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Remote physiological monitoring is an active area of research that extends monitoring ca-
pabilities traditionally found in a clinical setting towards the home, telehealth, and beyond. In
particular, there is interest in leveraging consumer electronic devices for sensing physiological
characteristics such as heart rate, heart rate variability, and blood oxygen saturation. This thesis fo-
cuses on enhancing the understanding and usage of the sensing component for these applications to
improve the performance and quality of cardio-physiological monitoring. First, a close relationship
between the color spaces used for video compression and the color projection planes commonly
used for heart rate estimation is identified. The study demonstrates the impact of this observation
on real and synthetic data to provide a foundation to guide future video coding to optimize its
configurations to better preserve the heart rate signal for health related applications. Second, an
investigation with a commercial-off-the-shelf (COTS) multi-spectral sensor is presented with key
observations related to the sampling rate, exposure settings, and multi-channel processing. These
observations will enable better usage of the sensor for future studies and data collections that lever-
age the more precise spectral measurements from the multi-spectral sensor compared to standard

RGB cameras.
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Chapter 1

Introduction

1.1 Overview

Remote photoplethysmography (rPPG) is an active area of research that began with heart
rate (HR) estimation in a controlled setting and has been extended to less controlled settings as
well as estimation of other parameters such as HR variability and blood oxygen saturation (SpOs).
Within this area of research, there is a focus on demonstrating the capabilities of commercial
sensors, such as cameras on consumer phones. Physiological monitoring with commercial devices
that are common in most homes creates the opportunity for people to more easily monitor vitals
while away from a standard clinical setting. The following expands this body of work with a focus
to enhance the understanding and usage of sensing to improve the performance and quality of
cardio-physiological monitoring.

The outline of this thesis is as follows. In this chapter, relevant research that provides foun-
dations of video-based physiological monitoring will be reviewed as it relates to the physiological
source of the signal, the sensor, and algorithms to estimate the physiological state (Figure 1.1).
Chapters 2 and 3, contain the details of the main contributions of this thesis work that focuses

on the sensor component of the process. Chapter 2 details the original finding of this work that
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Figure 1.1: High level outline of remote physiological monitoring with emphasis on the sensor, the
focus of the thesis work.

identified the close relationship between the color space used in standard video compression and
the physiological signal extracted by plane orthogonal to the skin (POS), a first principles moti-
vated rPPG algorithm. This observation is further explored and the concept of adjusting video
compression settings when the application is known to be rPPG is introduced and experimentally
demonstrated. Chapter 3 describes the building blocks developed under this thesis work for using
the Sentera 6x sensor, a commercial off-the-shelf (COTS) multi-spectral sensor, for future research
related to physiological monitoring. In this section, demonstrations with the Sentera sensor detail
the expected behavior of rPPG based on a 5 Hz frame rate, a demonstration of multi-spectral frame
alignment to streamline the data processing pipeline, and a characterization of the automatic ex-
posure controller in the Sentera 6x Sensor. Finally, Chapter 4 summarizes the work and discusses

future research opportunities enabled by the contributions in this thesis.

1.2 Background on rPPG

1.2.1 Physiological Signal Source

Video-based physiological monitoring is primarily based on detecting changes in the color
of the skin surface caused by blood volume variation as the heart beats. In traditional photoplethys-
mography (PPG) that is often evaluated at the fingertip, the transmission of a light source through

the skin is used to measure this blood volume variation which has the temporal behavior as shown
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Figure 1.2: Visualization of the PPG signal and sources of signal attenuation including tissue,
venous blood, and arterial blood (from [1]).
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Figure 1.3: Optical path of light for rPPG scenario where blood volume variation impacts the
diffuse reflection observed at the camera sensor (from [2]).

in Figure 1.2. While the physiological source of the HR signal is the same with video-based mea-
surement, the path of the light carrying the signal is different. In this case, the measurement is
reflective where the ambient (or manual light fixture) transmits to the skin, penetrates to the blood
vessels, reflects back through the skin, and transmits to the sensor aperture (Figure 1.3). While
the light path is different for reflective PPG, the same principles apply to the video-based sensing
methodologies with consumer electronic devices that have been more recently researched.
Measuring the pulse in a single spectral bandwidth is enough to estimate the HR or HR vari-

ability. If two appropriate bandwidths are measured, the blood oxygen saturation (SpO;) can also
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Figure 1.4: Extinction coefficient of oxygenated (HbO-) and deoxygenated (Hb) hemoglobin as
a function of wavelength with indicators at common wavelengths for traditional pulse oximeters
(660 and 940 nm) (from [3]).

be estimated. The physical property that enables this measurement is the variation of extinction co-
efficients as a function of wavelength for oxygenated and de-oxygenated hemoglobin in the blood
(Figure 1.4).

The most common method for estimating SpO, with traditional pulse oximeters is the ratio-
of-ratio (RoR) method. This method uses the AC and DC components of the HR signal at two
wavelengths to isolate information in the signal related to the oxygenated and de-oxygenated
hemoglobin, HbO, and Hb, respectively. This approach cancels out unknown terms that are unre-

lated to the blood oxygen saturation such as absorption from skin tissue and venous blood.

_AC,,/DCy,

RoR =
T AC,, /DCy,

(1.1)

A linear function of RoR is often fitted to estimate SpO,. The exact derivation does not result in
a precisely linear function, but a linear fit is an effective approximation. Common wavelengths

used in commercial fingertip pulse oximeters are 660 nm and 940 nm with narrow band detectors.
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Figure 1.5: Optical path of reflective rPPG signal with consideration of wavelength (adapted from
[5D).

Further details on the derivation of the RoR method are available in “Design of Pulse Oximeters”

by J.G. Webster [4].

1.2.2 Sensor

Before discussing aspects of the sensor relevant to rPPG, we will expand upon the prior
figures and consider behavior more precisely as a function of wavelength as shown in Figure 1.5.
In this figure, the skin reflectance that is the source of the rPPG signal is simplified to be a time-
varying reflectance, R(\,t). In this schematic, the sensor model is composed of the focal plane
array efficiency, D()\), and the optical filter transmittance, 7,()). The radiance of the light source

is L, (). This results in the observed signal at a particular pixel, z; ;(¢), being proportion to
z; (1) / L.(AN) R\, ) To(A)D(N)dA (1.2)

RGB cameras are primarily used to capture images that are intended to be displayed and to
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Figure 1.6: Responsivity of color channels for Sony IMX174 Detector (from [6]). The figure
should be viewed in color.

look like the original observation. To achieve this, the cameras are configured to have relatively
broad spectral responsivity across the visible spectrum (400-700nm). Most consumer cameras
achieve multi-color observations with a Bayer filter which impacts D(\) for pixels that are then
de-mosaiced to produce the RGB image displayed on a screen or printed to a paper. A represen-
tative example of the RGB spectral responsivity of a Bayer filter is shown in Figure 1.6 where the
bandwidth of each color is on the order of 100 nm.

In contrast to consumer cameras, it is common in experimental data collections to have a
panchromatic camera configured with an optical band-pass filter aligned in the optical path. If this
experimental configuration has multiple colors, it is likely the detector response, D()) does not
vary, but the optical filter transmittance, 7,(\) does vary with each color channel [7, 8]. Optical
filters can have pass-bands on the order of 10 nanometers or smaller.

While the source of the spectral filtering within the camera has minimal effect on the ob-
served rPPG signal, the width of the band-pass filter can be important particularly if the application

extends beyond HR estimation and is moving towards SpO, estimation. The primary benefit of a
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narrow spectral response is reduced dependence on the source radiance, L,(\), which can vary
significantly between different natural and artificial light sources.

The last piece of the sensor that is important to this work is data storage. Scientific sen-
sors often store data in an uncompressed or lossless compression format to preserve all of the
information. Consumer video cameras usually do not have either the data storage capacity or the
data throughput capacity to store uncompressed videos, so the only available output is compressed

video. This attribute will be a core focus of the work presented in Chapter 2.

1.2.3 rPPG Algorithm Processing

Heart rate estimation with consumer devices was first demonstrated with a contact-based
methodology used in the experimental setup with the subject’s finger placed on the camera [9, 10].
Later work extended to remote photoplethysmography (rPPG) by estimating heart rate from videos
of the subject’s face [11, 12]. These experiments relied on the reflective signal source visualized
in Figure 1.3. Multiple algorithmic approaches have been applied to this problem such as blind
source separation (BSS) [11, 12], chrominance based rPPG (CHROM) [13], the plane orthogonal
to the skin (POS) method [2], and data-driven approaches [14,15]. Many of these methods leverage
information in all of the red, green, and blue color channels and focus on changes in color with the
intent to limit the influence of changes in luminance that are more likely to be caused by adjustment
of ambient light or movement.

A specific algorithm used in this thesis work is the POS method [2] which was selected due
to the derivation being motivated by first principles. This algorithm starts with an RGB time series,

c(t), that has been extracted from a sequence of video frames. The algorithm uses the projection



basis

Ppos = (1.3)
-2 1 1

to project the RGB signal with the intent of removing the intensity component.

S(t) = PPOS C(t) (1.4)

Next, a weighted average of the two remaining dimensions of the time series s(t) is computed as

Pros(t) = s1(t) + a sy(t) (1.5)

where s;(t) is the i dimension of s(t), o = o(s1)/0(s2), and o(z) is the standard deviation [2].

The color space projection in the POS algorithm will be of significant importance in Chapter 2.



Chapter 2

Video Compression and Cardiac Monitoring

In this chapter, a close connection between video compression and the specific projection
plane used in the POS algorithm, a first-principles motivated algorithm, is identified. This connec-
tion motivates the consideration of alternative color spaces to be used for video compression when
the application is known to be physiological monitoring. Improved rPPG signal preservation at low
bitrates was demonstrated on synthetic and real data using the RGB24 color space during compres-
sion compared to YUV444 and YUV420. These results indicate an opportunity to reduce errors in
rPPG applications by considering the video compression color space as a tunable parameter in the

system design.

2.1 Related Work

Prior work studying the relationship between video compression and rPPG has investigated
the relationship between the constant rate factor (CRF) and the SNR and the error of the HR sig-
nal [16, 17]. The CRF configuration parameter impacts the resulting bit rate of the compressed
video with low CRF factors having smaller compression rates. Additionally, Zhao et al. illus-
trated varying rates of performance degradation with different rPPG algorithms indicating some

algorithms are more robust to the artifacts introduced by video compression [17]. Nowara et al.



evaluated the behavior of neural networks trained to extract the rPPG signal and the behavior at
varying compression levels as well as the behavior when test data compression rates vary from the
training data [18].

These prior works have evaluated video compression as it relates to HR estimation with the
intent of understanding behavior at varying bit rates and other default compression configuration
parameters. This chapter extends the scope to consider how video compression can be configured
to better preserve the rPPG signal at constant bit rates. The direct amplitude error is considered
instead of through a surrogate metric of SNR in order to inform studies beyond HR estimation such

as SpO, estimation, where the amplitude entails the physiological signal.

2.2 Review of Color Spaces for Video Compression

There are many color spaces used for both storing images and videos as well as displaying
them. Historically, the YUV color space that was standardized for cathode ray tube displays, orig-
inally only had the luminance (YY) color channel when the transmission was grayscale. Later, the
chrominance (U and V) color channels were introduced to limit the additional bandwidth required
to include color [19].

The more modern variant of YUV is YCbCr which is not as influenced by the cathode ray
tube history and includes a DC shift to bring the values back into the range of [0, 255] that is
used for 8-bit digital storage. However, the name “YUV” can still exist in some references and
documentation that are referring to YCbCr. While the names are different, the principle of a single

channel for luminance and two chrominance channels is the same. YCbCr is a parametric color

10



space with the basis vectors defined by

b$ KR KG KB
T = |wr | = K K 1
By cver bs, —2(1_1;(3) —2(1_%3) 3 (2.1)
bL 1 ___Kg Kp
| FCr | i 2 2(1—Kg) 2(1—Kg)

where Kp + K¢ + Kp = 1. Note that the Y channel contains a weighted sum of the RGB color
channels while the Cb and Cr channels contain information about differences. Particular standards
have varying definitions for the /K coefficients [20], [21], [22]. It is also worthwhile to note this
is not necessarily an orthogonal basis for all valid K coefficients. The YCbCr color space is
commonly used in the compression of images and videos with formats such as JPEG, JPEG2000,
Advanced Video Coding (AVC), and High Efficiency Video Coding (HEVC) [19].

When applied to image and video compression, the color space transformation from RGB to
YCbCr is also often combined with chrominance sub-sampling of the Cb and Cr color channels.
The human visual system (HVS) is not as sensitive to the information in the chrominance channels
compared to the luminance channel, and this property enables the downsampling to significantly
decrease necessary bandwidth with limited perceptual difference [19]. This sub-sampling is an
important property for the following analysis and it is important to note that the design decision of
a conventional video coding is motivated by the human visual system, not to preserve such inherent

information of a physiological signal.
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2.3 Video Compression and rPPG Algorithm Color Spaces

Algorithms based on first principles such as CHROM and POS have identified the need to
focus on the changing color and limit the influence of changes in luminance. To this point in the
literature, the connection between this observation for estimating HR and the color spaces used in

video compression has not been identified.

2.3.1 POS Projection and YCbCr Color Space

While deriving the POS algorithm, Wang et. al [2] included first-principle motivation for the
algorithm steps. This provides an interpretable approach providing a reference for the following
comparison. The algorithm input is a time series of the RGB signal extracted from a video. The

first step in the algorithm is a projection from RGB to the following basis:

S | 0 1 -1
BL, = = , 2.2)
bl —2 1 1

where B, is the basis as written in [2]. While some information from the rPPG signal may be
lost in this projection, it has been motivated by a skin reflectance model to retain the cardiovascu-
lar pulsatile component while mitigating specular reflection [2]. In the following, we will focus
on this projection plane since it is the relevant plane of interest for considering heartbeat signal
preservation that can be extracted by POS.

In regards to the impact of compression on the rPPG signal, we will compare the POS pro-

jection plane to the Cb-Cr plane from the YCbCr color space defined in Equation 2.1. Consider the

12



vectors orthogonal to the planes spanned by [b,s 1, bpos 2] and the plane spanned by [bcy, bey .

Vos = (Ppos1 X Dpos2)’ = [2 9 2]

R 1
Vgos = ﬁ |:1 1

|

(2.3)

(2.4)

where Vv indicates a vector normalized to have a magnitude of 1 and a x b is the cross product.

Similarly, we compute and simplify the following using the fact that 1 = K + K¢ + Kp.

vever = bey X bey

KpKp

1
4

1__ KgKp + 1 _Kg
1(0-Kp)(1-Kr) | 41-Kg

1
1(1-Kp)(1-KRg)

Kg

1 KrK, 1
ITEn (K T

11-Kg

4(1 - Kp)(1 — KRg)

1
. 1
Vopor = —=
CbC \/§ 1
1

KeKp + Kg(1 — Kp)

KRKG —+ Kg<1 — KR>

(1-Kp)(1 - Kg) — KrKp

(2.5)

(2.6)

2.7)

(2.8)

(2.9)

Therefore, the projection plane used by the POS algorithm is equal to the Cb-Cr plane in a YCbCr

13



color space. The vector orthogonal to the plane spanned by [b¢y, b, is independent of Kg, Kg,

and Kp .

2.3.2 Importance of the POS and CbCr Plane Equivalence

The equivalence of the POS projection plane and the CbCr plane that we have discovered
above allows for insights related to the preservation of the signal extracted via the POS algorithm
when video compression uses the YCbCr color space. The two primary insights are related to
spatial down sampling and quantization.

4:2:0 chroma sub-sampling is used for most digital video recordings on consumer electronic
devices. In this sub-sampling format, the Cb and Cr color channels are sub-sampled by a factor of
two in both the horizontal and vertical directions. For many rPPG applications, a temporal RGB
signal is constructed by spatially averaging over a region of interest that contains the subject’s
skin. Spatial averaging helps overcome quantization noise and average over other uncontrollable
factors. In the presence of chroma sub-sampling, this spatial averaging is not averaging over the
originally detected values. Instead, the spatial averaging in the Cb-Cr plane is over values that
were down-sampled by a total factor of four and then interpolated during video decompression.

The second important factor is related to quantization. It is well known that the human
visual system is more sensitive to changes in luminance (Y color channel) and therefore, many
video compression algorithms that use a YCbCr color space will limit quantization error in the Y
channel at the cost of increased quantization error in the Cb and Cr channels [19]. As a result,
a general-purpose video compression program using a YCbCr color space is likely to allocate

most bits preserving luminance information that is then discarded by the POS algorithm for rPPG

14
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YUV 4:2:0 RGB24 / "RGB 4:4:4”" YUV “1:4:4”

Compression

Compression Compression

Figure 2.1: Illustrate layouts of video compression configurations that better preserve information
leveraged by rPPG algorithms such as POS compared to common default configurations.

analysis. Closely related to video compression standards is JPEG image compression, and it allows

for explicit quantization tables that differ for luminance and chrominance [23].

2.4 Application-Specific Video Compression Configuration

Video compression standards such as Advanced Video Coding (AVC) and High Efficiency
Video Coding (HEVC) do not impose the usage of a particular color space used during compres-
sion. The primary discussion in this chapter is around the YCbCr color space because it is com-
monly used. However, the coding standards and tools used to compress videos such as FFmpeg,
have existing options to change the color space used during compression [24].

Figure 2.1 visualizes illustrative color space layouts that could be used during compression
when the application is known to be rPPG. Among these layouts, the RGB24 option currently exists
as an option in FFMPEG and is used in the following experiments. The “YUYV 1:4:4” layout is not
an existing option in FFMPEG because it would include downsampling of the luminance channel

which would result in a significant degradation of the visual quality of the video. However, as the
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equivalence of the Cb-Cr plane and the POS projection plane showed, this wouldn’t impact the
POS algorithm when extracting an rPPG signal.

With the increase of remote meetings and the usage of Zoom since 2020, general consumers
have become more familiar with the concept of optimizing video compression for a particular task.
In the case of Zoom, there is an option to optimize screen sharing for videos. Similarly, there
could be a future where there’s an option to optimize for physiological monitoring when doing an

at-home recording, or during a remote doctor appointment.

2.5 Experiments

After identifying the above relationship between video compression and rPPG algorithms
and the opportunity to tune video compression to better preserve the rPPG signal, the following

experiments were executed on real and synthetic data to demonstrate the concept.

2.5.1 Simulated Video Signal Preservation

2.5.1.1 Synthetic Data Generation

Synthetic uncompressed videos were produced for experimentation to allow full knowledge
of the ground truth time-varying signal in the video. The videos were small, 256x256 videos at

30Hz that each lasted 30 seconds resulting in a total of 900 frames. The function describing the

16



spatial average of the frame is

b(t) | =s(t) = ¢+ dAsin(27 f1) (2.10)

where c is the constant color of the frame, d is a unit vector in the direction of the signal inserted
within the RGB color space, A is the amplitude of the inserted sinusoid and f is the frequency of
the inserted sinusoid signal.

In the experiments to follow, the signal direction, d, is set in one of two ways. First, dl =
1/4/3[1,1, 1] is configured to be orthogonal to the Cb-Cr plane so the signal is only held within the
Y channel. Second, d¢y, ~ [0.00, —0.19, 0.98] is configured to be orthogonal to the Y-Cr plane so
the signal is only within the Cb channel. In the second case, the ITU-R BT.601 standard is used
for setting Kr = 0.299, K¢ = 0.587, and K = 0.114 [25].

s(t) represents the spatial average desired in a given frame that will have a non-integer com-
ponent. The value of a single pixel is set based on a random variable so the spatial average is

preserved such that

Poy(t) = [s(t)] +V 2.11)

0 U0,1) > s(t) - |s(t)]
v — (2.12)

1 U(0,1) <s(t) — [s(t)]

where p,,(t) is the pixel value at a given position and time, [s(¢)| applies the floor operation to

each value in the vector, and U (0, 1) is a sample from a uniform random variable on the interval

17



[0, 1]. This method results in the expected value of the spatial average of the uncompressed video

to be s(t).

2.5.1.2  Video Compression

The following command was used to compress the video stored in “uncompressed.avi” with

the specified parameters.

ffmpeg -1 uncompressed.avi —-c:a copy \
—c:v 1libx265 —-crf <CRF> -pix_fmt <COLOR_FORMAT> \

<OUTPUT_FILENAME>

In all experiments, the High Efficiency Video Coding (HEVC) standard is used which is also known
as H.265. The constant rate factor (CRF) can be set as an integer on the interval [0, 51|, where 0
results in lossless compression. The color format was set to either “yuv420p” or “RGB24”. The
purpose of using yuv420p was to emulate video compression on a consumer electronic device that
often uses 4:2:0 chroma sub-sampling by default. The purpose of using the RGB24 setting was to
have a comparison of compressed video that does not attempt to leverage attributes of the human
visual system.

When changing the color space used for compression, the entropy encoding was not changed
which is optimized for YUV420. This means that the resulting bit-rates for the alternative color
spaces studied in this analysis may be larger than necessary after re-optimization of entropy en-
coding for the different color space. Since this optimization would further reduce the bitrate of

alternative color spaces, the qualitative results from the analysis are not impacted.
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2.5.1.3 Feature Estimation

The focus of this work is to illustrate the change of signal preservation with different video
compression options and settings. For the first set of experimental results, a small set of results
are evaluated and qualitatively compared in the temporal and frequency domain. In the case of the
synthetic videos, the full frame was spatially averaged to construct the RGB time series signal.

For the quantitative comparison of signal preservation, the metric for evaluation is the power
of the Fourier coefficients at the known sinusoid frequency of 1.217 Hz (73 beats per minute).
The purpose of this feature is to consider the preservation of the signal amplitude in different
color channels since amplitude preservation has importance for extending rPPG to remote pulse

oximetry.

2.5.1.4 Results

Experimental results from synthetic data with known ground truth are presented. The results
demonstrate the different behavior in signal preservation of the YUV420 and RGB24 color spaces
when the sinusoidal signal is inserted in different directions within the color space. The behavior
is inspected in the time and frequency domain for a single CRF and then the behavior is shown for
varying CRF. All results align with expectations based on prior knowledge of compression and the

color spaces used in the experiment.

Signal Inserted into Y Channel
Synthetic data was generated with the signal inserted orthogonal to the Cb-Cr plane. Recall

the YCbCr color space is not orthogonal, so the resulting signal direction is not parallel to the Y

19



Frequency Perspective:

Temporal Perspective: i - €
Signal inserted into Y Channel

128 Signal inserted into Y Channel 6
—¢ ' ' i ' s Ground Truth
4 4+ == = Uncompressed Video
> 1261 - > 1 Compressed Video (yuv420)
2r I i = = = Compressed Video (rgb24) |
124t . e 4 0 b | -
0 0.5 1 1.5 2 2.5 3 1 1.2 L4 16 18 2
0 %1073
. T T
o P [ Y A . 6 '.‘\
o Q4 ,
(@] v ) it
-0.2 R 2 ' ‘
04 . 0 e e e Y P P s e ot e e e s et
0 0.5 1 15 2 25 3 1.2 4 B .
, N . y — 0.01F E
o A s\ ,"' Y A | s Ground Truth B n
. w v v ¥ == = Uncompressed Video = , \
o Compressed Video (yuv420) QO 0.005F FR]
-0.21 = m = Compressed Video (rgb24) | 7 ' ‘
RV Y S ST L R RRPUAPYSR., . SO RPYSPRS v - YOI PYSTR. P [ e — Ltree e Do,
0 0.5 1 1.5 2 25 3 1 1.2 1.4 1.6 1.8 2
Time (s) Frequency (Hz)

Figure 2.2: Y, Cb, and Cr components in temporal and frequency domain from video constructed
with a temporal signal orthogonal to the Cb/Cr plane with a magnitude of 1.

basis vector, however, we will refer to this setup as inserting the signal into the Y Channel. The
purpose of this demonstration is to illustrate an example where standard video compression that
prioritizes luminance information performs better.

Figure 2.2 shows the results in the temporal and frequency domain when the signal was
inserted in the Y channel. The time domain figure visualizes the behavior on a small time window
of 3 seconds and the frequency domain figure is computed over the full 30 second window. In this
case, the shape of the temporal signal was distorted by video both forms of video compression.
However, both video compression methods preserved the power of the signal in the Y channel.
The sinusoidal signal is also introduced in the Cb and Cr channels at low amplitudes when the
RGB color space is used for compression. This occurs due to the correlation between the RGB
color channels introduced by the back-and-forth conversion to and from the YCbCr color space.
The exact power of the Fourier coefficient nearest to the true frequency is in Table 2.1.

In the case of compression with YUV420, it is also notable in Figure 2.2 that a bias was

introduced to the signal in all three color channels. This work focuses on the effect of compression
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Table 2.1: Power in Fourier transform coefficient nearest the inserted signal frequency of 1.217 Hz
(73 beats per minute).

Signal In Y Channel | Signal in Cb Channel
Color Channel Source Magnitude  Error | Magnitude Error
Ground Truth 4.991 n/a 0.000 n/a
% Uncompressed 4.991 0.000 0.000 0.000
Compressed (YUV420) 5.122 0.131 4.105 4.105
Compressed (RGB24) 4.444 -0.547 0.215 0.215
Ground Truth 0.000 n/a 4.596 n/a
Ch Uncompressed 0.000 0.000 4.596 0.000
Compressed (YUV420) 0.001 0.001 1.537 -3.059
Compressed (RGB24) 0.002 0.002 4433 -0.163
Ground Truth 0.000 n/a 0.000 n/a
Cr Uncompressed 0.000 0.000 0.000 0.000
Compressed (YUV420) 0.002 0.002 0.072 0.072
Compressed (RGB24) 0.011 0.011 0.110 0.110

on small time-varying signals so this effect is not investigated further. However, this bias may have
effects due to error being introduced into the denominator of the RoR method if a remote pulse
oximetry methodology uses the same approach.

A similar set of experiments was evaluated with the same uncompressed videos but now
varying the CRF for both compression schemes. Both YUV420 and RGB24 preserved the signal
relatively well for low CRF below 20. Beyond a CRF of 20, the RGB24 videos have significantly
more loss of signal preservation relative to YUV420 which maintains good performance until the
CRF exceeds 37 (Figure 2.3). This aligns with the expected behavior based on knowledge of

compression schemes using the YUV color space.

Signal Inserted into Cb Channel
The same experiment was evaluated with the signal inserted in the direction orthogonal to

the Y-Cr plane which will be referred to signal in the Cb channel. Figure 2.4 demonstrates the
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Figure 2.3: Behavior of varying CRF for video constructed with a temporal signal orthogonal to
the CbCr plane with a magnitude of 1.
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behavior at a single CRF in the temporal and frequency domain.

This demonstration illustrates behavior when the signal is inserted into a color channel which
is important for rPPG signal extraction algorithms such as POS. As before, the shape of the tem-
poral signal changes for both video compression methods. However, the signal magnitude preser-
vation between the YUV420 and RGB24 compression results is significantly different. The signal
amplitude in the Cb color channel is significantly reduced with YUV420. In the case of RGB24,
the amplitude in the Cb color channel is preserved but some signal is similarly introduced into the
Y and Cr channels. Again, this correlation occurs due to compression occurring in a different color
space than what is being plotted. As before, the exact powers at the true signal frequency are in
Table 2.1.

The difference in signal preservation between the two cases highlights the fact that the
YUV420 video compression approach was developed with the goal of visually pleasing compres-
sion results for humans. Stronger human sensitivity to the Y color and reduced sensitivity to Cb
and Cr has resulted in less ability to preserve a temporal sinusoid when the signal was inserted
orthogonal to the Y-Cr plane. In the case of heart rate (HR) estimation with rPPG, the amplitude
distortion has not yet been a significant problem due to the information being in the existence of
the HR signal rather than the magnitude. However, for SpO., the information is in the amplitude
of the rPPG signal in different color channels making this of higher importance.

As before, the same methods were evaluated for varying CRF (Figure 2.5). The YUV420
videos never preserve the Cb signal well even at low CRFE. The RGB24 videos preserve the Cb
signal relatively well until the CRF exceeds 20 similar to the behavior when the signal was in the

Y channel.
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Figure 2.4: Y, Cb, and Cr components in temporal and frequency domain from video constructed
with a temporal signal orthogonal to the Y/Cr plane with a magnitude of 1.
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2.5.2 Heart Rate Signal Preservation

After successfully demonstrating the impact that the video compression color space can have
on small signal preservation for synthetic data samples, an experiment was designed to illustrate the
behavior on HR data collected by a camera. The data collection methodology was intentionally
configured to result in a high amplitude rPPG signal to create clear results. The data analysis
focused on the preservation of amplitude at the HR frequency with an emphasis on the red color

channel due to the highest amplitude caused by the collection method.

2.5.2.1 Data Collection

For data collection, the study protocol was approved by the University of Maryland Institu-
tional Review Board (protocol #1376735-2). Informed consent was obtained from each participant.

Data was collected with a Sony RX 10 IV camera. This camera model was selected due to its
ability to collect high frame rate JPEG images at approximately 20 Hz for about 10 seconds. The
sequence of JPEG images with a quality level of 100 was considered to be the “uncompressed”
signal for the following experiments. The images did contain spatial compression, but no temporal
compression, which is the focus of this work.

High amplitude rPPG signal was enabled by recording a subject’s finger backlit by a smart-
phone flashlight. Ground truth recording of the subject’s heart rate was collected with a pulse
oximeter on the left forefinger and the rPPG signal was collected from the right forefinger. A
picture of the experimental setup is shown in Figure 2.6.

An example frame from a collection with a manually selected region of interest is shown in

Figure 2.7. The camera was manually configured to have a constant exposure time and ISO settings
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Figure 2.6: Experimental setup with ground truth recording on the left forefinger, a smartphone
light behind the right forefinger, and the camera collecting data over a plain background.

Figure 2.7: An example frame with a manually selected region of interest.

during each data collection for consistency during a frame sequence and to avoid saturation.

The same process was used for applying video compression with FFMPEG. For this test,
the color space option YUV444 was added to the previous test that only included RGB24 and
YUV420. YUV444 does not include spatial downsampling and allows for a comparison without

that additional factor to consider when interpreting results.
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Figure 2.8: Example of RGB signals extracted from a manually selected region of interest in the
time and frequency domain.

2.5.2.2 Results

Figure 2.8 shows a representative example with the temporal and frequency perspectives at a
single CRF of 23 (bitrate ~ 0.25 Mb/s). This particular CRF is shown to illustrate the behavior in
the regime of bitrates where there is different behavior among the compression configurations. For
this analysis, the red rPPG signal is the primary focus due to the strong rPPG signal. The green
and blue channels have minimal HR signal due to low DC components at the specific exposure
setting. This is because the Bayer color filter array applies equal exposure to all color channels,
and increasing the exposure to have more signal in the green and blue channels would have caused
over-saturation for skin areas in the red channel. A qualitative observation directly related to the
usage of the YCbCr color space during compression is the increase in power at the HR frequency
in the blue channel for compressed video. This occurs due to the correlation between the RGB
color channels introduced by the back-and-forth conversion to and from the YCbCr color space

during video compression.
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Figure 2.9: Estimated power of the HR signal amplitude in the red color channel as a function of
bitrates when different color space options were used during compression from a single subject.

A parameter sweep over the CRF and the investigated color space options (RGB24, YUV420,
and YUV444) produced the videos used to extract power at the known HR frequency for each con-
figuration. The HR recorded by the pulse oximeter was used to identify the relevant frequency for
each subject in the 10 second window. The estimated power of the HR frequency as a function of
bitrate is shown for subject 1 in Figure 2.9 with a comparison to the output in the uncompressed
video (5 Gb/s). The results analogous to Figure 2.9 were aggregated across the four subjects and the
minimum, mean, and maximum are plotted in Figure 2.10. The minimum and maximum bounds
are shown in favor of the standard deviation due to the small sample size used for the concept
demonstration in this thesis.

Reading Figure 2.10 from right to left, the compressed videos at high bit rates have small
relative errors. As the curve moves to the left, indicating lower bitrates, the estimated power
diverges from the reference. The videos that used the RGB24 color space maintained lower relative
error of HR amplitude estimation in the bitrate range from 1-20 Mb/s for most cases. Similar
qualitative behavior of the relative performance of different color spaces was also observed when
the ground truth power (blue reference line in Figure 2.9) varied from 0.2 to 2.8. These results

align with the previously described expectations based on knowledge of the YCbCr/YUV color
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Figure 2.10: Minimum, mean, and maximum relative error as a function of bitrate aggregated over
the four subjects plotted for RGB24/YUV420 and RGB24/YUV444 comparisons.

space and the CbCr spatial downsampling.

The YUV444 configuration uses YCbCr during compression, but does not spatially down-
sample the chrominance channels. This configuration is not commonly used for compression, but
the result that RGB24 had better performance than YUV444 at lower bitrates demonstrated the im-
pact the color space has on the rPPG signal preservation in the absence of spatial downsampling.
The relative performance of YUV444 and YUV420 was not always consistent across all of the sub-
jects. This is because at a specific bitrate, attributes of a video may impact the dynamic behavior
of the HEVC coding, resulting in better performance with or without subsampling of chrominance
components. Due to the subtle difference between YUV420 and YUV444, a larger sample size
would be required to draw strong conclusions, but that direct comparison is not relevant to the
conclusion of this work. Rather, the result that RGB24 had better performance than YUV both

with and without spatial downsampling is the predicted result these data confirmed.
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Preserving the amplitude of HR signals is particularly important for SpO, estimation appli-
cations because the information related to blood oxygen saturation is in the amplitude of the sig-
nal [26]. When building a robust system for SpO, estimation, it is important to consider amplitude
error introduced by video compression to be an additional error source that is added to other mod-
eling and approximation errors for SpO, estimation with consumer electronic devices. Improved

preservation of the HR signal can also benefit HR detection in other physiological applications.

2.6 Compression and Remote Pulse Oximetry

To relate the relative error results back to SpO, estimation, consider the case of using the

RoR method with red and green similar to [8]. The ratio of ratios in this case is

_ AC,/DC,  AC, DC,

RoR = - .
°" = Ac,/DC, ~ AC, DC,

(2.13)

If we assume the DC components do not have error, then the relative error of the RoR is fully
determined by the errors in the AC components. For illustrative purposes, Figure 2.11 shows the
relative error of the RoR as a function of the relative error of AC, and AC,. When the relative
error is similar in both color channels, the error cancels out due to the ratio, but different errors
in the two color channels results in an inaccurate estimate of the RoR and consequently the SpO,
estimate.

For additional context, the relative error in RoR to the error in estimated SpO, is mapped

using the following fit from Moco et al. [8]

SpOs = —93.1RoR + 104.6 (2.14)
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Figure 2.12 plots the estimated SpO- using this fit at different levels of RoR relative error. The
maximum absolute error for SpO, estimation in pulse oximeter ISO requirements is 4% [27]. As
previously mentioned, there are approximations that result in model error when extending tradi-
tional methods for SpO, estimation to use consumer cameras. This example is to illustrate the

additional estimation error that may be introduced from compression.
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Chapter 3

Multi-Spectral Sensor for Physiological Monitoring

3.1 Motivation & Purpose

The prior chapter focused on remote physiological monitoring with common consumer RGB
cameras. This line of work has the potential to benefit a large population due to the widespread
availability of these devices, however, there are a variety of previously mentioned limitations such
as broad spectral responsivity and identical exposure settings in all color channels. In the case
of broad spectral responsivity and ambient light, calibration becomes difficult because changes in
value can come from the subject or changes in the ambient light spectrum. This makes it difficult
to calibrate due to the integral of products visualized in Figure 1.5.

Early work extending remote HR monitoring to demonstrate the feasibility of remote pulse
oximetry had experimental configurations that kept information in the recorded videos specific to
a relatively narrow spectral band. Verkruysse et al. demonstrated the feasibility of calibration
using a custom setup with monochromatic cameras and relatively narrow pass-bands in the red and
NIR [7]. Moco et al. extended the work and applied a similar methodology to show feasibility
with similar pass-bands in red and green bands [8]. As an alternative to having multiple cameras

with different optical filters, Shao et al. configured a customized lighting configuration to enable
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recordings with more spectral specificity. In their setup, they had a panel of LED lights at 611
and 880 nm that were alternated in combination with the camera trigger so every other frame had
alternate lighting [3]. Further studies have demonstrated remote pulse oximetry with ambient light
and RGB sensors, but the physical model indicates that avoiding these approximations should lead
to a more accurate system. These studies approach the problem of achieving spectral specificity
in different ways by either manipulating T (\) with optical filters, or L,.(\) with custom lighting
(Figure 1.5).

In these research studies, customized sensor setups or lighting configurations were required
to demonstrate feasibility. One direction of research stemming from this body of work is toward
standard consumer cameras with a focus on what is available in smartphones due to broad avail-
ability and applicability. Another attractive direction of future work is evaluating the capability
of commercial off the shelf (COTS) sensors that retain spectral specificity without requiring cus-
tomized setups. This direction of work is more likely to be applicable in clinical or commercial
settings where it is worthwhile to have a custom sensor for remote physiological monitoring if it
results in more accurate estimations.

The Sentera 6x sensor is a candidate COTS sensor for this future research. In this chapter,
attributes and observations of the Sentera sensor are identified and investigated to understand the
impact to the rPPG signal and implications applicable to future work. The primary observations
are related to the 5 Hz sampling rate of the camera, the automatic exposure controller built-in to
the camera, inconsistent exposure from the RGB camera, and necessary steps towards efficient and

effective multi-spectral video processing.
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Figure 3.1: Sentera 6x camera and visualization of image slices offered by the sensor. Images from
https://sentera.com/data-capture/6x-multispectral/.

3.2 Sentera 6x Sensor Overview

Sentera is a company that develops sensors with the primary targeted application of smart
agriculture enabling the evaluation of crops from sensors aboard drones. In the following work,
the Sentera 6x Sensor (Figure 3.1) was tested due to the narrow spectral bands and the ability to
record at 5 Hz.

The cameras included in the Sentera 6x include 5 monochromatic bands in the blue, green,
red, red-edge, and near-infrared regions of the spectrum. Table 3.1 outlines a comparison of the
available bandwidths with the optical setup from [7, 8]. In all cases, the Sentera 6x sensor offers a
narrower bandwidth compared to these previous studies, so the study characteristics should apply
from a spectral responsivity perspective. In addition to the monochromatic cameras, the 6x sensor
also has an RGB camera with a Sony IMX147 detector with a rolling shutter.

When operating in continuous capture mode, the sensor saves directories for each monochro-

matic channel and the RGB camera. For the monochromatic channels, each frame is stored in a
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Table 3.1: Comparison of optical filters from [7, 8] and Sentera 6x sensor.

Color From Verkruysse et al. and Moco et al. Sentera 6x
Center Bandwidth Center Bandwidth
Wavelength [nm] [nm] Wavelength [nm] [nm]

Blue N/A N/A 475 30
Green 579 32 550 20
Red 675 67 670 30
Red Edge N/A N/A 715 10
NIR 842 56 840 20

Frame Rate Estimation = 4.78 Hz
T T T

T |
I Frame Count Included
I Frame Count Omittted

Number of Frames in Second

0 2 4 6 8 10 12
Relative Time [second]

Figure 3.2: Example of fractional frame rate estimation when the timing information is only stored
with one second of precision. The frequency estimation is the average of the number of frames in

each second after omitting the first and last seconds.

Tagged Image File Format (TIFF) file with 12 bits of precision for each pixel and the images are
2048 x 1536. These files also include metadata associated with the camera, timing, and exposure

settings. The RGB camera also saves individual files in a JPEG format with 8-bit precision and a

quality setting of 75% to allow for compression of the 5184 x 3888 frame.

The timing information stored in the TIFF and JPEG files is only recorded with 1 second

of precision. The frame rate was found to not be precisely 5 Hz. The fractional frame rate was

estimated by computing the average number of frames recorded in each second after omitting the

first and last second as visualized in Figure 3.2.
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Figure 3.3: Heart rate estimation on downsampled data from the PhysioNet dataset.

3.3 Feasibility of 5 Hz HR Monitoring

The spectral characteristics of the Sentera 6x is the primary feature that makes it a good
candidate for rPPG applications. One negative attribute of the camera for this application is it
is only capable of recording at 5 Hz when operating in continuous capture mode. This device
limitation is a characteristic of the primary application being smart agriculture where the spectral
information of interest does not vary quickly with time.

The Nyquist rate of 5 Hz indicates the maximum detectable heart rate without aliasing is 150
beats per minute (BPM). In practice, the upper limit is likely lower due to the PPG signal not being
a pure sinusoid and containing some frequencies above the HR frequency. To demonstrate HR
estimation at low sample rates, a test PPG signal from the PhysioNet dataset [28] was downsampled
without an anti-aliasing filter to model an under sampled sensor. After downsampling, Adaptive

Multi-Trace Carving (AMTC) evaluated and the results are shown in Figure 3.3. AMTC is a unified
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Figure 3.4: Demonstration of the effect of the sampling rate on the SNR of a sinusoid with an
amplitude of 1 in additive white Gaussian noise (WGN) with variance 1 for a 10 second window.

approach to the detection and estimation of low SNR signals developed by Zhu et al. [29]. The
results align with the expectations based on the Nyquist rate.

One notable attribute of the 150 BPM upper limit when using the Sentera 6x is experiments
and applications should be limited to non-exercise scenarios. Remote physiological monitoring
during physical activity is an area of previous work [30], but would not be applicable with the
Sentera 6x.

Evaluation of the Nyquist rate considers the potential impact of aliasing, but another con-
sideration is the impact of noise. When computing the Discrete Fourier Transform (DFT), the
expected level of the white Gaussian noise will not depend on the number of samples. However,
the power in the DFT at the frequency of a sinusoid will depend on the total power in the sampled
signal, which varies with the sampling rate. If you consider an example with a fixed 10 second
observation window of a sinusoid with an amplitude of 1 in additive white Gaussian noise with
a variance of 1, you can evaluate the SNR as a function of variance as shown in Figure 3.4. In

this example, there is approximately an 8 dB difference in the SNR when you compare 5 Hz to
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30 Hz. This is an example based on the same fundamental sigal processing principles from the
well known fact that increasing sampling rate will increase SNR [31]. This behavior can have a
significant impact and indicates collections with the Sentera 6x will be much more sensitive to

noise due to the lower collection frame rate.

3.4 Automatic Exposure Controller Observations

In many cases, consumer cameras record with constant exposure settings, but this was found
not to be the case with the Sentera camera. Additionally, the exposure settings of each color
channel are individually controlled. This has important implications for the usage of data coming

out of the different color channels because

DN
L 3.1
> teacposure * [SO ’ ( )

where L is the incident radiance at the aperture, DN is the digital counts recorded by the sensor,
Leaposure 15 the exposure time, and /.50 is a gain factor. An example of the varying exposure time
and gain during a single collection is shown in Figure 3.5.

When evaluating a time series that was collected with dynamic exposure, it is important to
properly normalize for exposure time and ISO so the time series is proportional to the radiance at
the aperture and not dependent on sensor configuration. This is similar to operating on calibrated
radiometric imagery from electro-optical and infrared scientific equipment. Additionally, if infor-
mation from multiple color channels is being used for a future study and the relative values are of
interest, then proper normalization for exposure time and ISO gain will be important.

Experimentation also suggested the internal exposure controller targets a relatively naive
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Figure 3.5: Example of time-varying exposure time and ISO gain at beginning of collection with

Sentera 6x Sensor.

Table 3.2: Exposure settings and mean counts in direct and indirect sunlight demonstrating nearly

identical average counts in all color channels.

Indirect Sunlight Direct Sunlight
Color E'xposure ISO Mean Counts E.xposure ISO Mean Counts
Time [ms] Time [ms]

RGB 2.63 1600 92 1.00 200 93

Blue 2.40 1585 1542 1.18 197 1576
Green 2.81 1525 1525 1.05 197 1540
Red 1.71 1585 1518 1.00 100 1547
Red Edge 3.57 1585 1534 1.36 197 1571
Near Infrared 2.65 1585 1523 1.38 197 1547

state of a constant average value in the frame. Example exposure settings and resulting mean counts
for two collections from indirect and direct sunlight are shown in Table 3.2. This naive exposure
controller resulted in overexposure and saturation of light-skin pixels when the background was
dark. When designing experiments with the Sentera 6X in the future, the similarity of background

and foreground will be important to avoid this over-saturation.
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3.5 Observations of Inconsistent RGB Exposure

The automatic exposure controller for the cameras was a primary observation during initial
experimentation. An additional step was taken to evaluate the consistency of the recorded expo-
sure settings during a collection and the correlation between the reported exposure time and the
average value of the collected frame. Collections were executed with the cameras looking at a flat
background of cardboard. There are some low frequency time variations of the signals, but the
focus of the following is the high frequency behavior. In the following results, the ISO gain was
constant.

First, Figure 3.6 shows the spatial average of the monochromatic cameras and the corre-
sponding exposure times. The exposure time controller for the Sentera 6x appears to be very
sensitive and commonly switches between exposure times. The device specifications do not report
the precision with which exposure time can be controlled for the monochromatic cameras, but the
results appear to indicate the controller is often flipping between adjacent exposure times within
the discrete set of options. This result emphasizes the prior point that the time series constructed
from the Sentera 6x sensor needs to be appropriately normalized by exposure time and ISO gain.

Next, Figure 3.7 shows the same spatial averages from the RGB camera when observing a
piece of cardboard. For the RGB camera, the exposure time is much more consistent compared
to the monochromatic sensors. However, there is an additional observation that there is step-like
behavior in the resulting spatial averages indicating variation between two exposure settings. This
behavior was investigated, but no solution was found. Extracting low SNR rPPG data in a time

series with the additional non-Gaussian noise caused by this behavior will be difficult.
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Figure 3.6: Spatial average of monochromatic cameras and corresponding exposure times for col-
lection with a near constant background of cardboard.
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Figure 3.7: Spatial average of RGB camera and corresponding exposure time for collection with a
near constant background of cardboard.

3.6 Frame Registration Demonstration

The primary application under consideration during initial testing was remote physiological
monitoring extracted from videos of the face. To execute this task, a step in the process for the
algorithm pipeline would need to be face recognition and skin segmentation. In the case of the
Sentera sensor, there are six video streams and it would be undesirable, inefficient, and error-prone
to individually evaluate face recognition and skin segmentation algorithms in all six video streams
independently.

Ideally, facial recognition and skin segmentation would be executed from the RGB camera.
This preference is not due to any specific physical information available in the RGB video stream,

but rather the portability of existing packages and tools such as DLIB [32] that leverage existing
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Red Edge

Figure 3.8: Example of frame registration across all color channels enabling repeated use of face
detection and skin masking.
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algorithms and research to avoid replication of face detection.

Under a controlled setting with a known distance between the camera and the subject, simple
calculations could be used to compute the displacement between the subject in the RGB frame and
each of the monochromatic cameras after appropriate calibration. Due to the static relative position
and pointing of the cameras in the Sentera 6x, the computation would be based on standard stereo
camera geometry. However, this method would not be sufficient in a more likely scenario of
unknown distance to the subject.

A more adaptive approach would actively estimate frame registration parameters between
the different color channels. In practice, this computation would likely not happen on every frame,
but rather periodically to re-calibrate the alignment. The following is a concept demonstration of
frame registration across the various color channels. This demonstrates the applicability of the
standard frame registration procedure of key point detection, key point matching, and homography
estimation.

To produce the results in Figure 3.8, open-source tools available in OpenCV were used and

the specific algorithms for each step are as follows.

» Key Point Detection: ORB Feature Extraction [33]

* Key-Point Matching: Brute Force

e Affine Estimation: RANSAC [34]

The results successfully demonstrated the feasibility of using the standard approach for the
registration of images in different wavebands with visibly different features in terms of absolute
intensity. This result aligns with the fact that ORB features (and similarly for SIFT and SURF
features) rely most heavily on gradients and edges in the image. For a more specific experiment
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with Sentera 6x, the algorithm selection for the standard registration pipeline could be refined

particularly for the selection of brute force key-point matching.

3.7 Summary

In this chapter, key observations about the characteristics of the Sentera 6x hardware and
software behavior were identified with a primary focus on applications for remote physiological
monitoring. Some of these characteristics are caused by the fact the sensor has been developed with
the target application of smart agriculture. The previously presented observations and implications
are summarized in Table 3.3.

Overall, this sensor has the attractive feature of being a COTS multi-spectral sensor that
could be suitable for remote physiological monitoring using existing devices. The direct incorpo-
ration of the sensor in future research studies and analysis for physiological monitoring will face
challenges identified in this chapter’s investigation stemming from the sensor properties designed
for the different purpose of remote agricultural sensing. However, these issues can be overcome

with the appropriate measures from the algorithms and the implementation of signal analysis.
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Table 3.3: Summary of contributions to enable future work with Sentera 6x sensor.

Attribution/

. Direct Impact Implication
Observation P P
5 Hz . Exercise heart rate causes
. Nyquist rate of 150 bpm .
Sampling Rate aliasing
SHz Decreased SNR in Frequency Low SNR will increase data
Sampling Rate  Domain processing challenges
) ) . . . Data processing needs to
Automatic Direct time series of counts is pre £ .
. . appropriately normalize
Exposure not proportional to incident .
. . for exposure time and ISO
Controller irradiance .
gain
) Experimental setup needs
Automatic . .
Monochromatic videos appear to ensure background is
Exposure .. .
to target average counts of ~1550 similar enough to skin tone
Controller . . .
to avoid skin saturation
. Average values from RGB Direct use of RGB stream
Inconsistent

RGB exposure

Multi-Video
Stream
Processing

camera vary significantly under
constant exposure settings

Some algorithmic steps such as
region-of-interest selection need
to be applied to multiple video
streams

from Sentera 6x sensor may
not be usable for rPPG

Options such as frame
registration can be used to
leverage existing processing
of RGB videos
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Chapter 4

Summary and Future Perspectives

This thesis has contributed to the research area of remote physiological monitoring with a
focus on the sensing step in the process (Figure 1.1). This focus has resulted in new identification
of the significant relationship between video compression and the rPPG signal and characterization
of the Sentera 6x sensor to assist usage in future studies that will leverage the precise multi-spectral

precision compared to standard RGB cameras.

4.1 Video Compression and Cardiac Monitoring

Chapter 2 focused on the close relationship between the YCbCr color space commonly used
in video compression and the information leveraged by rPPG algorithms, such as POS, that are
based on first principles. This identification motivated an extension of existing work in the litera-
ture that has evaluated the SNR of the rPPG signal at varying compression levels. This observation
motivated the question of if the color space used for video compression could be selected to better
preserve the rPPG signal. Fortunately, configuration options already exist in video compression
codecs such as HEVC which enabled experimentation on low amplitude signal preservation in
synthetic and collected data.

First, synthetic videos were generated with precisely known ground truth of the signal. A
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sinusoidal signal was inserted into the video sequence such that the time series constructed with
spatial averages of the frame would create a low amplitude sinusoid. This experimental setup
was intended to emulate low amplitude rPPG signals. The original uncompressed video was com-
pressed using FFMPEG at varying CRF resulting in different bit rates. The experiment was ex-
ecuted with video compression configured to use the YUV420 color space and the RGB24 color
space. Additionally, the experiment was executed when the sinusoid was intentionally inserted into
the Y channel and the Cb channel. As expected from video compression principles and configu-
rations, the YUV420 configuration was able to preserve the Y channel sinusoid at lower bit rates
compared to the videos compressed using the RGB24 color space. And conversely, the RGB24
configuration better preserved the sinusoid when it was inserted into the Cb color channel. Suc-
cessful correlation between expectation and experimental results in the controlled environment of
synthetic data motivated the next step with real sensor data.

The goal of the experiment was to demonstrate varied behavior of preservation of the HR
signal using different color spaces for video compression. This goal required the capability to
record uncompressed data. The Sony RX 10 IV was able to collect about 10 seconds of data at
about 20 Hz frame rate where the images were individually recorded as high quality JPEG images.
This recording did contain some spatial compression, but no temporal compression which was
the focus of the experiment. The collections were intentionally configured to have a relatively
large amplitude rPPG signal by having a subject’s finger back-lit by a phone’s light. The same
methodology executed on the synthetic data at varying bit rates and compression color spaces was
evaluated on the sensor data. The results aligned with expectations based on the prior analysis
and the HR signal was preserved using the RGB24 color space at lower bit rates compared to the
YUV420 color space configuration (Figure 2.10).

49



This study demonstrated the potential value of selecting a compression color space that dif-
fers from the default setting when the application is known to be rPPG. The work was also moti-
vated by the importance of amplitude preservation for remote pulse oximetry that builds beyond
HR estimation. The intent of this work was not to report the results of all color space configuration

options available for video compression as it relates to rPPG and SpO, estimation.

4.2 COTS Multi-Spectral Sensor for Physiological Monitoring

Some research related to physiological monitoring, such as the video compression study,
pushes towards developing capabilities for consumer cameras with widespread use. Another valu-
able direction of work builds toward the usage of higher quality sensors that may be less likely
for a consumer to own, but could be valuable in other settings such as a hospital. In a medical
setting, the higher cost is more acceptable for more accurate physiological measurements. This
second direction of work is what the experimentation and characterization of the Sentera 6x sensor
focuses on.

These experiments served the purpose of path-finding and risk reduction for future research
using this sensor by evaluating and characterizing items such as the feasibility of 5 Hz framerate,
characteristics of exposure to inform experimental setups, and multi-spectral frame registration
demonstration. The full list of observations and identified impacts to future studies are summa-
rized in Table 3.3. Some key findings include inputs to future work such as avoiding exercise use
cases due to aliasing, appropriately configuring the background of data collections to avoid skin

saturation, and appropriate normalization of digital counts with dynamic exposure settings.

50



4.3  Opportunities for Future Work

Regarding video compression related to remote physiological monitoring, there are multiple
pathways for future work. First, the characterization of a larger variety of color spaces and other
video compression options could be executed and the experimental setup could be modified for a
more common reflective rPPG setup with ambient lighting. As previously mentioned, the relatively
high amplitude rPPG signal generated from the backlit finger was intended to simplify the concept
demonstration. Future work using ambient light could extend the concept to an environment more
comparable to state-of-the-art applications of rPPG.

Another direction for future work would collect uncompressed data in a configuration amenable
to blood oxygen saturation estimation. While the importance of amplitude for blood oxygen sat-
uration was a motivating factor for the video compression study, the amplitude preservation was
directly measured and the impact on blood oxygen saturation estimation was approximated using
principles of the RoR technique. Building off of this initial study, directly measuring the impact
of video compression and the selection of color spaces on SpO, estimation would be a valuable
direction for future work.

In regards to the Sentera 6x sensor, the most attractive areas of future work are related to
remote pulse oximetry due to the additional and more precise spectral information available from
the sensor. As identified through this work, there will be attributes of the sensor that must be
appropriately addressed, but the multi-spectral property of the sensor still provides opportunities
for future studies.

Going beyond the two focus areas of this thesis, there are other attributes of how data is

stored in consumer cameras that could be better accounted for to improve the accuracy of remote
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physiological monitoring, particularly in the case of remote pulse oximetry. The video compres-
sion work discussed the sub-sampling of the Cb and Cr color channels that is motivated by what
the human visual system is sensitive to. There are other attributes of data storage such as gamma
correction that could be properly inverted to improve accuracy. There has also been work related
to the calibration of cameras to accurately reconstruct the RAW image that is much more closely
related to the irradiance incident on the camera aperture compared to the values stored in an RGB
file [35]. This procedure requires a relatively extensive calibration procedure that may only be
reasonable to execute in a clinical setting as opposed to a general consumer. If this procedure
was evaluated on collections and remote pulse oximetry algorithms were compared on the RGB
and RAW data, it may provide a better characterization of the limits of what can be achieved with

consumer cameras.
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