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Sleep-Stage Decision Algorithm by Using
Heartbeat and Body-Movement Signals
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Abstract—This paper describes a noninvasive algorithm to esti-
mate the sleep stages used in the Rechtschaffen and Kales method
(R-K method). The heartbeat and body-movement signals mea-
sured by the noninvasive pneumatic method are used to estimate
the sleep stages instead of using the Eletroencephalogram and
Electromyography in the R—K method. From the noninvasive mea-
surements, we defined two indices that indicate the condition of
REM sleep and the sleep depth. Functions to obtain the incidence
ratio and the standard deviation of the extracted elements for
each sleep stage were also determined, for each age group of the
subjects. Using these indices and functions, an algorithm to classify
the subjects’ sleep stages was proposed. The mean agreement
ratios between the sleep stages’ data obtained from the proposed
method and those from the de facto standard R-K method, for the
stages categorized into six, five, and three, were 51.6 %, 56.2 %, and
77.5%, and their corresponding mean values of kappa statistics
were (.29, 0.39, and 0.48, respectively. The proposed method shows
closer agreement with the result of R-K method than the similar
noninvasive method presented earlier.

Index Terms—Heartbeat, non REM stage, REM stage, sleep
stage, unconstrained biomeasurement.

I. INTRODUCTION

LEEPING, which accounts for one-third of humans’ life-
S time, provides rest and comfort and also plays an important
role in restoring the brain and the body from fatigue [1], [2].
As the ability to sleep well degrades with age and sleep loses
its function to restore the brain and the body from fatigue,
it becomes difficult to stay healthy. In Japan, where society
is aging dramatically, promoting good health is an important
national issue, and some administrative institutions are starting
to address the matter [3]. Nightly monitoring of the transition
of sleep quality at home is important for preserving good health
and preventing sleep-related diseases, and so, unconstrained
nightly monitoring of sleep conditions will be of great help.
Sleep conditions are now measured with the world standard
Rechtschaffen and Kales method (R—-K method) [4], which
categorizes them into six stages, namely, Wake, REM stage,
Sleep 1, Sleep 2, Sleep 3, and Sleep 4, based on brain waves,
eye movement, and the Electromyography (EMG) of jaw mus-
cle. This method, however, largely constrains body movement
as it requires electrodes to be attached to the head, eyelids,
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and jaw in order to measure brain waves, eye movement, and
the EMG of jaw muscle. The large size and high cost of the
equipment also make the method impractical at home. There
have been many research studies on the monitoring of sleep
conditions [5]-[12], but all of them used noninvasive sensors
attached to a bed to measure heartbeat, body movement, and
other elements to estimate the sleep conditions. In contrast, we
have developed an unconstrained pneumatic method to measure
heartbeat and body movement and used it to estimate the
sleep stages used for the R-K method [13]-[16]. The relation
between the heartbeat spectrum and the sleep stages was also
surveyed [17]. These methods and their results, however, still
involved the following problems:

1) the same indices were used to examine REM and non-
REM sleeps, which have different properties;

2) the precision of the sleep-stage estimation needs to be
improved.

This paper proposes a method that solves these problems.

II. OUTLINE OF ISSUES IN THIS PAPER

In this paper, we discuss the following issues to solve the
problems mentioned earlier.

P-1: An index to indicate the REM sleep is defined.

P-2: An index to indicate the depth of sleep is defined.

P-3: Functions to obtain the mean incidence ratio of each sleep
stage and the standard deviation are determined for healthy
subjects of each age group.

P-4: An algorithm to classify similar sleep stages to those used
in the R—K method is proposed.

P-5: A method to realize the aforementioned algorithm without
having to wear any sensor device on a human’s body.

III. PROPOSED METHODS
A. Index Characterizing REM Sleep

With regard to the issue P-1, a REM sleep index is defined
using the heartbeat signal. Table I shows the characteristics of
REM sleep described in [2] and [18].

The R-K method, in determining the REM sleep stage,
focuses on brain waves, eye movement, and the EMG of jaw
muscle, as shown in characteristics No. 1-No. 4 in Table I.
This paper focuses on the fact that the heartbeat becomes less
rhythmical during REM sleep (characteristic No. 5 in Table I).

The discrete time for every 1 min is defined as k, and the
value changes from k = 1,2,..., to TIB. TIDB represents the
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TABLE 1
CHARACTERISTICS OF REM SLEEP

No. Characteristics of REM sleep

1 Brainwaves similar to those shown in Non-REM 1 and Wake
stages are found
2 | The incidence ratios of delta wave and spindle wave decrease

3 | The tension of anti-gravity muscles completely disappears

4 | Rapid eye movement appears

5 | Heartbeat and respirations become more frequent and less
rhythmical, and the blood pressure becomes high

6 | With regard to adults, REM sleep occurs once every 90 to 100
minutes on average

7 | Body movement is concentrated before and after REM sleep

TABLE 1I
CHARACTERISTICS OF NON-REM SLEEP

No. Characteristics of Non-REM sleep

1 The deeper the person sleeps, the more frequent the incidence
ratio of delta waves

2 | Inthe sleep stage of Non-REM2, spindle waves are recognized

3 | When sleep deepens from the Wake stage, body movements
become smaller and less frequent

4 | The deeper the sleep, the less frequent the heart rate

5 | Non-REM1 occasionally is found after Non-REM3, Non-REM4,
or REM sleep stages with large body movement

total measurement time (in minutes) with a subject lying on
the bed. Let H }zorm“ be the heart rate of the former 30 s of
the 1 min of discrete time k. Similarly, let H;***" be the heart
rate of the latter 30 s of the discrete time k. The change of
heart rate between the former and latter halves of the 1-min
discrete time k is thus obtained from |Hormer — frlatter| The
same procedures are performed foreachof k = 1,2,...,TIB,
and the index R(k) to show the REM sleep stages as in (1) is
obtained through the moving average for the range from k — ¢
tok+gq

1 4q |
2+ 1 Z | Fformer — prjatter] (1)

i=—q

R(k) =

The values of the index R(k) become large during REM sleep
due to the aforementioned characteristic No. 5 of REM sleep in
Table I.

B. Index Characterizing the Wake and Non-REM Sleep

With regard to the issue P-2, a sleep depth index is defined
using the heartbeat and body-movement signals. Table II shows
the characteristics of Wake and Non-REM sleeps described in
[2] and [18].
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The sleep depth index is defined based on the fact “When
sleep deepens, body movement becomes smaller and less fre-
quent.” as shown in characteristic No. 3 in Table II.

Let AZOdy and AP°ar® be the mean amplitudes of the body-
movement and the heartbeat signals, respectively, at the discrete
time k. The value of Alk’(’dy becomes large when the sleep is
shallow, as the body movement is frequent. When the sleep is
deep, on the other hand, the value of A:Ody becomes rather
small. The amplitudes of the body-movement and heartbeat
signals vary with differences in the subjects. In order to stan-
dardize these deviations, AY°% is divided by AReart 4 AP°%
A;),Ody largely fluctuates when body movement is detected and
when not detected at all. AEOdy subtly fluctuates when a few
body movements are detected. In order to reduce the large
fluctuations and to magnify the subtle ones, the logarithm of
APeY J(Abeart 4 APOY) s calculated, and the sleep depth
index D(k) becomes

Alk)ody
D(k) 10g2 <A£eart + AZOdY> ’ )
The value of the index D (k) becomes small when the sleep is
deep, and the shallower the sleep, the larger the value.

C. Incidence Ratios of the Sleep Stages for Subjects of
Each Age Group

With regard to the issue P-3, the functions, which calculate
the mean incidence ratio of each sleep stage and its standard
deviation to the input data of a subject’s age, are determined.

We determined these functions based on the approximate
values of the fourth-order curve against the incidence ratio of
each sleep stage for 306 subjects aged between 3 and 96 years
old. These 306 subjects’ data were quoted from [19] to [22].

Let a be age. The incidence ratios of each sleep stage,

namely, rwake(a), TREM (@), "™NR1(@), *NR2(0), *NR3(0), and
rnra(a), are obtained from (3), (5), (7), (9), (10), and
(11), respectively, and the standard deviations of each sleep

stage, namely, 0rwake(@), drrem(a), 07Nr1(a), 07NR2(a),
ornrs(a), and dryra(a), are obtained from (4), (6), (8), (10),
(12), and (14), respectively
(Wake)
rwake(@) = —3.07 x 10 %a* 4 6.02 x 107%a® — 3.23
x 1072a% +5.99 x 10 *a — 1.70 x 10°
R*=0.93 3)
Srwake(a) = —1.26 x 10 5a* 4+ 2.45 x 10~ *a® — 1.24
x 10726 4 2.41 x 10 'a + 1.41 x 1072
R*=0.72 4)
(REM)
rrem(a) = 3.36 x 10 %a* — 6.89 x 10~ *a® + 4.55
x 1072a% — 1.19 x 10 + 3.50 x 10
R?=10.88 ®)
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drrem(a) = 1.14 x 10 %¢* — 1.60 x 10~*a® 4 6.63
x 107%a® — 6.02 x 10~%a + 3.49 x 10°
R? =0.52 (6)
(Non-REM1)
rari(a) = —4.20 x 10~ 7a* + 1.17 x 10 *a® — 8.61
x107%a? +3.12 x 107 'a + 5.82 x 107*
R? =0.82 )
drari(a) = 1.02 x 107 %* — 1.58 x 10~*a® + 7.83
x 107%a? — 8.71 x 10~ %a + 1.52 x 10°
R? =0.65 ®)
(Non-REM2)
rare(a) = 2.82 x 10 %a* — 6.00 x 1074 + 3.46
x 107%a® — 4.06 x 10~ a +4.77 x 10
R? = 0.65 ©)
drare(a) = 1.66 x 107 %* —2.49 x 107%a® + 1.14
x 107%a® — 7.75 x 10~ %a + 4.78 x 10°
R? = 0.56 (10)
(Non-REM3)
rara(a) = 4.37 x 1078 4 2.15 x 107°a® — 5.92
x 107%a? 4 3.27 x 10~ a + 1.57 x 10°
R? =0.51 (an
Srara(a) = —4.94 x 107 7a* +8.00 x 107 °a® — 4.69
x107%a? 4+ 1.54 x 10~ 'a + 4.77 x 107*
R? =0.56 (12)
(Non-REM4)
rra(a) = —2.74 x 10 %a* + 5.49 x 1074a® — 3.33
x 107%a® + 3.58 x 107 'a + 1.68 x 10
R? = 0.96 (13)
drarala) = 1.66 x 107%a* — 2.60 x 107%a® + 1.07
x 107%a® — 5.30 x 10~%a + 3.36 x 10°
R? = 0.50. (14)

In these equations, R? indicates the determination coeffi-
cient. The domain of a is set between 3 and 92, which is the age
range of the 306 subjects whose data were used to make these
functions. The reason for using the fourth order in (3)—(14)
is because using the fifth or larger order would hardly affect
the determination coefficient. Fig. 1 shows the mean incidence
ratios of each sleep stage and the range of incidence ratios by
standard deviation which are shown by the gray area obtained
from (3)—(14). As shown in Fig. 2, mwake(@) + rrEM(a) +
ranri1(a) + rare(a) + rnrs(a) + rNra(a) equals 100%. The
older the subjects, the more frequent the incidence ratio of the
Wake stage and the less frequent the ratio of deeper sleep stages.
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Fig. 3. Classification of REM stage.

D. Sleep-Stage Classification

With regard to the issue P-4, the REM sleep periods are
estimated based on the REM sleep index of R(k) and (5) and
(6). The ages of the subjects are input into a in (5) and (6) to
obtain rgem(a) and 0rgreMm(a), where the incidence ratio of
REM sleep is assumed to be within rrgm(a) £ drgem(a). As
shown in Fig. 3, the values of REM sleep index of R(k) are
juxtaposed in descending order, and the period whose smallest
R(k) value corresponds to the largest body movement of AZOdy
is classified to REM sleep. This is based on characteristic No. 7
of REM sleep in Table I.

Next, based on the D(k) and (3), (4), and (7)-(14), the
periods for Wake and Non-REM1 through Non-REM4 sleep
stages are classified. The value of sleep depth index D(k),
except for those classified to REM sleep, are juxtaposed in
descending order as shown in Fig. 4. As with the REM sleep
case, the ages of the subjects are input into (3), (4), and (7)—(14)
to obtain the incidence ratio of each sleep stage: Wake, Non-
REMI1, Non-REM2, Non-REM3, and Non-REM4. As shown
in Figs. 1 and 2, even if the subjects’ ages are the same, their
incidence ratios of each sleep stage appear in the range of
mean = standard deviation. Therefore, the incidence ratio of
each stage is assumed to be within the ranges shown as follows:

Wake : [rWake (@) — 07NR1(a), TWake (@) + 07Wake(@)]
Non-REMI1 : [rxgr1(a) — 6rxra(a), rnri(a) + 0rnri(a)]
Non-REM2 : [rngra(a) — drnrs(a), rnra(a) + drare(a)]
Non-REMS3 : [rxrs(a) — drnra(a), rars(a) + 0rnrs(a)]
Non-REM4 : [rxra(a) — drnrs(a), rnra(a) + drnra(a)] -

The incidence ratios of Wake and Non-REM 1, as with the REM
sleep, apply the values whose corresponding body movements
A]ZOdy are the largest within the range. With regard to the
incidence ratios of Non-REM2 through Non-REM4, the values
where the slope of D(k) is the largest within the ranges are
applied, respectively. Based on these incidence ratios, periods
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Fig. 4. Classification of Wake and Non-REM stages.

for Wake and Non-REM1 through Non-REM4 sleep stages are
classified.

After the classifications, the values are rejuxtaposed chrono-
logically to obtain the sleep stages equivalent to those used for
the R—K method.

E. Pneumatic Method for Unconstrained Biosensing Method
to Measure Heartbeat and Body Movement

With regard to the issue P-5, we have proposed a pneu-
matic method which can measure biosignals without having
to wear any sensor device on a human’s body. Fig. 5 shows
the mechanism of our proposed pneumatic method. A vinyl-
coated air mattress of about 5 mm in thickness is placed under
an ordinary bed cushion (or futon mattress). The inner pressure
of the air mattress is equivalent to atmospheric pressure. When
a person lies on the bed cushion, heartbeat, respiration, and
body movement (such as rolling over) are conveyed to the air
inside the air mattress through the bed cushion. The change in
air pressure is measured with a highly sensitive pressure sensor
(Primo Co. Ltd.). The pressure sensor is capable of measuring
pressure changes between 0.002 and 20 Pa, and its sensitivity
is constant between the frequencies of 0.1 and 3.0 kHz [16].
Because the signals measured by the pressure sensor contain
heartbeat, respiration, and body-movement components, the
signals are input into a biosignal filter circuit, where they go
through a bandpass filter to extract heartbeat components. The
frequency ranges of heartbeat and respiration signals are about
0.8-1.5 Hz and 0.2-0.8 Hz, respectively. When the frequency of
heartbeat is low and that of respiration is high, the frequency of
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the heartbeat and respiration signals may overlap, which makes
it difficult to distinguish the signals for filtering. In order to
distinguish the heartbeat and respiration signals, we extracted
harmonic components of the heartbeat signals because res-
piration signals do not include strong harmonic components
compared with heartbeat signals. Therefore, we chose 5-10 Hz
as the frequency range of the bandpass filter. The signals then
undergo full-wave rectification and envelope processing and are
output from the circuit.

Furthermore, body-movement signals contain many low-
frequency components similar to heartbeat signals. However,
even if heartbeat signals are extracted in the range of 5-10 Hz,
they are strongly affected by body-movement signals because
the amplitude of the body-movement signals is significantly
larger than that of the heartbeat and respiration signals. Hence,
regarding distinguishing the heartbeat and body-movement sig-
nals, we need to apply further signal processing to the output
signals from the biosignal filter circuit as described in the
following sections.

E. Signal-Processing Flow to Calculate Heart Rate

The sampling signals that are output from the biosignal filter
circuit are taken at the interval of dt = 0.01 s and are saved
as time-series data as shown in Fig. 6. The discrete time at
the interval of dt within each minute out of the discrete time
k is defined as [, and the value changes from [ =1,2,..., to
N(=60/dt). When the heartbeat component and the body-
movement component at the discrete times of k& and [ are
defined as hy (1) and b (1), respectively, the output from the
biosignal filter circuit s, (1) is obtained from the linear com-
bination of the heartbeat component and the body-movement
component as follows:

si(l) = (1) + bi(0). (15)

If the heartbeat component h(l) can be separated from
sk (1) in (15), it will be possible to accurately estimate the heart
rate. We have separated the heartbeat and body-movement
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Fig. 6. Biosignal measured by pneumatic method.

components from the base frequencies, their harmonic
components, and other components, by applying fast Fourier
transform (FFT) to the output signals from the sensor [17].
However, body movements such as rolling over contain many
low-frequency components close to the heart rate, and the
heart rate obtained from the FFT peak spectrum occasionally
contained errors. In this paper, a method using comb filters that
effectively uses the heartbeat and its harmonic components to ac-
curately separate the heartbeat and body movement is proposed.

If the delay time of the comb filters is defined as T, T'/dt in
terms of a discrete time is obtained. When the feedback gain
of the comb filter is defined as g, (0 < g, < 1), the heartbeat
component (1) at the discrete times of k and [ is shown
as output data from the comb filter as given by the following
equation:

. T - T
hk(l) :Sk(l)-FSk (l—dl‘,) + gn - hi (l—dt> . (16)

The frequency characteristics of the comb filter in (16) are
shown in Fig. 7. The filters of (16), as shown in Fig. 7, peak
at the direct-current component and at the frequencies that
correspond to integer multiples of 1/7". The sharpness of the
peaks of the frequency characteristic shown in Fig. 7 varies with
the feedback gain g;,: The closer the feedback gain g, is to one,
the sharper the wave shape. When 7"in (16) is close to the actual
heartbeat cycles, the filters in (16) amplify the amplitude of the
heartbeat component. Fig. 8 shows the juxtaposition of 78 comb
filters for (16) with the delay times 7" of 0.66, 0.67, 0.68, ...,
1.43 s. The delay time of the first comb filter is 7' = 0.66 s,
and it resonates with the heartbeat cycle of 90 times/min as
the frequency peaks at integer multiples of 1.51 Hz. Similarly,
the 78th comb filter, with the delay time of 7" = 1.43 s, has
its peak frequencies at the integer multiples of 0.7 Hz; thus, it
resonates with the heartbeat of 42 times/min. The delay-time
resolution of these comb filters is 60dt/T? for a minute of
heartbeat: 1.35 times/min for the heartbeat of 90 times/min and
0.29 times/min for that of 42 times/min. These 78 comb filters
therefore encompass the heartbeat between 42 and 90 times/min
with the mean resolution of 0.82 times/min.
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The data for the former 30 s of the 1 min of the discrete time
k, namely, si(1),s1(2),5%(3),...,sk(N/2), are input into
these comb filters, and their output data hy, (1) obtained from
these comb filters are compared for their amplitudes. The delay
time 7" of the comb filter with the largest amplitude for /(1) is
estimated to be the heartbeat cycle T5°"™¢" in the former 30 s.
Similarly, the delay time where the amplitude Ay (I) becomes
the largest against the input data among the latter 30 s of the dis-
crete time k, namely, si(N/2+1),s,(N/2+2),s,(N/2+
3),...,8k(N), is determined as T}*'*". Therefore, the heart
rates of the former 30 s H°™" and latter 30 s H;'*°" in (1) are
H}Eormer — 60/T]£ormer and H}Catter — GO/Téatter’ respectively.

G. Signal-Processing Flow to Calculate the Amplitude of the
Body Movement

To calculate the A,]:Ody in (2), we consider a different comb
filter from (16). When the feedback gain of the comb filter
is defined as ¢, (0 < gy < 1), the body-movement component
Bk(l) at the discrete times of k£ and [ is shown as output data
from the comb filter as given by the following equation:

T - T
bk(l)zsk(l)—sk (l_dt> + gp - bi: (l_dt> . (17)

The frequency characteristics of the comb filter in (17) are
shown in Fig. 9. The gains for the filter of (17), as shown in
Fig. 9, become zero at the same frequencies where the gains
peaked in Fig. 7.
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When T in (16) is close to the actual heartbeat cycles, the fil-
ter in (16) amplifies the amplitude of the heartbeat component,
whereas the filter in (17) attenuates the heartbeat component
and amplifies the body-movement component. The output data
bi (1) of (17) at the delay time 7", which is close to the heartbeat
cycle, indicate attenuation in the heartbeat component and
amplification in the body-movement component. The mean
amplitude of the output from (17) with the same 7 used for
estimating the heart rate at the discrete time k is determined
as AP°Y

Then, Abeart +A],:°dy in (2) is determined as the mean
amplitude of the sy () because of the linearity shown in (15).

IV. VERIFICATION EXPERIMENT
A. Subjects and Experimental Environment

The experiment was carried out on ten healthy adult male
subjects (A-J) with the mean age of 22.2 years old. After
obtaining informed consent from each of them, their sleeps
were measured for 20 nights. The measurement environment
was as shown in Fig. 10. Heartbeat and body movement were
measured using the pneumatic method. The brain waves and
eye movement were also measured simultaneously using a
polygraph (SANYOFIT2500NEC San-ei) to be compared with
the heartbeat and sleep stages.

B. Verification of the Validity of REM Sleep Index

With regard to the verification of the issue P-1, Fig. 11 shows
the R(k) of subject F’s second night, the incidence ratios of
delta wave and spindle wave among the brain waves, and the
incidence ratio of REM, all of which were measured with a
polygraph. The order of the moving average of R(k) in (1)
was set to ¢ = 10. In addition, the gain g;, of the comb filters
shown in Fig. 8 was set to g, = 0.95. When the R(k) value is
large, the fluctuation of heart rate is also large. This, in light of
characteristic No. 5 of REM sleep in Table I, shows the high
possibility of the appearance of REM sleep. During the periods
shown in gray in Fig. 11, the incidence ratios of delta wave
and spindle wave are low, and the appearance of REM is rather
frequent, indicating characteristics No. 2 and No. 4 of REM
sleep. During their corresponding periods, the values of the
REM sleep index R(k) are rather large. The periods when the
R(k) takes large values appear roughly once every 100 min, as
indicated in characteristic No. 6 of REM sleep. This shows that
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the concurrent appearances of the REM sleep characteristics
No. 2, No. 4, and No. 5 during a REM sleep enable the
appearance of REM sleep to be estimated with the index R(k).

C. Verification of Validity of Sleep Depth Index

With regard to the verification of the issue P-2, the function
gy in (17) is set to g, = 0.8. Fig. 12 shows the D(k) and delta
wave of F-2. The periods shown in gray in the figure show high
incidence ratios of delta wave, and this indicates a deep-sleep
stage as indicated by characteristic No. 1 of Non-REM sleep
in Table II. During these periods, the value of D(k) becomes
small. This shows that the concurrent appearances of the Non-
REM sleep characteristics No. 1 and No. 3 enabled the sleep
depth to be estimated using the sleep depth index D(k).
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D. Classification of Sleep Stages

With regard to the verification of the issue P-4, sleep stages
are determined using the algorithm described in Section III-D,
and the stages are compared with those determined by the R-K
method. Fig. 13 shows the classified six sleep stages based on
R(k) and D(k) and the classified sleep stages based on the R—K
method.

A comparison between the sleep stages classified with R(k)
and D(k) and the sleep stages classified with the R—K method
indicates they have generally similar wave shapes such as:
the places where the 100-min cycle of REM sleep appears
as shown in characteristic No. 6 in Table II and in the sleep
stages that become shallower toward dawn. However, with
regard to the periods around 100 min and around 280 min,
the proposed method determined these as Non-REM4, whereas
the R-K method judged them as Non-REM2. The period
around 470 min was determined as Wake by the proposed
method but as REM sleep by the R—K method. The agree-
ment ratios of the classification results of each method
against T'IB[number of agreements/TIB x 100(%)] and
the kappa statistics were used for the comparison. The agree-
ment ratio and the kappa statistics (see the Appendix), for a one-
night sleep of T/ B = 537 min with the sleep stages classified
into six as shown in Fig. 13, were 52.1% and 0.25, respectively.
Table III shows T'IB, the agreement ratios, and the kappa
statistics corresponding to the sleep stages classified into six
stages of all subjects and also shows their mean values and
standard deviations. Fig. 14 shows the sleep stages classified
into five stages (Non-REM3 and Non-REM4 are classified as
the same stage as a deep-sleep stage [22]) by each method.
The agreement ratio and the kappa statistics were 58.7% and
0.38, respectively. Table IV shows the agreement ratios and the
kappa statistics corresponding to the sleep stages classified into
five stages of all subjects and also shows their mean values
and standard deviations. Moreover, Fig. 15 shows the sleep
stages classified into three stages (Non-REM1-Non-REM4 are
classified as the same stage as a Non-REM sleep stage) by
each method. The agreement ratio and the kappa statistics were
79.5% and 0.46, respectively. Table V shows the agreement
ratios and the kappa statistics corresponding to the sleep stages
classified into three stages of all subjects and also shows their
mean values and standard deviations.

V. DISCUSSION

With regard to each sleep-stage classification, the agree-
ment ratios and the kappa statistics of the other subjects in
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Fig. 13. Classification of sleep stages into Wake, REM, Non-REM1, Non-

REM2, Non-REM3, and Non-REM4. (a) Pneumatic method, (b) R-K method.

TABLE 1II
SLEEP-STAGE AGREEMENT AND KAPPA STATISTICS BETWEEN THE
PROPOSAL METHOD AND THE R—-K METHOD (WAKE, REM,
NoON-REM1, NON-REM2, NON-REM3, AND NON-REM4)

Subject | Trial TIB Wake, REM,
[min] Non-REM1,2.3.4
Agreement | Kappa
[%]
A 1 377 53.3 0.33
ond 247 41.3 0.27
B I 404 54.7 0.35
2nd 387 54.5 0.37
C iy 545 51.9 0.23
ond 434 55.5 0.29
3rd 402 64.7 0.37
4th. 509 50.5 0.32
D 1 441 52.2 0.22
E 15t 466 49.4 0.30
ond 425 57.2 0.33
F 15 437 54.2 0.29
pnd 537 52.1 0.25
3rd 358 48.3 0.23
G 1 464 46.6 0.36
H 15 496 48.8 0.27
I e 483 50.7 0.29
ond 448 50.0 0.20
J 1¥ 551 49.4 0.20
2nd 569 475 0.32
MEAN 449 51.6 0.29
S.D. 75 4.6 0.05

Tables III-V, like the subject for F’s second night increase as
the number of the classification decreases from six to three.
In the previous works [15] and [17], we also evaluated the
sleep-stage agreement. The average agreement ratios for the six
stages in the previous works were 42.8% and 36.4%, whereas
by the proposed method, the agreement is 51.6%, as shown in
Table III. Thus, the proposed algorithm improved the precision
by about 10%—15%. The mean value of its corresponding kappa
statistics was 0.29 including the errors due to coincidences.
For the sleep stages classified into five, the mean agreement
ratio increased by 4.6%-56.2%, and the ratio was 77.5% for
the classification into three stages. This is because the disagree-
ment ratio is larger among Non-REM1, Non-REM?2, and Non-
REM3/Non-REM4 than between Non-REM3 and Non-REM4.
The average of the kappa statistics was 0.39 for the sleeps
classified into five and 0.48 for those classified into three, and
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Fig. 14. Classification of sleep stages into Wake, REM, Non-REM1, Non-
REM2, and Non-REM3/Non-REM4. (a) Pneumatic method, (b) R-K method.

TABLE IV
SLEEP-STAGE AGREEMENT AND KAPPA STATISTICS BETWEEN THE
PROPOSAL METHOD AND THE R-K METHOD (WAKE, REM,
NON-REM1, NON-REM2, AND NON-REM3/NON-REM4)

Subject | Trial Wake, REM,
Non-REM1,2.3/4
Agreement Kappa
[%]
A 18 64.2 0.41
nd 47.0 0.34
B 1 57.9 0.46
ond 57.9 0.47
C 12 60.2 0.37
ond 61.8 0.44
3rd 66.9 0.39
4th. 54.4 0.37
D 15 37.6 0.34
E 135 53.7 0.39
ond 63.8 0.51
F 1% 60.4 0.41
ond 58.7 0.38
3rd 54.8 0.39
G 15 52.2 0.39
H 13 54.2 0.37
I e 54.7 0.38
2nd 56.5 0.28
J 15 54.8 0.32
ond 53.4 0.35
MEAN 56.2 0.39
S.D. 6.3 0.05
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Fig. 15. Classification of sleep stages into Wake, REM, and Non-REM.

(a) Pneumatic method, (b) R-K method.

the general sleep patterns and the rhythms of REM and Non-
REM sleeps can thus be identified.

The proposed algorithm allows us to monitor and improve
the quality of daily sleep at home. High-quality sleep is impor-
tant for good health and preventing sleep-related diseases such
as narcolepsy and insomnia.
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TABLE V
SLEEP-STAGE AGREEMENT AND KAPPA STATISTICS BETWEEN
THE PROPOSAL METHOD AND THE R-K METHOD
(WAKE, REM, AND NON-REM)

Subject | Trial Wake, REM,
Non-REM
Agreement Kappa
[%]
A I 80.9 0.56
ond 77.3 0.40
B 15 80.0 0.51
ond 87.1 0.60
C 15t 74.9 0.42
ond 81.8 0.48
3rd 85.1 0.57
4. 80.8 0.45
D 15 59.9 0.37
E 15 75.1 0.46
ond 87.5 0.67
F i 77.6 0.47
ond 79.5 0.46
3rd 71.5 0.49
G 15 77.6 0.48
H 15t 74.6 0.42
I & 70.4 0.44
ond 78.6 0.42
J 15 78.0 0.43
ond 71.0 0.51
MEAN 77.5 0.48
S.D. 6.2 0.07

VI. CONCLUSION

In this paper, the REM sleep index R(k) and the sleep
depth index D(k) have been determined, and the relationships
of these indices with the periods when the delta wave, spin-
dle wave, and REM occur have been examined. When REM
was frequent, and the delta wave and spindle wave were not
frequently observed, the R(k) value was large, indicating a
high possibility of REM sleep incidence. The D(k) value, on
the other hand, is a small value when the incidence of delta
wave is frequent, and the value changes from large to small
corresponding to the change in sleep depth from Wake to Non-
REMI1, Non-REM2, Non-REM3, and Non-REM4. In order
to estimate the sleep stages based on these two indices, the
coefficients for the fourth-order curve to calculate the mean
incidence ratio and the standard deviation of each sleep stage
were determined. It was shown that using these two indices,
the incidence ratio of each sleep stage, and its corresponding
standard deviation, improved the accuracy of estimating the
sleep stage compared with the conventional method.

The proposed algorithm depends on the measurements of
the heartbeat and body movement by the pneumatic method
presented in [16]. The novelty of the algorithm in comparison
with that in [15] which also depends on the pneumatic method
is the use of the two indices D(k) and R(k) and the information
on sleep-stage characteristics determined by age. The proposed
algorithm improves the precision by about 10% in comparison
with the result in [15].

One of our ultimate objectives is to apply our system to
elderly people for improving the quality of their sleep. As
a preliminary step, in this study, we carried out experiments
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TABLE VI
KAPPA STATISTICS
Score A
a b c
a Ji Ji2 J13
ScoreB | b fa.1 S22 f23
c JiXl S32 J33

using young subjects to verify the accuracy of the proposed
algorithm. We now intend to conduct verification experiments
using subjects with a wider range of age.

APPENDIX
KAPPA STATISTICS

The kappa statistic is an index that shows the degree of
coincidence of judgments among plural scorers. As an example,
here, we consider two scorers A and B for three items a, b, and
c as listed in Table VI.

Table VI shows judgment frequency f; ; for three items a, b,
and c by two scorers A and B. Let
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