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Abstract

processing

This paper presents a non-contact and unrestrained respiration monitoring system based on the optical triangulation
technique. The proposed system consists of a red-green-blue (RGB) camera and a line laser installed to face the frontal
thorax of a human body. The underlying idea of the work is that the camera and line laser are mounted in oppo-

site directions, unlike other research. By applying the proposed image processing algorithm to the camera image,
laser coordinates are extracted and converted to world coordinates using the optical triangulation method. These
converted world coordinates represent the height of the thorax of a person. The respiratory rate is measured by ana-
lyzing changes of the thorax surface depth. To verify system performance, the camera and the line laser are installed
on the head and foot sides of a bed, respectively, facing toward the center of the bed. Twenty healthy volunteers were
enrolled and underwent measurement for 100s. Evaluation results show that the optical triangulation-based image
processing method demonstrates non-inferior performance to a commercial patient monitoring system with a root-
mean-squared error of 0.30rom and a maximum error of 1rpm (p > 0.05), which implies the proposed non-contact
system can be a useful alternative to the conventional healthcare method.

Keywords Non-contact human health monitoring, Respiratory rate measurement, Optical triangulation, Image

Introduction

With the increase of average life expectancy, there is
growing interest in maintaining healthy life. Particularly,
various studies have been conducted to monitor health-
related biosignals such as heart rate and breath rate using
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wearable devices and/or other remote medical diagnosis
equipment [1-3].

Respiratory rate during sleep is a major vital sign,
related to the diagnosis and treatment of sleep disorders
[4], and various studies have been conducted in this field
[5-13]. Hussain et al. [6] attached radio-frequency iden-
tification (RFID) tags to various positions on the subjects’
shirts and measured the respiratory rate of a lying per-
son using RFID signals received wirelessly. Moreover,
Zhang et al. [7] developed a band-type wearable device
that wraps around the abdomen. This device can moni-
tor the respiratory rate by measuring changes in the cir-
cumference of the abdomen. Additionally, Massaroni
et al. [8] used a red-green-blue (RGB) camera and a head-
mounted device to measure respiratory rate.
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Meanwhile, there are studies focused on non-contact
and non-constrained measurement techniques which are
able to replace accurate contact sensors because contact
sensors are very inconvenient for users to monitor respi-
ration continuously in daily life [9].

Unlike the conventional methods for imaging the
human thorax, there is research that involves capturing
the face with a thermal camera for measuring respiration.
Rzucidlo et al. [14] successfully measured the respiration
of wild animals using the Eulerian Video Magnification
technique. Additionally, Kwasniewska et al. [15] analyzed
faces captured by a thermal camera using deep learning
to measure respiratory rate.

As a good attempt, Fang et al. [16] tried to meas-
ure breath by observing the sound generated during
breathing using the microphone of a smartphone. This
approach is very practical in that respiratory rate can be
measured during sleep by simply placing a smartphone
beside a bed.

The optical triangulation technique is widely known to
have high accuracy despite the use of inexpensive sensors
for depth measurement [17]. A general optical triangula-
tion-based depth measurement technique uses a single
sensor composed of a laser light source, an optical sensor,
and a lens. The basic principle used inside this sensor is
well described in [18]. When the laser beam in this sen-
sor strikes an arbitrary point on the surface of an object,
it is reflected from the surface and is then incident on the
optical sensor. In accordance with basic geometric prin-
ciples, the depth can be calculated. The basic formula is
well described in [19].

This technique can be applied to the non-contact
measurement of a person’s respiratory rate using depth
information, and a previous study of Aoki et al. [4]
measured human breathing by irradiating a near-infra-
red pattern laser over the entire chest area of a per-
son. However, the optical triangulation technique has
the disadvantage that the measurement area is limited
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because depth can be measured only in the area where
the laser is irradiated. Therefore, Aoki et al. [4] studied
this approach using a pattern laser which consisted of
multiple lines to measure abdominal depth over the
entire upper body. Similarly, Jezersk et al. [20] used a
pattern laser which consisted of 33 parallel lines. How-
ever, the cost of a pattern laser increases exponentially
compared to that of a single line laser without a pattern.
Therefore, this study focus on the fact that if the cam-
era and the laser were installed with a relatively large
angle by irradiating toward a person from the opposite
side, it would have a sufficient measurement area for
respiration monitoring, even when using a single line
laser, rather than a pattern laser, as shown in Fig. 1. We
have studied the potential of this technique in previous
studies [21].

Using this technique, the disadvantage of the narrow-
ness of the measurement area that comes from using a
single line laser would be eliminated, and respiratory
rate could be assessed robustly for various body types.

Meanwhile, Paz-Reyes et al. [22] conducted a study
of respiration measurement using only an RGB camera
without a line laser. This technique might be more cost-
effective than the proposed technique because it did
not use a line laser. Since this technique detects feature
points from patterns printed on clothes for extracting
respiratory signals, its performance was significantly
affected by the printed pattern of clothes the subjects
wore [22].

In this paper, an algorithm-based optical triangula-
tion method is proposed to use an RGB camera and a
line laser to conveniently measure the respiratory rate
of a human body, especially targeting the bed-sleeping
condition. To validate the efficiency of the algorithm,
the experimental results from 20 subjects are pre-
sented, and compare the data with those from a com-
mercial patient monitoring system.

opposite
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measurement
area <

Sufficient measurement area for respiration monitoring
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Fig. 1 Expansion of the measurable plane by changing the method of applying optical triangulation
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Optical triangulation technique
The technique of extracting depth information using opti-
cal triangulation is schematically shown in Fig. 2. The opti-
cal triangulation technique consists of a line laser and a
camera irradiating the subject at the certain angles 6 and 6,
respectively. The image coordinate system acquired from
the corresponding optical system is converted to the world
coordinate system in real space. In other words, the depth
(height of object) d,,,14 can be acquired from line laser pix-
els in the image coordinate system (X;age:Vimage)-

In particular, as shown in Fig. 2, when the line laser is
tilted by 0 and the camera is tilted by 6, the dyyoria of the
subject is projected into d;/ orig Using Eq. 1.

/

dworld = dyworid X tan*l(@) (1)

Then d:” oriq Projects d'in a virtual projection plane which
is orthogonal with the camera. The virtual projection plane
is just inserted for description. As the results are acquired,
the reference point is determined as the highest depth
d:” oria PY the Eq. 2. to extract one dimensional depth signal,
as in Fig. 7(3).

d=d, xcos  (m/2-6) @)

In Fig. 2, since 0 is /2, the cosine term is eliminated so
thatd andd,, ,, are equal.

Finally the ippgqe CAN be calculated by multiplying by «,
which is a scaling factor to convert from d to djjage, as in
Eq. 3.

dimage = @ x d. 3)

Therefore, if djuqg were calculated using the image
processing algorithm by segmenting line laser pixels in
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image, the depth information d,,,;; can be acquired for
images acquired in real time.

Proposed algorithm description

The image processing algorithm used in this study is
summarized in Fig. 3. The first process, from “R-channel
split” to “Threshold’, is to segment pixels correspond-
ing to line laser area in acquired image. Next, to extract
the depth signal, the reference point selection algorithm
is applied to select an appropriate point for applying the
optical triangulation technique among the segmented
line laser pixels. After that, the depth signal is calculated
by the equations in this paper, which will be explained
later in detail.

For the depth signal processing, the depth signals
with lengths exceeding the predefined frame length L;
are collected. Then, a difference operation with the pre-
vious sample and a moving average filter are applied to
the depth level sequences calculated by the optical tri-
angulation technique with the reference point in real-
time. Finally, a zero crossing point detection algorithm is
applied to the result of the moving average filter to count
the number of respiration. Each step is described in the
following sections.

Image acquisition and R-channel extraction

The first step of the image processing algorithm following
image acquisition is to extract the red(R)-channel from
the three RGB channels, considering that the color of line
laser is red. Typically, the optical triangulation technique
uses a red-colored line laser, because longer wavelengths
have less diffraction, so the straightness is stronger. In
order to detect the red-colored line laser region in the
image, a channel separation is performed. Split images

Depth information mapping relationship (dy,oria < @'worta < @'image)

World coordinate system
camera

A
=
s .
2 virtual _
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Fig. 2 Conceptual scheme of optical triangulation
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Fig. 3 Flowchart of the proposed algorithm

by each channel from the input RGB image are shown
below.

In Fig. 4, the split images (Fig. 4b-d) appear in gray-
scale. The Fig. 4b is the R-channel of the input image
(Fig. 4a), Fig. 4c is the G-channel, Fig. 4d is B-channel.
The R-channel image (Fig. 4b) is the most advantageous
for line laser segmentation because the contrast between
line laser pixels and surrounding pixels is the clearest.

Median filter

A median filter reduces image noise whilst preserving
object edges [23]. In the case of proposed research, the
median filter reduced reflected spot-like noise while pre-
serving the edge component of line laser.

(¢) G-channel
Fig.4 Splitimages of an input RGB image

Figure 5 shows the median filtering results. Figure 5a is
a part of the R-channel image, and the results of apply-
ing the median filter with a window of 3 x 3 to the image
are shown in Fig. 5b. In addition, the main areas of
each image are zoomed-in and shown in Fig. 5c and d,
respectively.

When comparing Fig. 5c and d, as shown in (1), the
dark spot-like noise in the laser area is removed, and the
connectivity of laser area is strengthened, while the spot-
like noise (2) caused by reflected light is suppressed.

Thresholding
Thresholding is the last step to segment line laser pixels.
It is very important to select a threshold value properly.
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(a) R-channel image

(¢) Zoomed image of (a)
Fig.5 Results of median filter

Figure 6 shows the application of various threshold-
ing methods for the results of median filter. In particular,
Fig. 6a was observed brightly even though the brightness
value of red circle area was not the laser area. Therefore,
if the threshold value is incorrectly selected as shown

[
»,

(é) Otsh threshold

Fig. 6 Application of various threshold algorithms
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(b) Result of median filter

(d) Zoomed image of (b)

in Fig. 6b, pixels in the red circle area in Fig. 6a would
be over-detected. Figure 6¢ shows the Otsu [24] thresh-
olding technique. The Otsu thresholding technique is
a widely applied to images with two normal distribu-
tions, but as shown in Fig. 6¢, both the laser area and also

(d) Proposed threshold
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other areas are segmented. In this way, the appropriate
threshold value changes depending on environmental
conditions, such as the reflected light of the line laser.
Therefore, a threshold selection algorithm is proposed
that can obtain results such as Fig. 6d that are robust to
environmental changes based on the following two facts,
Firstly, the line laser area in an image is the brightest
value. Secondly, the maximum number of line laser pixels
is fixed and can be calculated based on the thickness of
the line laser and the width of the image. For example, if
the thickness of the line laser is 10 pixels and the width of
image is 10 pixels, the maximum number of pixels of the
segmented line laser cannot exceed 100(= 10 x 10).

Using above two facts, the pseudocode of proposed
thresholding is presented in Appendix A. First, thresh-
olding is performed by applying the brightest value as the
threshold value (T), and then the number of segmented
pixels (C) is counted. Then, the threshold value is low-
ered by one step. This process repeats until the number
of segmented pixels does not exceed a certain level (TC),
and then the last threshold value (T) is selected as the
final threshold value.

For all of the subsequent images acquired in real time,
the threshold value is uniformly used for threshold-
ing. Once for the proper threshold value is found, the
searching process needs not to be repeated; the computa-
tion load in the respiration measurement could be light
enough so that real-time processing is possible.

Optical triangulation technique

The purpose of this chapter is to obtain the depth signal,
which is denoted by {d7 ., .};, using an optical triangula-
tion technique. At first, the depth d,,,;; and the corre-
sponding x,,,; coordinates are extracted from pixels
that are segmented for the laser area using the optical tri-
angulation technique, following Eq. 4.

Page 6 of 13

dworid = & X Ysegmentation

Xworld = B X Xsegmentation @
where « and $ are scaling factors, and (Xsegmentation
»Ysegmentation) are the segmented coordinates in an image.

For the input image as shown in Fig. 7a, the process
of acquiring a depth signal is shown in Fig. 7b. The one-
dimensional depth d,,,,;; can be represented with respect
to %04 as shown in Fig. 7(1). Accumulating process
dyworig in chronological order for images input in real time
is shown as Fig. 7(2).

As the results are acquired, the reference point is deter-
mined as the highest depth & . by the Eq. 5 to extract
one dimensional depth signal, as in Fig. 7(3).

d* . = maxd
world Xarid world (5)

Then for the current time ¢ = i, the amplitude of the
depth signal {4} };=;is extracted, as shown in Fig. 7(3).

Depth signal processing
An example of the depth signal processing for one par-
ticipant was depicted, as shown in the Fig. 8.

D, is a periodic signal vibrating around zero, which is
calculated using depth signals {d} . }; by applying the
difference operation (Eq. (6)) with the previous n-sample.

D; = {d:vorld}t=l' - {d:/orld}t=i—” (6)

Then the acquired D; is smoothed, as shown in Fig. 8
(n = 20).
To get baseline flattening and more smoothed signal, a
moving average filter [25] is applied using Eq. 7.
w1
MA; =1/W x Y Diy )

w=0

{d;mrld}tﬂ'

(a) Inut image

Fig. 7 Depth signal extraction processlabel

xworld'

(b) Depth information seﬁénce
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Depth signal processing of the entire measurement range for one subject

Fig. 8 Results of each step in the depth signal processing algorithm

The result of the moving average filter MA; is shown in
Fig. 8 (W = 3).

To measure the respiratory rate, zero crossing points of
which the derivative is negative are detected.

If MA; is smaller than C, which is a constant number
close to zero, and the previous sample, MA;_1, is equal to
or greater than C, then the current i-sample is considered
as the zero crossing point.

An example of the zero crossing point detection algo-
rithm Z; is shown in Fig. 8 (C = 0.5).

Experiments

Subjects

Twenty subjects, eight men and twelve women, par-
ticipated in this experiment. All of them were relatively
young healthy researchers from the Daegu-Gyeong-
buk Medical Innovation Foundation aged between 27
and 45 years, and they volunteered through an inter-
nal web advertisement following approval from the

institutional review board (IRB), which is the ethical
committee of this institution and which is controlled
by a governmental authority (control number: DGMIF-
20200605-HR-001-01). By IRB policy, the volunteers
from the same department as the authors of this work
were excluded in the recruitment, while no special exclu-
sion criteria were applied due to the nature of the experi-
ment. The height range of the subjects was from 150 to
185cm.

Experimental setting and protocol

Figure 9 shows the overall system for the experiment.
A webcam camera (LOGITECH960—-001105KIT, Log-
itech International S.A., Lausanne, Switzerland) and
a line laser (MLG633, Latech, Gimhae, South Korea)
were attached on the head side and foot side of the
bed, respectively, pointing toward the center of the
bed. The webcam camera has a maximum resolution of
3480 x 2160(pixels) with 30s frame per second(fps), but
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Fig. 9 A schematic illustration of the system

the acquisition resolution set to 2560 x 1440(pixels) with
at 15fps to guarantee real—time processing. The line laser
irradiates in the wavelength of 655xnm, and the width of
laser line can be adjustable with a focus adjustment func-
tion. The optical power was 2.9mW and the operating
voltage was 7 — 24VDC.

The webcam camera was installed at a height of 61cm
perpendicular to the bed on the head side. The line
laser was installed at a height of 58cm, and the angle
between the webcam and the line laser was 102degrees,
as will be explained later in the discussion section. These
two devices were connected via USB 3.0 to a desktop
computer running proposed algorithm. The proposed
algorithm was implemented in a desktop computer
(Microsoft Windows 10 64 bit, Intel Core-i5 CPU, 4G
RAM) using C++ and OpenCV [26], an open-source
computer vision library.

A commercial patient monitoring system (BPM-770,
Bionics, South Korea) was also prepared to obtain the
ground-truth data. The commercial system is the prod-
uct approved as a medical device by Ministry of Food and
Drug Safety (MFDS) of South Korea, and has the meas-
urement range of 2 — 150 respiration per minute (rpm)
with the accuracy of & 2rpm.

The algorithm parameters were set as follows. The win-
dow size of the median filter was 3 x 3 in Section Median
Filter. The threshold value was automatically selected by
the proposed thresholding algorithm in Section Thresh-
olding. Both « and § for Eq. 4 were set to ones experi-
mentally. In general, in the 3D triangulation method,
a and B are used to convert from image pixel units to
physical units in centimeters during coordinate transfor-
mation. By setting these parameters to one, signal pro-
cessing could be performed in pixel units. Note that the
change in the relative magnitude of the depth is being
observed, not the absolute magnitude of the depth. After
acquiring the depth signal for the first 50 frames (L;) in
Fig. 3, the depth signal processing algorithm was initiated
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Laser

and the difference operation was conducted between the
current samples and samples before 20 frames (n = 20 as
explained in Section Depth Signal Processing). The mov-
ing average window size W was 3, and the constant value
for the zero crossing point detection C was 0.5.

In the experiment, subjects signed the consent from
and they were instructed to attach electrodes by them-
selves after detailed instructions and a demonstration
from the skilled examiner. They decided whether to use a
blanket or not, and lied on the bed in their own life styles
(Fig. 10). The first row in Fig. 10 shows the various shapes
of subjects and the laser line appearances in the experi-
ment. The first three rows in the figure show the cases
where subjects decided to use blankets, while the last row
shows the cases without blankets. Whenever the subjects
were ready, the measurement started with a verbal signal
from the examiner and continued for 160s total.

Data from the proposed system were analyzed using
a Python script by comparing it with data from a com-
mercial patient monitoring system in terms of respiratory
rate. Respiratory rate is usually given in the unit of respi-
ration per minute (rpm), and one sample of data requires
the measurement of 60s. Therefore, only windowed data
of 100s can be analyzed, even though whole bio-signal
is measured for the entire period of 160s that a subject
lied down on the bed. The odd-numbered zero crossing
points extracted from two systems were compared every
two seconds to validate the real-time reliability of the
proposed algorithm.

Results

Data from 20 subjects were successfully measured and
analyzed. The results consistently demonstrated meas-
urement errors within two-second intervals to be less
than one rpm for all subjects and for all intervals and the
RMSE for the entire measurement range of all subjects
was also less than 1 rpm.
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Table 1 shows the exemplary data from the first subject.
It reports all measurements for 160s including the first
60s, which was not used in the calculation of the respira-
tory rate. The root-mean-squared error (RMSE) of rpm
for all windowed intervals of 60s was 0.24rpm, and the
maximum error of a two-second interval was one.

RMSE values for all 20 subjects are reported in the
Table 2. As described earlier, all measurement errors
for two-second intervals were no more than one. The
average RMSE appeared as 0.30rpm, and the maximum
RMSE was 0.76 for subject 8.

Average respiratory rate using proposed system
resulted was 13.66(3.86)rpm (the number in the paren-
thesis is the standard deviation) for all subjects, while
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the result measured by the commercial system was
13.67(3.88)rpm. Following a Shapiro-Wilk test to check
normality, a patent test showed p = 0.77 (> 0.05).

Discussion

In this study, The algorithm that uses an RGB camera and
a line laser to conveniently measure the respiratory rate
of a human body was proposed, especially targeting bed
sleeping condition. In the experiment, although subjects
had various body shapes and wore various blankets and
clothes, the proposed algorithm showed reliable respira-
tory rate measurement accuracy compared to the com-
mercial equipment (BPM-770, Bionics, South Korea)
with the RMSE of 0.30rpm and the maximum error of
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Table 1 Output comparison between BPM-770 and proposed system for the first subject
Time(s) 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
(@) n, BPM-7702 0 1 0 1 0 0 1 0 0 1 0 0 1 0 0
(b) rpm, BPM-770° - - - - - - - - - -
(c) n, Proposed system? 0 1 0 1 0 0 1 0 0 1 0 0 1 0 0
(d) rpm, Proposed systemP - - - - - - - - - - - - - - -
(e) Error®(b — d)) - - - - - - - - - - - - - - -
Time(s) 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
(@) n, BPM-7702 0 0 0 1 0 0 1 0 0 1 0 0 1 0 0
(b) rpm, BPM-770° - - - - - - - - - - - -
(c) n, Proposed system? 1 0 0 1 0 0 0 1 0 0 1 0 0 1 0
(d) rpm, Proposed systemP - - - - - - - - - - - - - - -
() Error® - - - - - - - - - - - - - - -
Time(s) 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90
(@) n, BPM-7702 0 0 1 0 0 1 0 0 0 1 0 0 1 0 0
(b) rom, BPM-770° 10 9 10 9 9 10 9 9 9 9 9 9 9 9 9
(c) n, Proposed system? 0 0 1 0 0 1 0 0 0 1 0 0 1 0 0
(d) rom, Proposed systemP 10 9 10 9 9 10 9 9 9 9 9 9 9 9 9
(e) Error® 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o
Time(s) 92 94 96 98 100 102 104 106 108 110 112 114 116 118 120
(@) n, BPM-7702 1 0 0 0 1 0 0 1 0 0 0 1 0 0 1
(b) rom, BPM-770° 9 9 9 9 9 9 9 9 9 9 8 9 9 8 9
(c) n, Proposed system? 1 0 0 0 1 0 0 1 0 0 1 0 0 0 1
(d) rpm, Proposed systemP 9 9 9 8 9 9 9 9 9 9 9 9 9 8 9
(e) Error® 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0
Time(s) 122 124 126 128 130 132 134 136 138 140 142 144 146 148 150
(@) n, BPM-7702 0 0 1 0 0 0 1 0 0 1 0 0 1 0 0
(b) rpm, BPM-770P 9 9 9 9 9 8 9 9 9 9 9 9 9 9 9
(c) n, Proposed system? 0 0 1 0 0 1 0 0 0 1 0 0 1 0 0
(d) rpm, Proposed systemP 9 9 9 9 9 9 9 9 9 9 & 9 9 9 9
(e) Error® 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Time(s) 152 154 156 158 160
(@) n, BPM-7702 0 1 0 0 1
(b) rom, BPM-770P 8 9 9 9 9
(c) n, Proposed system? 0 1 0 0 1
(d) rpm, Proposed systemP 8 9 9 9 9
() Error® 0 0 0 0 0

Maximum error® 1(n)

RMSE(rpm)© 0.24(n/min)

aMeasured number for each interval of 2s
PMeasured number for windowed intervals of 60s

“Measured rpm error over the entire measurement range(62s ~ 100s)

1rpm in Table 2. Since most governmental authorities for
medical devices require a maximum error of £+ 2rpm in
respiratory monitoring, we can conclude the system per-
formance was acceptable.

The proposed scheme has two main advantages over
existing methods. Firstly, the combination of an RGB

camera and a line laser is a very affordable combina-
tion, especially when we compare the proposed scheme
with other schemes using RGBD cameras. Even though
RGBD sensors are becoming more attractive in the mar-
ket, there is still huge cost difference between the two.
Also IR signals from RGBD cameras may interfere with
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Table 2 Results of clinical trials in 20 patients

Subject Maximum RMSE(rpm) Subject Maximum RMSE(rpm)

error(n) error(n)
1 1 0.24 11 1 0.28
2 1 0.14 12 1 0.32
3 1 0.28 13 1 0.24
4 1 0.28 14 1 042
5 1 0.32 15 1 037
6 1 0.14 16 1 040
7 1 037 17 1 0.24
8 1 0.76 18 1 032
9 1 0.35 19 1 0.14
10 1 032 20 1 0.00

All errors were calculated over the entire measurement range (625 ~ 1605 in
Table 1)

other medical sensory signals (e.g., many clinical/surgical
tracking systems utilize IR technology). Secondly, devices
were located in the head and foot side of the bed, and
there is no need to install a device on the ceiling.

In the experiment, we installed the webcam camera at
a height of 61cm, and the line laser at 58¢m, respectively,
to generate 102degrees between two. Theoretically, when
the angle between the camera and the laser is 90 degrees,

Table 3 Comparison with traditional methods
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depth measurement accuracy is the highest, if we do not
consider the distance from the camera to the thorax.
However, if we had set the angle to 90degrees, the camera
should have been lifted up above 1 m, since we did not
want the camera to be located on the ceiling. Then, due
to the distance and the effect of the field of view of the
camera, the data from camera would have significantly
degraded. Therefore, we set the heights of devices to rea-
sonable levels by trial and error. Probably this could be
another variable that can be incorporated to the equation
in the future research.

A few characteristics of the proposed approach were
compared with those from other research (Table 3).
Non-traditional respiration monitoring technology can
be divided into contact and non-contact types. Among
non-contact approaches, our approach demonstrates
acceptable accuracy (as shown in Table 2) while utilizing
relatively inexpensive sensors. Moreover, it was robust to
the user conditions such as various clothes and blankets.

The limitation of proposed approach is that it is vul-
nerable to body motion. We found the measurement
accuracy decreases severely with the body motion of
subjects. Since there is no way to distinguish between
body motions and bio-signals in the signal acquired
using the optical triangulation technique, body motion
could not be adequately compensated. However, most

Sensor Number  Covered with a blanket Remark
of subject
Wearable Device Based Method
Hussain [6] RFID tagsb 4 Not considered Counting
Zhang [7] Triboelectric nanogenerators® 2 Considered Not counting, consider movement
Massaroni [8] RGB camera®, head mounted device 12 Not considered Not counting, consider movement
Non-Contact Based Method
Paz-Reyes [22] RGB camera? 12 Not considered Influenced by the printed
on the cloth, not counting
Aoki [4] RGBD camera® 1 Considered Not counting
Jezersek [20] RGB camera®, pattern laser? 1 Not considered Not counting
Aoki [13] RGBD camera® 4 Not considered Not counting
Scalise [9] Laser Doppler? 9 Not considered Not counting
Wijenayake [12] RGBD camera® 10 Not considered Not counting
Kim [11] IR-UWB radar® 6 Does not matter Counting, consider movement
Hyun [10] IR-UWB Radar? 5 Not considered Counting
Rzucidlo [14] Thermal camera?® - Does not matter Counting
Kwasniewskal [15] Thermal camera® 40 Does not matter Counting
Fang [16] Smart phone 6 Does not matter Not counting consider movement
Proposed method RGB cameraP, 20 Considered Counting
line laser®

Relatively expensive

bRelatively inexpensive
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non-traditional technologies are also significantly
affected by body motion especially when the approach
is of the non-contact type. Among the latest techniques
in Table 3, Hyun et al. [10] considered vigorous move-
ments of subjects but reported the same problem with
proposed approach. A large body motion could be
detected with an additional sensor or with analyzing
change of the shape of projected segment. We believe
that temporal change of the shape even could hint us
the direction and/or magnitude or motion, and it could
be an interesting research topic following this work.

We also found a red-colored line laser may disturb
the sleep of users in the real-life applications. They
might better be replaced with an IR camera and an IR
laser in a future study. An equivalent IR system could
increase the overall cost of the system, but not too high.
Body motion compensation is another future topic
we need to investigate, since two minutes of respira-
tory rate data may be degraded or lost by abrupt body
motion.

For future work, in order to apply the proposed sys-
tem to telemedicine, we will set up a test bed in a hos-
pital environment that is under construction. In this
case, IEEE 11073 POCT standard protocol and Health
Level 7 (HL7) protocol could be implemented to link to
an electronic medical record (EMR) system.

Conclusions

In this research, we proposed a scheme to use an RGB
camera and a line laser for non-contact and unre-
strained respiration measurement of a human, espe-
cially targeting the bed-sleeping condition. Proposed
study focused on an application of optical triangula-
tion method, known as a cost-effective and accurate
depth measurement method, to unconstrained respi-
ration measurements. The system could be built cost-
effectively, and the performance was verified through
an experiment with twenty subjects under various
conditions (with and without blankets). Even though
the system tends to be temporarily unstable with the
abrupt motion of a human body, data were accurate
enough in normal, stable conditions when compared
with those from a commercial patient monitoring sys-
tem. Evaluation results show that the proposed method
demonstrates non-inferior performance compared to
a commercial patient monitoring system, with a root-
mean-squared error of 0.30rpm and a maximum error
of 1rpm (p > 0.05), which implies the proposed non-
contact system can be a useful alternative to conven-
tional healthcare. Considering the fast development
of research on contactless bio-signal assessment, we
believe such technologies will be in our homes soon.
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