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Abstract— This paper describes a method for the detection
of changes in sleeping conditions using multipoint ambient
sensing for safety and amenity in the sleep environment.
This method continuously detects changes during sleep, such
as the movements of the person and bedding based on the
measurement of acceleration, temperature and humidity of
the comforter. Through the measurement of these ambient
conditions, this system improves sleep quality and prevents
accidents, such as falling off the bed. In this study, a basic
system using internet of things (IoT) devices is constructed,
and performance verification is conducted. The experimental
results show the feasibility of the proposed method.

I. INTRODUCTION

Recently, various studies on the construction of an in-
telligent environment based on multipoint ambient sensing
have been developed in the research areas of robotics and
system integration [1]. Several of these studies have been
developed for evidence-based nursing care support in ward
environment [2], [3]. The continuous sensing of the bed
environment is important with respect to late-shift workload
reduction of nursing and caring staff and the safety of persons
lying on the beds in the ward. However, continuous ambient
sensing using various kinds of sensing devices is expensive
to install and raises privacy concerns. Therefore, a privacy-
conscious, low-cost measurement system is desired for bed
safety and amenity in the sleeping environment.

This paper describes a method for the detection of changes
in sleeping conditions using multipoint ambient sensing
for safety in the sleep environment. Figure 1 shows an
overview of the sensing system that uses multiple small
ambient sensors. Several studies on the detection of persons
exiting and falling off their beds have been developed. These
studies use various sensing methods to monitor the sleeping
environment. Some examples include: a sheet-type sensor
on the bedside floor for the detection of exiting [4], a
fiber grating vision sensor for the measurement of sleep
conditions [5], differential image analysis [6], pneumatic
sensors on the mattress for the measurement of the pose
and movements of the patient [7], [8], [9], [10], [11], and
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Fig. 1. Overview of the comforter measurement system using multiple
ambient sensors.

multi-sensor fusion for the detection of exit and fall off the
bed [12]. These complex sensor systems are expensive to
install in ward environments because they are needed for
each bed in the ward. The monitoring system can predict
accidental events, such as the patient falling off the bed, the
comforter falling off the bed, or the comforter being turned
over, which is desired for safety and amenity during sleep.

The proposed method detects changes in sleeping condi-
tions, such as the movements of the person and bed during
sleep, based on the continuous measurement of acceleration,
temperature, and humidity of the comforter. The changes
in the temperature and humidity of the comforter are more
gradual than its motion; therefore, it is expected that the safe,
low-energy measurement system will be realized using slow
internet of things (IoT) devices. This method can detect when
the comforter falls off the bed and the comforter is turned
over, which are difficult to detect using only a mattress sensor
but are important to prevent the patient from feeling unwell
due to the decrease in body temperature when the comforter
shifts from the body of the sleeping person. The system does
not interfere with the other measurement system such as the
mattress sensor systems and falling detection system, then,
it is expected to improve sleep quality and safety based on
the combination of the detection systems.

The paper introduces the methodology of initial studies,
the implementation of the measurement system using IoT
devices, and the evaluation of the system through experi-
ments for detection of the turning over and exiting events.
The experimental results show the feasibility of the method.

II. METHODOLOGY

This section describes the method for the detection of
changes in sleeping conditions using multipoint ambient
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sensing of the comforter using IoT devices. Figure 1 shows
an overview of the sensing system using multiple small
ambient sensors. The system consists of a data server and
sensors. One sensor is attached to the bedroom environment
such as the wall of room to measure the baseline of the
environmental conditions, which can change due to the
movement of the person, the opening/closing of the doors
and windows in the room, the air conditioning in the room,
and the season. The rest of the sensors are attached to various
measurement points on both sides of the comforter. The
sensors continuously measure the acceleration, temperature
and humidity of the comforter over the subject. Each sensor
is identified by a sensor ID, which corresponds to its posi-
tion on the comforter. Therefore, each sensor measures the
conditions of a part of the comforter.

The measurement system detects when a part of the
comforter is turned based on the acceleration of that part of
the comforter. For a measurement system that uses multiple
sensors, the sign of acceleration of the sensors attached
to the turned section of the comforter is changed. The
output of the acceleration sensors includes components of the
acceleration due to gravity, from which the normal vectors of
the parts of the comforter where the sensors are attached are
calculated relative to the normal vectors when the comforter
remains stationary. Therefore, we can detect when a part of
the comforter is turned based on the measurement of the
direction of acceleration for the neighboring sensors.

In addition, the system estimates the location and position
of the person on the bed from the distribution of the parts
of the comforter and the temperature and amount of water
vapor, which are high due to the activities of the sleeping
person in the bed. The system measures the temperature
and humidity of the room as a baseline, as well as those
of each part of the comforter using the comforter sensors.
The amount of water vapor at each part is calculated using
temperature and humidity, because the humidity is influenced
by the temperature of surroundings. The system calculates
the differences in temperature and amount of water vapor
between each part of the comforter and those of the room,
because of the cancellation of the disturbance based on
the change of the environmental conditions (such as the
movement of the person and the opening/closing of doors
and windows). Then, the system records the differences in
temperature and amount of water vapor for each part of the
comforter.

If the subject exits the bed, heat and humidity from
the subject stops. Therefore, the output of temperature and
water vapor of each part of the comforter nears those of
the baseline sensor. The change of the conditions of the
comforter according to the exiting events is detected based
on the change of the measurement data. The system detects
the change of sleeping conditions of the subject, such as
exiting and becoming uncovered, using the threshold values
and a regression model of the acceleration, temperature and
amount of water vapor. Through these procedures, the system
records and informs of the change detection of the sleeping
conditions.

Sensor unit
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Fig. 2. Measurement system for ambient sensing.
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Fig. 3. Layout of sensors for experimental system.

III. EXPERIMENTS

This section explains the implementation of the experi-
mental system using a small IoT server based on PC and
multiple sensor units, and the measurement experiments to
show the feasibility of the proposed method. This section
shows the experimental results for the detection of the
turning over a part of the comforter, and the exiting of the
person from the comforter.

A. Implementation of the experimental system

Figure 2 shows the overview of experimental system using
a small IoT server based on PC and multiple sensors. The
Pinoh micro server and Easy IoT Sensors were used as
the IoT server and the sensor units in the experiment. The
sensors have the same specs, and the units measure three-
axes acceleration (including acceleration due to gravity),
temperature, and humidity. In this experiment, one sensor
was used for the baseline and the other three sensors were
used for the measurement of parts of the comforter. In
addition, a video of the experimental scene was recorded for
verification of the experiment. Image analysis of the movie
was not used for the analysis directly.

Figure 3 shows the layout of the sensors for the experi-
mental system. One sensor is attached to the outside of the
comforter, and other two sensors are attached to the inside
of the comforter. The baseline sensor was connected to the
server via USB, and the sensors on comforter were connected
via EIA-485 (RS-485).

The system measured the temperature, humidity, and ac-
celeration of each sensor every 10 seconds. This experiment
took place during the summer, and the comforter allows air
to pass through easily, and the radiation performance of the
comforter is high.
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Fig. 4. Procedure of turning over a part of the comforter.
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Fig. 5. Change in acceleration through the turning over.

B. Detection of turning over the comforter based on the
measurement of acceleration

The experiment for the detection of the turning of the
comforter based on the change of acceleration of each part
of comforter was conducted. The subject turned part of com-
forter 5 minutes after the initial conditions were measured,
as shown in Fig. 4. The direction of sensor 1 was changed
by the turning it over in the experiment. In this experiment,
the system recorded the change of the component of the
acceleration in the direction of each sensor; that is, the z
axis of the measurement.

Figure 5 shows the change of acceleration through the
turning over operation. The horizontal axis indicates elapsed
time, and the vertical axis indicates the z component of
acceleration for each sensor. The turning over events are
estimated using the inner product of the acceleration vector
(including the acceleration due to gravity) of the sensors
attached to the same side of the comforter. From Fig. 5,
the experimental results show the feasibility of the detection
of turning over using the measurement of acceleration at
multiple points of the comforter.

C. Detection of exiting events from the comforter and bed

The experiment for the detection of exiting from the
comforter and bed was conducted based on the change in
temperature and amount of water vapor at each part of the
comforter. The subject slept in the bed with the comforter
for about one hour, then exited from the bed after turning
over the part of the comforter. The system recorded the
temperature and humidity of each sensor attached to the
comforter and the baseline sensor. The experiments were
conducted at various temperatures, seasons, subjects, and
activities during sleep.

Figures 6 and 7 show the temperature and amount of
water vapor around each sensor during the sleeping and
exiting activities. The temperature measured by sensor 3 (the
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Fig. 7. Amount of water vapor at each position of the comforter during
sleeping and exiting.

outer sensor) was higher than that of sensors 1 and 2. From
the video record of the experiment, it was found that the
inner sensors are not on the body of the subject during the
experiment. This implies the feasibility of pose estimation of
a sleeping person using the distribution of temperature of the
part of the comforter. In addition, the temperature of sensor 3
increased after the subject exit the bed. From the video, it was
observed that sensor 3 was surrounded by the comforter after
the subject exited the bed, and the surroundings of sensor 3
were kept warm.

The room conditions such as the temperature and amount
of water vapor around each sensor change according to the
opening/closing of the door. In addition, it was observed
that the temperature and amount of water vapor around
each sensor attached to the comforter were recorded by
the baseline sensor after the exiting activity by the subject
(Figs. 6 and 7). However, it is difficult to judge the exiting
event from the change of temperature and amount of water
vapor directly, because the temperature and amount of water
vapor change due to the change of environmental conditions.

Figures 8 and 9 show the difference in temperature and
amount of water vapor around each sensor unit during the
experiment. From Figs. 8 and 9, we observed that tempera-
ture and amount of water vapor around each sensor on the
comforter went toward those of the baseline sensor after the
exiting activity by the subject. In addition, the influence of
disturbances, such as opening or closing door of the room,
was eliminated based on the differential measurement of the
temperature and amount of water vapor.

We tried to detect the changes due to exiting events using
singular spectrum transformation (SST) [13] of the measure-
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Fig. 8. Difference in temperature around each sensor during sleeping and
exiting.
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Fig. 9. Difference in amount of water vapor around each sensor during
sleeping and exiting.

ment data. The annotation and division of the measurement
data using change detection of the sleeping environment are
needed for recording the sleeping conditions. The character-
istics of the SST method are shown as follows:

• The method detects the change of the pattern of the time
series.

• The method is robust against the noise of the signals.
• Few parameters are needed for the analysis.

The extended singular spectrum transformation (eSST) [14]
was applied for change detection because data from multiple
sensors were obtained through the experiment. In the experi-
ment, the width of the analysis window was set to 5 minutes
(30 data points), and the length of time shift series was −5
minutes. The width of the analysis window was determined
experimentally.

Figure 10 shows the analytical results of change score of
the motion data during the cornering motion. The horizontal
axis is the elapsed time. The vertical axis is the change score
of z(t). From Fig. 10, the method detects several changes in
room conditions using the change score of eSST. On the
other hand, the change points of temperature and amount of
water vapor according to the exiting from the bed were not
detected by the SST method under the experimental condi-
tions, but changes after the exiting events were detected.

D. Detection of exiting events from the comforter and bed
in another season

The experiment for the detection of the exiting events in
another season was conducted to show robustness to the
change in season. The subject slept in the bed with the
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Fig. 10. Change score of the temperature and water vapor data during
sleeping and exiting.
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Fig. 11. Difference in temperature around each sensor during sleeping and
exiting in the other season.

comforter for about one hour, then exited the bed by turning
over part of the comforter. The room temperature was about
22 ◦C, the room humidity was about 75.3 %, and the amount
of water vapor was about 14.6 g/m3 at the beginning of the
experiment. The rest of the conditions of the experiment
are the same in the experiment described in the former
subsection.

Figures 11 and 12 show the differences in temperature
and amount of water vapor around each sensor during the
experiment. From Figs. 11 and 12, we can see that tem-
perature and amount of water vapor around each sensor on
the comforter went toward those around the baseline sensor
after the exiting activity by the subject in the experiment
conducted in the different season.

IV. DISCUSSION

The experimental rseults showed the feasibility of the
detection of the change in sleeping conditions using multi-
point ambient sensing for safety and amenity in the sleep
environment using a small IoT server based on PC and
multiple sensor units. This method enables the detection of
the events of turning over the comforter, which is difficult
to detect using measurements taken from sensors on the
mattress. These results show the feasibility of this system
to prevent the sleeping person getting cold due to becoming
uncovered when the comforter moves from their body, and
enable safer and more comfortable sleeping conditions.

It was shown that several changes in room conditions were
detected using the change score of eSST. In this experiment,
the change points of temperature and amount of water vapor
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Fig. 12. Difference in amount of water vapor around each sensor during
sleeping and exiting in the other season.

after the subject exited from the comforter was detected as
well as the change of conditions of the room. The change
results were detected; however, the interpretation of the
events based on the various data of the change results are
needed for the detection and notification of the events during
the sleeping.

In addition, the results from the experiment conducted in
the different season and the differences in temperature and
amount of water vapor around each sensor showed robustness
against the variation of the seasons and change of the room
conditions. However, the difference of sensing data changes
according to experimental conditions, such as the seasons
from the experimental results. Therefore, it is difficult to
detect the change in conditions using simple threshold values.
The discussion of automatic detection based on machine
learning and probabilistic methods will be conducted in
future work.

In the experiment, the exiting events from the comforter
were detected because the number of sensor units are small.
If the number of sensor units is increased, the system can
detect the movement of the subject under the comforter using
the distribution of the temperature and the amount of water
vapor around each part of comforter. The detection of move-
ment under the comforter and improvement of measurement
will be addressed in future work.

The experiments were conducted during summer in this
study, when the comforter allows air to easily pass through
and its radiation performance is high. Experiments using
other types of comforter, such as a blanket that provides
extra insulation, are needed to show the effectiveness of the
proposed method. In addition, experiments using an artificial
heater and humidifying unit (rather than a person), are
needed to show the reliability of the proposed method. More
experiments under various conditions and the improvement
of the detection algorithm will be also addressed in future
work.

V. CONCLUSION

This paper proposes a method for the detection of changes
in sleeping conditions using multipoint ambient sensing for
safety and amenity in the sleep environment. This method
detects the change in sleeping conditions, such as movements
in the sleeping person and bedding, based on a continuous

measurement of acceleration, temperature, and humidity.
This system improves the quality of sleep and accident pre-
vention, such as falling off the bed, though the measurement
of the ambient conditions of the comforter. In addition, the
frequency of measurement is low, and the energy consump-
tion of the systems can be lower. Experimental results show
the feasibility of the proposed method.

The discussion of automatic detection based on machine
learning and probabilistic methods, the detection of move-
ment under the comforter, the improvement of the mea-
surement system, and further experiments under various
conditions will be conducted as part of future work to show
the effectiveness and reliability of the system.
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