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Abstract.
BACKGROUND: The imaging photoplethysmography (IPPG) technology has been demonstrated to be an effective method for
heart rate (HR) monitoring. However, some interference caused by the ambient illumination variation and facial motion severely
influences the accuracy of the HR measurement. Some color spaces and color formats are assumed to reduce the interference,
and enhance the accuracy of HR estimation.
OBJECTIVE: The aim is to identify the optimal color space and format for IPPG based HR measurement.
METHODS: Six color spaces and 3 color formats are compared in this study, based on an IPPG based HR measurement system.
424 pieces of videos captured by the system are used for the selection of the optimal color channel and color space; while 10
pieces of videos are for the identification of the optimal color format.
RESULTS: The results shows that the green channel of RGB space is the optimal color channel, and RGB is the optimal color
space, in respect of the mean squared error of HR estimation. BayerBG 8bit is found to be the optimal color format for video
recording, which can significantly reduce the HR estimation error.
CONCLUSIONS: BayerBG 8bit color format for video recording, and RGB color space for video analysis is suggested for the
IPPG based HR measurement system. The suitable configuration of color space and format could enhance the accuracy of HR
measurement.
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1. Introduction

Heart rate (HR) is an important physiological parameter for the assessment of physical health status,
and is also a critical indicator for cardiovascular diseases [1–6]. In recent years, the imaging photo-
plethysmography (IPPG) method that could extract HR from the facial color variation information, has
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achieved rapid developments [7,8]. Compared with traditional contact measurement methods, IPPG
does not require the subject to wear any sensors, therefore it showed significant advantages in some
scenarios, such as neonatal monitoring, monitoring during haemodialysis, and fatigue driving judgment.
Family healthcare also benefits a lot from IPPG technology, especially with the rapid dissemination of
smartphones [9].

The contact-free IPPG method with a camera was firstly proposed by Verkruysse et al., and showed
that IPPG signals have different intensity levels in RGB channels [7]. The phenomenon indicated that the
IPPG signals containing the pulsatile information distributed in specific wavelength ranges, and expressed
as components with different intensity in the 3 channels of RGB videos. Because the reflected light from
facial tissue in the wavelength from 541 to 577 nm was more sensitive to the pulsatile blood volume,
the green (G) channel of RGB videos was assumed to be the optimal channel for HR estimation in RGB
format [10].

To extract the components associated with pulsatile diffusion of facial tissue from all the channels of
RGB videos, conventional blind source separation (BSS) technologies such as independent component
analysis (ICA) were originally designed. When considering multiple color channels of RGB videos, ICA
could separate the IPPG component from other noises, which were assumed to be independent to IPPG
component [11]. Lewandowska et al. proposed another BSS method for measuring HR based on the
principal component analysis (PCA), and assessed the effectiveness of the method for different regions of
interest (ROI), different combinations of color channels, and different lightening conditions [12]. His study
showed that the accuracy of the method was affected by the variable of ambient illuminations. Therefore,
some researchers began to focus on the methods to reduce the influence of ambient illumination, and
found that some color spaces could effectively reduce the influence and therefore enhance the accuracy
of HR estimation. Haan et al. built two orthogonal chrominance signals in RGB color space based on
the dichromatic reflection model, and used the difference of the two signals to eliminate the artifact
caused by the specular reflection component [13]. An improved motion robustness of IPPG method based
on the signal of the normalized blood-volume pulse vector in a normalized RGB color space was also
proposed by Hann [14]. Bal also proved that the IPPG method based on the two orthogonal vectors
of RGB color space could reduce artifacts, employing a dual tree complex wavelet transform based
denoising algorithm [6].

Besides RGB cameras, some multi-channel cameras were also used to improve the effect of IPPG based
HR estimation. Mcduff et al. designed an experiment to systematically study the influence of illumination,
motion, skin tone, and distance variance on the accuracy of heart rate measurement, and found that a
5-channel camera might significantly eliminate these interference factors [15]. But the high price of the
multi-channel camera undoubtedly limited the application of this method. More researches tended to
develop a denoising method based on a RGB formatted camera. Therefore, many color spaces, such as
YCbCr, HSI, and LAB, were introduced into the denoising methods of IPPG signals [16,17]. These color
spaces converted from RGB, were considered as a convenient method to separate the luminance signal,
which might contribute to enhance the accuracy of HR estimation. Zhang et al. proposed that LAB color
space could remove the stationary noise and motion artifacts, and therefore could significantly reduce the
error of HR estimation [18].

Although many color spaces have been introduced into the study of IPPG method, there is little study
on the identification of the optimal color channel or color space under the same experimental condition.
Moreover, the color spaces studied before are all converted from RGB color format; while other color
formats for video recording such as BayerBG have never been considered during the past IPPG studies.
In this paper, a framework for HR measurement is developed to reveal the effect of color spaces and color
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Fig. 1. The main color spaces used for IPPG analysis.

formats on the accuracy of IPPG based HR estimation. The conversion from RGB to other color spaces is
firstly performed, in which the signal of the color channel is analyzed in frequency domain to extract HR.
Comparing the accuracy of HR estimation, the optimal color channel and color space is identified with
the dataset captured by our IPPG measurement system. Based on this measurement system, the effect of
the color formats are also studied to identify the optimal color format for video recording. This study can
optimize the color format and color space during the video recording and analysis of IPPG method.

2. Method

2.1. Color spaces

Several studied have suggested that the reflected light from the facial skin of the object influences the
accuracy of the IPPG based HR estimation method. The reflected light collected by the camera includes 2
components: the surface reflection without any pulsatile information, and the diffuse reflection from the
skin tissue, which manifests the pulsatile blood volume in the skin tissue. A suitable color space may
extract the diffuse reflection information from the reflected light color, therefore enhance the accuracy of
HR estimation.

The common used color spaces for IPPG analysis include RGB, HSI, HSV, YIQ, YCbCr, and LAB
(Fig. 1a to f). These color spaces are different types of color modes, used in image processing system for
various purpose. They all describe the color in a 3D space, which consists of 3 independent attributes. But
since the attributes used to describe the color are different, they build into different color spaces. Here we
introduce the color spaces used in this comparative study.

RGB color space, that is defined according to the mechanism how human eyes recognize colors, is the
most used color space in image processing. The RGB space includes 3 parameters, namely red (R), green
(G), and blue (B), which can describe most colors. The value of the parameter, i.e. the channel, reflects
the brightness of each color. When the values of 3 channels are all 0 (point coordinate was (0, 0, 0) in
RGB space), the color is black; while it represents the white color when the 3 values are all 255.



S394 C. Zhang et al. / Comparative study on the effect of color spaces and formats on IPPG-based HR measurement

In HSI color space, H (Hue) represents the wave length of the color; S (Saturate) represents the darkness
of the color; I (Intensity) represents the brightness [19]. The HSI color space is built in a bipyramid shape.
The value of H ranges from 0◦ to 360◦. When H = 0◦, the color is red; while H = 120◦ represents the
green color, H = 240◦ represents the blue color. The HSI space can be converted from RGB by following
formulas:

H =
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2
√
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3
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HSV color space is a simplified form of HSI, in which, V (Value) represents the lightness of color [20].
The color space was also called Hexcone Model according to the shape of the space. The calculation
method of H from RGB is the same as HSI; while the expressions of S and V are as follows:

S =
max (R,G,B)−min (R,G,B)

max (R,G,B)
(4)

V =max (R,G,B) (5)

In YIQ color space, Y represents the brightness; I represents the change from the orange to the cyan
color; Q represents the change from the purple to the greenyellow color. YIQ color space is adapted to
the image series with different brightness; therefore, it is usually used in the processing of color images.
The transformation from RGB to YIQ is as follows:YI

Q
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 (6)

YCbCr color space is widely used in digital camera system or video processing. The 3 parameters used
in this color space includes: Y, which represents the brightness, Cb, which represents the blue component,
and Cr, which is the red component. The transformation from RGB to YCbCr is as follows: YCb

Cr
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LAB color space is similar to YCbCr, which consists of a brightness component, and two chroma
components. In this color space, L represents brightness, A represents the change from the green to the
red color, B represents the change from the yellow to the blue color. LAB is considered as an expanded
space of RGB, and the value of each channel in LAB can be calculated from RGB channels as [18]:XY
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Fig. 2. The scheme of the experiment.LA
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2.2. HR estimation experiment

During most imaging systems, the camera captures the facial images, and records them as RGB format.
Therefore, all the color spaces above are calculated from RGB channels. To evaluate the accuracy of HR
estimation with the color spaces mention above, we developed an IPPG based HR measurement system,
with a camera that recorded the facial video in RGB format. The experiment of HR measurement was
conducted indoor with natural light, using the HR measurement system (Fig. 2). The subject who signed
the informed consent, was asked to sit on the chair before the camera at the distance of 1.5 m. The subject
was allowed to move lightly and breathe freely during the measurement. A single-lead ECG recorder was
used as a golden standard for HR measurement. Two electrodes were placed at the up and down edges of
the left ectopectoralis. The ECG signal captured from the electrodes was detrended, and then analyzed in
frequency domain. The HR frequency was identified by the frequency where the energy peak appeared
from 0.8 to 4 Hz in the frequency domain.

The RGB formatted facial video was converted to other color spaces, including HSI, HSV, YIQ,
YCbCr, and LAB. The videos in different color spaces were processed as Fig. 3 shows. In the first
processing method, each channel of the color space was selected, and processed with averaging smoothing,
detrending, and whitening to void the interference caused by the variation of natural light and other
noise. Then, the signal of the channel was transformed into frequency domain to identify the energy
peak during 0.8–4 Hz. The corresponding frequency to the energy peak was considered as the pulsatile
frequency, sixtyfold of which equaled the estimated HR. The estimated HR was then compared with the
value measured by ECG, to calculate the mean squared error (MSE) of the estimation with the channel.
This processing way was to compare the channels of color spaces, to identify the optimal channel for
IPPG based HR estimation.

Another processing way is to compare the effect of color spaces on HR estimation. After the averaging
smoothing, detrending, and whitening processing, the 3 channels of each color space were conducted
independent component analysis (ICA) to generate 3 components, in which the component with the
highest association with the optimal channel selected above was considered as IPPG component. IPPG
component was transformed into frequency domain to extract HR exactly like the first processing way.

2.3. Color format

It should be noticed that RGB channels are not the original output of the camera, because the camera
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Fig. 3. The processing flowchart to extract HR from facial videos with different color spaces..

Fig. 4. BayerBG pixel location.

usually needs an interpolation computation from the raw data to generate RGB channels. One of the
common format for raw data is BayerBG format. Although the color space of the whole image is the
same as RGB format, there is only one color channel for one pixel. The pixels with R, G, and B channels
are interlaced like Fig. 4. Actually, all RGB images are obtained from BayerBG format, in which the R,
G, and B channels around each pixel are interpolated to get the RGB values for the pixel, as follows:

Bmn =

B(m−1)(n−1) +B(m−1)n +B(m−1)(n+1) +Bm(n−1) +Bm(n+1) +B(m+1)(n−1)
+B(m+1)n +B(m+1)(n+1)
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(11)
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Fig. 5. The software of the HR measurement system. The right panel shows the video captured by the camera, in which the
red rectangle shows the ROI at the forehead. The HR was displayed at the left-bottom. The color format could be adjusted to
BayerBG 8bit, BayerBG 10bit, or RGB format.

Although RGB and BayerBG color formats were both supported in many imaging systems, most IPPG
studies used RGB format for video recording. BayerBG was seldom used in IPPG studies to evaluate the
effect of this color format on HR estimation. Therefore, we developed a software on C# platform that was
able to record facial videos in both RGB and BayerBG formats, to compare which color format may obtain
higher accuracy in HR estimation. The graphic user interface (GUI) of the software is shown in Fig. 5.
When measuring HR with the system, the software connected the camera, and fed back the information
of the camera at the upleft textbox. Then, a preliminary acquisition of the video was performed to show
the video acquisition effect at the right panel. The ROI was automatically located at the forehead of the
subject. When pressing the “Measure” button, the HR would be displayed at the left bottom within about
10 seconds. The HR estimation method was introduced in the previous section. The frame rate could be
adjusted according to the brightness of natural light. The color format could be selected as BayerBG
8 bit, BayerBG 10 bit, or RGB format. BayerGB 8 bit recorded videos in BayerGB format, in which the
value of each channel occupied 8 bit for each pixel, namely ranged from 0 to 255. While in BayerGB
10 bit format, the value of each channel occupied 10 bit for each pixel, namely ranged from 0 to 1023.

2.4. Statistical analysis

To obtain the optimal channel for HR estimation, we compared the HR estimation results from each
channel of 6 color spaces, including RGB, HSI, HSV, YIQ, YCbCr, and LAB, with the HR value measured
by ECG, to calculate MSE. The channel with the least MSE could get one score for a piece of video. The
channel that obtained the highest score, was selected as the optimal channel. We captured 424 pieces of
10 second videos for the selection of the optimal channel, and also for the identification of the optimal
color space.
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Fig. 6. The score for the optimal channel among all channels in different color spaces.

To identify the optimal color space for HR estimation, the HR estimated from ICA results of each color
space was compared with the golden standard from ECG. The color space that obtained the least MSE,
was considered as the optimal color space for HR estimation.

We also compared the effect of color formats on the accuracy of HR estimation. The HR estimated
from the videos with RGB, BayerBG 8 bit, and BayerBG 10 bit, was compared with the golden standard
from ECG by Bland-Altman analysis. The MSE of HR estimation was also compared with student t-test
between the three formats. The linear regression was performed between the HR values measured by
ECG and IPPG methods with different color formats, to compare the association and linearity of the
results for HR measurements. Ten pieces of 180 second videos were captured for each format, and used
for the statistical analysis.

3. Results

3.1. The optimal color channel and color space

424 pieces of 10 seconds videos were captured by our HR measurement system from 200 Chinese
subjects. In order to identify the optimal color channel and color space, each video was processed with
the methods stated above. The time consumption of the video processing and HR calculation was less
than 1 second on our system (CPU: Intel i7-8650U, RAM: 16 GB). All these videos were captured with
RGB format, and then converted into HSI, HSV, YIQ, YCbCr, and LAB color spaces. We compared the
effectiveness of all channels in different color spaces in the HR estimation. As Fig. 6 shows, G channel of
RGB color space had the highest score, meaning that G channel had the least MSE for HR estimation in
most cases. Besides, H channel in HSI color space, Cr channel in YCbCr color space, and A channel
in LAB color space, also got high scores, meaning that these channels was also good choices for IPPG
based HR analysis.

We also compared the effectiveness of color spaces in HR estimation by calculating HR estimation
error. Figure 7 shows that HR estimation in RGB space was the best among the 6 color spaces, with the
error of 2.868 bpm. The HR estimation error of LAB was a little bigger than RGB. But other color spaces
had much bigger errors, indicating that these color spaces were not suitable for HR estimation.

3.2. The optimal color format

The optimal color format for video recording during IPPG based HR estimation was identified with
10 pieces of 180 second videos from 10 Chinese subjects. The HR estimation results from the 3 color
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Fig. 7. The MSE of different color spaces. The MSE was calculated by comparing the heart rate measured by IPPG method and
ECG.

Fig. 8. The Bland-Altman analysis results for comparing the HR measured by ECG and IPPG with different color formats. (a)
BayerBG 8 bit; (b) BayerBG 10 bit; (c) RGB.

formats, including RGB, BayerBG 8 bit, and BayerBG 10 bit, were compared with HR measured by ECG
with Bland Altman analysis. The results for Bland-Altman analysis were shown in Fig. 8, in which the
bias and standard deviation of HR estimation was also shown. We found that the bias of HR estimation
with BayerBG 8 bit color format was least, indicating that BayerBG 8 bit color format could reduce the
system error in IPPG based HR estimation. The standard deviation was least in BayerBG 10 bit format,
suggesting that the BayerBG 10 bit format could reduce the random error of HR estimation.

The MSE of HR estimation with the 3 color formats is shown in Fig. 9. The error of HR estimation
from images of BayerBG 8 bit format was significantly lower than the error of BayerBG 10 bit and RGB
format, indicating that BayerBG 8 bit was the most suitable color format for HR estimation. Comparing
to the BayerBG format, RGB format had a bigger MSE, validating our hypertension that BayerBG could
be a better color format than RGB for IPPG based HR estimation.

The linear regression results also showed that BayerBG 8 bit was the most suitable color format for HR
estimation, because the HR calculated from BayerBG 8 bit had the highest linear association with the
HR measured by ECG (Fig. 10). The association between the HR values measured by ECG and RGB
formatted IPPG was lower than the 2 types of BayerBG formats, suggesting that BayerBG formats could
enhance the accuracy of HR measurement in a large range of HR.

4. Discussion

We developed an IPPG based HR measurement system to provide a platform that might reveal the
effect of color spaces and color formats on the accuracy of HR estimation. Because all the videos used
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Fig. 9. The MSE of HR measurement with different color formats. Bayer8 and Bayer10 represent BayerBG 8 bit and BayerBG
10 bit color formats, respectively.

Fig. 10. The linear regression between the HR values measured by ECG and IPPG with different color formats. (a) BayerBG
8 bit; (b) BayerBG 10 bit; (c) RGB.

in this paper were captured by this system, all the color spaces and formats were compared under the
same condition. Although there were some studies on the effect of color spaces on HR measurement,
the number of their samples (usually 20–90 samples) were much less than our study. Moreover, the HR
measurement conditions, such as the light environment, the duration of videos, the acquisition parameters
of the camera, varied largely in their studies. Therefore, our study might provide a systematic comparison
between the common-used color spaces and formats.

The optimization of the color space used in IPPG method is an interesting and valuable work, because
it may enhance the accuracy of HR measurement without increasing the cost of cameras. In this paper, we
used two methods to process the video for HR estimation, one without ICA, and the other with ICA. The
method without ICA was used to select the optimal channel for all color spaces; while the method with
ICA was for the identification of the optimal color space. Our results showed that a suitable color space
might separate the channel with IPPG signal from other noises, like the G channel in RGB space. But
also, a suitable color space (RGB) might enhance the effect of ICA results, extracting the independent
component with IPPG signal with BSS.

Although there are still some controversies about the optimal color channel and space for IPPG method,
lots of studies have suggested that RGB color space is a more effective one under most experimental
conditions. In 2021, Zhang et al. proposed that LAB color space may effectively reduce the estimation
error of HR. But the comparative study between RGB and LAB color spaces was still lacking. We
compared RGB and LAB color spaces in this paper, with our HR measurement system. The results
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showed that, although LAB performed well in HR estimation, RGB was still the optimal color space for
IPPG based HR estimation.

The color format of the video recording is also an important factor for HR measurement, however
there is limited studies on its effect. We firstly developed a HR measurement system, which supported
both RGB and BayerBG formats. Our study revealed the effect of color formats on the accuracy of HR
estimation, and showed that BayerBG 8 bit was a better color format than RGB for video recording in
light of HR estimation. Although BayerBG 10 bit also showed a lower random error than RGB, the bias
and linearity of HR measurement was not as good as BayerBG 8 bit. The result is interesting, because
BayerBG 10 bit consumes more bits for the recording of each pixel, but increases the system error for
HR measurement. The reason may be that, the BayerBG 10 bit puts forward higher requirements for HR
measurement conditions, such as the light environment, and the stable voltage supply for the camera;
otherwise, this color format may increase the quantization error during the video recording.

Another important factor for HR measurement is the skin color of subjects, which was the limitation
of the present study. The subjects are all Chinese, without heavy makeup or any tattoo on faces. The
accuracy of our HR measurement system in the subjects with various skin colors might be different. The
tattoo and scars on faces may also influence on the HR measurement. Although Mishra suggested that the
variability of skin color had only limited effect on the accuracy of video-based HR measurement (with the
error within 2 beat/min), the sample size in his study was not big enough to validate his opinion [21]. To
clarify this issue, a large number of subjects with various skin colors were needed for the further study.

5. Conclusions

In this paper, a new platform for IPPG based HR measurement is proposed and demonstrated. Based
on this platform, the effect of color spaces and color formats on the accuracy of HR estimation is studied.
424 pieces of videos are used for the identification of the optimal color channel and color space for
HR estimation, and 10 pieces of videos are used for the identification of the optimal color format.
Experimental results show that the HR measurement using RGB color space is in good agreement with
the ground truth of HR with the MSE of 2.868 bpm, while the optimal channel for HR estimation is the G
channel in RGB space. For the color format of video recording, BayerBG 8 bit is proved to be the optimal
format, and significantly reducing the MSE comparing with RGB format. Therefore, BayerBG 8bit color
format for video recording and RGB color space for video analysis are suggested for the following IPPG
based HR measurement in practice.
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