected with numerous devices, and they can be defined
in such a large variety of ways that each investigator can
stll design his own criteria{4].Devices to measure body
movement are the accelerometer{5], the bed pressure
sensor[61[7][8], the bed temperature sensor(9], and the
sensor pillow system[l]. However, most devices require

THERMOPILE MODEL

A thermopile sensor is used for non-contact
measurement of surfacetemperatures based on infrared
radiation. It contains many thermoelements, each element
being a thin wire made of two materials of different
thermal characteristics. These thermoelements generate
micro voltages when infrared radiation is emitted. The
human body also emits infrared radiation, and a thermopile
sensor can be used for detecting body movement.

First, in order to infer the possibility of using a
thermopile sensor as a detector of body movement, a
simulation based on a thermopile model was testedwith
several thermal images by an infrared thermal imager. A
total of 80 frames of thermal images were recorded while

artaching sensors directly or indirectly to the body.
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the subject moved his body from lying flat on his back to
lying on his left side (Fig. 1). An infrared thermal imager
comprises many pixels of thermal points, but a thermopile
sensor has only one thermal point. In thermopile sensor
detection, infrared radiation is received as an average of
target points. Therefore a thermal image with 239 by 256
pixels can be converted to a single value by averaging the
pixels of a captured image with a mathematical thermopile
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model:

vV =M(T*-T} =Ztdp
out ( 1 n) s e Dz (1)

~Fig. 1. Example of thermal imaging.
(a) Lying ftat position
(b) left-side position
() right-side position

where Vout is output voltage of thermopile, Tt is
temperature of target (K), Ta is temperature of ambient
(K), z (5688x10-12 W/cni/K4) is Stefan-Bolzman constant,
is experimental constant, At is the area of a target (cr), Ad
is the area of a thermopile element (cr), R is responsivity
of detector (V/W), and D is distance (cm). Temperature of
target was calculated from averaging 80 image frames.
Temperature of ambient was 24.0?, and distance was 100cm.
The other parameters were decided from a datasheet of a
thermopile sensor (TPS333, Heimann).

Each frame of the thermal image was calculated to
mimic the output voltages of the thermopile sensor while
the subject moved from straight lying flat on his back to
lying on his left and right side (Fig. 2). The calculated
output voltages of thermopile model by a thermal imager
and was compared with the real output voltages of
thermopile acquired by frames of thermal images from
lying flat to left and right-side lying position. In the lying
flat position at the image frame 1, 40, and 80, half of the
subject’'s head and the upper part of his body were
included in the view of the infrared thermal imager. As a
result, lower output voltages were calculated. In the
left-side lying position at the image frame 20, the output
voltages increased since more parts of the body were
included. In the right-side lying position at the image
frame 60, the output voltages decreased since less parts of
the body were included. This simulation of the thermopile
model by a thermal imager has a similar trend with real
output voltages of thermopile. Therefore, it shows that the
proper Implementation and installation of a thermopile
detector can measure and detect body movement in sleep.
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Fig. 2. Comparison with the calculated output voltages of
thermopile model by a thermal imager ( ) and the real
output voltages of thermopile ( ) acquired by frames of
thermal images from lying flat to left and right-side lying position
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EXPERIMENTAL METHODS

1. Hardware implementation

The detector of body movement consisted of three
boards (Fig. 3). The analog board contained an infrared
thermopile sensor, a digital-to-analog converter (DAC)
with pulse width modulation (PWM), and several operation
amplifiers. The body temperature of the subject was
radiated to a thermopile detector. Only infrared
wavelengths (1.2715um) were passed to the sensor by the
infrared filter. The infrared collecting mirror concentrated
the infrared radiation to the sensor and restricted the
viewing angle to about 30°. To drive the thermopile
sensor, a chopper amplifier had to be used. Since the
chopper ampiifier (AD8551, Analog Device) had a very low
offset drift (50nV/C max), stable output voltage was
available when the ambient temperature changed. The first
amplification stage had three amplifiers which were the
thermopile amplifier, the internal thermistor amplifier, and
the summing amplifier to compensate for ambient
temperature. At the second section of the amplifier, the
offset voltage was controlled by PWM DAC with RC
components. The initial temperature of the subject, the bed,
and the ambient room were different. Therefore, when the
measurement of body movement began, the initial voltage
of amplified output had to be adjusted to half of
analog-to-digital (ADC) scale. The PWM module with
16-bit resolution generated DAC signals and was
converted to direct current (DC) offset signal by a
capacitor. This signal controlled the offset voltage of an
amplifier in the second section. Since a total of four
thermopile detectors were used, each channel had an
individual PWM DAC. An &-bits RISC microcontroller
(PIC16F876, Microchip) was chosen. All signals of body
movement were converted by a 10-bit internal ADC with
100 samples per second, and the converted digital data
was transmitted to a receiver module by 19200 bps using
an RF module (TX2/RX2, Radiometrix). Finally, the
received data was converted to a level of RS-232C and
transmitted to a personal computer (PC) through a level
converter (MAX232, Maxim).
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Fig. 3. Overall block diagram of body movement detector and
data acquisition system
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2. Thermopile detector installation

In this study, four thermopile detectors were installed
(Fig. 4). Channel 1 (CH1) and Channel 2 (CH2) were
placed on the upper-left and upper-right sections of the
subject’s head for detection of upper-body movement.
Channel 3 (CH3) and Channel 4 (CH4) were placed on the
lower-left and lower-right area of the subject’s legs for
detection of the lower- body movement. CH1 and CH3
were situated toward the left part of the body, and
conversely, CH2 and CH4 to the right part of the body.
The angle, height, and distance of each detector board
with supporter were adjustable. Overall, 1 meter of
distance from the subject’'s body was appropriate for
detecting body movement.

After this system was started with the subject lying on
the bed, a microcontroller read each amplified thermopile
values by ADC. Then proper offset voltage was supplied
tc each channel through a PWM DAC controller until the
initial value of ADC reached to Vcc/2 volts. After this
process of offset adjustment was completed, a
microcontroller started to transmit the ADC value of
output voltages from each channel, and the RF data
receiver board received the ADC values and transmitted
them to the PC.

Each detector covered the range of half of the body, and
therefore, they had the same voltages of the thermopile
output when in the initial lying-flat position. However,
when the position of the body changed, the output
voltages of the thermopile detectors differed in value from
each other. From this difference in the value of the
signals, instant body movement, and the position of the
body, and partial movement were able to be detected and
evaluated.

Fig. 4. Experimental system composed of four channels of
infrared body movement detectors, a bed, and data acquisition
box; All detectors had infrared filters and infrared collecting
mirors set at a 30° angle.

EVALUATION OF BODY MOVEMENT
1. Instant body movement

The first evaluating parameter proposed in this study is

instant body movement. Even though body movements are
not considered epochs of sleep, they are considered specific
and discrete physiological events which occur during
epochs[4]. The events of body movement occur when the
body instantly moves and can be evaluated from
derivatives of thermopile output signals. In this study, the
detail signal calculated by a wavelet transform, which has
a derivative property, was used for evaluating instant body
movement. Since coefficients from using the Haar wavelet
especially have smoothing and simplifying properties,
transformed coefficients of body movement signals offer
simple and visible readings.

Index C(j, k) called coefficients was calculated using the
following equation:

CU ) = [ sem (z)TL—j—,w(’";j i )dr
R

(2)

where SCHi(t) is thermopile output signal of channel i, j
is detail level, k is discrete time, and ¥is the Haar wavelet.

Detail at level j was determinedusing the following
equation:

Dj(t):ZC(j’ k) ‘//j,k(t) (3)

Detail level was selected with similar frequency to body
movement. In general, most cases of body movement in
sleep have a frequency range of 0.173.0Hz. In this study,
detail at level eight D8(t) was chosenfor detecting normal
and slow body movements, excluding abnormal and quick
movements (e.g. myoclonic seizures). The detail signal at
level eight had a frequency range of 0.1970.39Hz at 100Hz
sampling. After wavelet transform, the squares of the
details of each channel were summed as follows:

b, pper (£) = {Ds,cm (t)}z + {Ds,cyz(t)}z 4)
bluwer ®= {Ds,cya (t)}z + {Ds,cm (t)}z 5)
btoml(t) = bupper(t) + blower(t) (6)

where bupper(t), blower(t), and btotal(t)are the instant
upper-body movement, the instant lower-body movement,
and the total instant body movement, respectively.
Additionally, the points where bodymovement occurred
were represented in the indication bars as follows:

bupper (t) = 1’ bupper (t) Z B th,upper

b,pper (£) = 0, Otherwise N
bIower (t) = 1’ bIower (t) 2 Bth,lower
by (1) = 0, Otherwise 8

where Bth,upper and Bth,lower are threshold values.

Since thermopile detectors of Channel 1 and 2 and
Channel 3 and 4 were situated toward the upper- and the
lower-part ofthe body, respectively, they were able to be
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evaluated for not only total body movement but also
separate body movement with reference to the upper- and
lower-part of the body.

2. Partial body movement

The other evaluating parameter proposed in this study
is partial body movement. When the subject turned his
body to the left or right side, all channels of the signal
changed. However, when the subject turned only his head
to either side, only CH1 and CH2 of the signal changed. In
the same manner, when thesubject turned his legs to
either side, only CH3 and CH4 of the signal changed. By
using these properties, body movement signals could be
decomposed into individual signals with partial body
movement. They were head-only movement signal, whole
body movement signals, and leg—only movement signals.

The neuro-fuzzy algorithm, adopted in this study for
evaluating partial body movement, was the adaptive
neuro-fuzzy inference system (ANFIS), one of the
neuro-fuzzy algorithms, whichcombined fuzzy with a
neural network[10]. To build a derived fuzzy knowledge
model based on ANFIS for estimating partial body
movement, two processing steps are required[11]. In this
study, the fuzzy inference system had two inputs, x1 and
x2, and three outputs of yl, v2, and y3. For the ANFIS
training, the Gaussian bell type membership function was
chosen. Then in the next step, for the first order Sugeno
fuzzy model, the typical rule sets, which had four fuzzy
if-then rules, were expressed as follows (Fig. 5)

Fig. 5. The system diagram for evaluating partial body
movement by integrating CH1, CH2, CH3, and CH4 signals
using ANFIS

x(O) =Sea{t) = Seun (D)

Xo(t) = Scys(®) — Seua(D)
Rulel: if x, is A and x, is B,
then y, = px, + q,x, + 1, (10)

Rule2: if x, is 4 and x, is B,
then y, = p,x; + g,%, + 7,

9

an

Rule3: if x, is A, and x, is B,
then y, = p,x, + @;%, + 1 (12)

Rule 4: if x, is A, and x, is B,
then y, = p,x, + q,x, + 1, (13)
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where yl! is the head-only movement signal
Additionally, the whole body movement signal y2 and
leg-only movement signal y3were expressed as the same
structure with different coefficients. One set of data from
one subject was used as training data, and another
subject’s data was used for testing and verification.

RESULTS

Using the developed thermopile detectors with four
channels, several types of body movement in sleep were
evaluated (Fig. 6). Movement period of THL and THR
showed that only CH1 and CH2 signals of the detectors
placed at the upper area of the bed varied. Also, periods
of FLL and FRL showed that only CH3 and CH4 signals
of the detectors placed at the lower area of the bed varied.
In the period of TBL and TBR, since the movements
occurred in both the head and legs when the subject
turned his body to either the left or right side, the body
movement signals varied overall all channels. When the
subject’s body was oriented toward the direction of the
thermopile detector, the output values increased from the
initial baseline, and the detectors set in the opposite
direction had negative outputs. Therefore, when TBL or
TBR-type movements occurred, the output waves of CHI
and CH2 and CH3 and CH4 showed symmetrical
characteristics.

From these movement signals, instant body movement
was evaluated. The eighth scale detaill signals were
calculated with the Haar wavelet (Fig. 7), and instant body
movement signals were evaluated (Fig. 8). They show
points of time when the upper-body or lower-body
movement occurred, and the level of body movement. In
the case of TBL and TBR, the upper-body and
lower-body movement occurred simultaneously, therefore, a
higher signal level was shown in total instant body
movement.

Although each raw signal of body movement (Fig. 6)
has its own meaning, it is somewhat complicated to
analyze raw signals. Using Formula (7), more intuitive
signals were derived simply by subtracting each channel
from each other using Formula (7) (Fig. 9). The subtracted
signals x1 and x2 show the upper-body and lower-body
movements including the direction of the body. Two sets
of input data and one set of output data were trained by
30 epochs with converged and smallest root mean square
error (RMSE). The training data was acquired with
movements of THL, THR, TBL, TBR, LFP, FLL, and FRL
for 100 seconds from one subject. After training the data
by ANFIS algorithm, partial body movement was
decomposed to head-only, whole body, and leg-only
movements. The correlation coefficient bhetween each
decomposed signal and input signal showed values of 0.93,
0.99, and 095, respectively. This decomposing process
using ANFIS included some basic inference rules. As
shown in the input-output data signals, when only
upper-body movement occurred without lower—body
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movement, the decomposing system inferred and evaluated
head-only movement (yl). Similarly, the lower-body
movement (y3) had the same inference rule for leg-only
movement. Moreover, when both the upper-body and
lower-body movement signals occurred simultaneously, the
whole body movement (y2) was inferred alone.

After this training process, another subject’s hody
movement signals in sleep were acquired for 60 minutes
(Fig. 10). Instant body movement was shown by indication
burs when this subject’s body movement occurred and
wiere movement occurred in the upper-body or
lower-body. In this subject’s case, a total 43 instant body
movements occurred. Among these, one indication of
movement was missed, therefore, the detection rate of the
instant body movements was 97.7%. Partial body
movement was decomposed to the head-only, whole body,
and the leg-only movement signals, and they showed the
direction which was to the left or right. The body
movement output signal (f) was processed by the
threshold value, and the signal values that were less than
the threshold were calculated as zero. In this subject’s
czse, the error period of detection was a total of 6.5
minutes; therefore, the detection rate of the partial body
movements was 89.2%. Finally, an analysis of the results
of all 3 subjects was shown in Table 1. The detection rate
of instant and partial body movement, on average, were
9.3% and 89.2%, respectively.
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Fig. 6. Acquired raw signals of body movement by the four
thermopile detectors; The periods of body movement were
THL(tur head to left), THR(turn head to right), TBL{urn body
to left), TBR(turn body to right), LFP(lying flat position), FLL(fold
lef: leg), and FRL(fold right leg), respectively.
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Fig. 7. he eighth scale detail signals (d8) of each of the four
channels
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Fig. 8. valuation of instant body movement at (a) the upper
part of the body, (b) the lower part of the body, and (c) the
total body from the combination of the eighth scale detail
signals (d8) for each channel by square and sum
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Fig. 9. Decomposition of partial body movement for training
data sets from two input signals of (a) upper-body movement
and (b) lower-body movement. After data training to the output
data with solid lines from (¢) to (e), (¢c) head-only movement
signal, (d) whole body movement signal, and (e) leg— only
movement signal with dotted lines were evaluated.
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Fig. 10. Another subject's body movements were evaluated for
60 minutes in sleep. From two input signals of (a) x1 and (b)
x2, the instant body movements, (c) the upper-body movement
and (d) the lower-body movement, were evaluated by wavelet
detail at eight. Partial body movements, (e) head-only, (f)
whole body, and (g) leg-only, were evaluated by a neuro-fuzzy
system.

DISCUSSION AND CONCLUSION

In this study, a thermopile detector with four channels
was implemented as a non-contacting detector of body
movement in sleep. The possibility of using a thermopile
for detecting body movement was evaluated using the
mathematical model of thermopile and several frames of
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thermal images. Instant body movement was evaluated
at theupper, lower, and total part of the body from the
combination of the eighth scale detail signals with the
Harr wavelet. Additionally, partial body movement was
decomposed to each part of the body comprising
head-only, whole body, and leg-only movement using the
ANFIS algorithm.

Although the partial body movement signals were
calculated when the subject’s movements occurred, the
instant body movement signals showed the points of body
movements more accurately, and these were able to be
used for conventionalbody movement signals to add more
detailed information comprising the lower- and the
upper—parts of the body.

Detection error occurred mostly in the upper-body and
the head-only movement. Due to this, the level of head
movement signal was relatively smaller than the level of
whole body or leg-only movement. The appropriate
trade-off between the responsibility and the stability of
CHI1 and CH2 is needed for a more accurate system.

Since thermal infrared radiation from a human body is
the source for detecting body movement, if blanket widely
covers the subject’s body, body movement will be hard to
detect from infrared signals. Therefore, to acqin're more
reliable body movement signals, it is necessary to maintain
appropriate room temperature for a comfortable sleep and
to use a simple blanket as small as possible to cover the
subject’s abdomen.

Evaluated signals for partial body movement merely
showed which part of body movement occurred and the
direction of the movement. However, if other non-linear
and artificial intelligent algorithms based on pattern
recognition were used, each type of body movement (ie.,
THL, THR, TBL, etc.) could be classified and recognized.

In this study, whole body movement including the head
and legs was evaluated. If only a specific part of the body
is focused on (e.g., abdomen, arm, or leg), it will be
possible to detect sleep apnea, myoclonic seizures, and
neonatal seizures.
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