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1. Introduction

Vital sign monitoring is an essential part of diagnostics and 

clinical health surveillance. Over the years its application 

expanded to other fields, such as telemedical home usage [1], 

fitness tracking [2], and occupational protection [3]. In some of 

these applications, requirements arise which contact measurement 

methods can only meet to a limited extent, e.g. operation freedom 

which is hindered by cables, ease of use which is hindered by 

fixating sensors or electrodes and connecting hardware, and 

reusability as well as low disinfection effort which are hindered by 

subject contact. In these cases, contactless vital sign monitoring 

methods provide suitable alternatives. [4,5] 

Camera-based photoplethysmography (cbPPG), also called 

imaging or remote photoplethysmography, is a non-contact optical 

measurement technique that uses cameras to assess cardiovascular 

vital signs such as heart rate (HR). Blood volume pulsation in the 

vessels and ballistocardiographic effects lead to pulsatile 

alterations of optical parameters in the skin tissue and therefore 

modulate the number of reflected photons reaching the camera. 

——— 
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The skin tissue is illuminated either with ambient light or with 

dedicated light sources. While conventional 

photoplethysmography utilizes a photo detector directly attached 

to the skin to record an intensity time series, cbPPG works 

remotely and additionally provides spatial resolution, i.e. the 

camera records videos. [6] 

Most cbPPG systems include cameras that deliver a red (R), 

green (G), and blue (B) channel for each pixel, so-called RGB 

cameras [7]. The intensity time series of the RGB channels differ 

due to 1) the spectral composition of the illumination, 

2) wavelength dependent optical parameters of skin tissue and

blood, and 3) the camera sensor specific spectral sensitivity

characteristics [8]. It has been shown that cbPPG benefits from the

combination of RGB channels [6]. However, many of these

combinations remain untested and the interplay with skin tone is

rarely addressed. The scope of this work is to identify beneficial

color combinations for camera-based HR measurement across all

skin tones. In order to acquire reliable results, our investigation is

based on a large dataset.
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Objective: The heart rate is an essential vital sign that can be measured remotely with camera-

based photoplethysmography (cbPPG). Systems for cbPPG typically use cameras that deliver red, 

green, and blue (RGB) channels. The combination of these channels has been proven to increase 

signal-to-noise ratio (SNR) and heart rate measurement accuracy (ACC). However, many 

combinations remain untested, the comparison of proposed combinations on large datasets is 

insufficiently investigated, and the interplay with skin tone is rarely addressed. Methods: Eight 

regions of interest and eight color spaces with a total of 25 color channels were compared in terms 

of ACC and SNR based on the Binghamton-Pittsburgh-RPI Multimodal Spontaneous Emotion 

Database (BP4D+). Additionally, two systematic grid searches were performed to evaluate ACC 

in the space of linear combinations of the RGB channels. Results: Glabella and forehead regions 

of interest provided highest ACC (up to 74.1 %) and SNR (> -3 dB) with the hue channel H from 

HSV color space and the chrominance channel Q from NTSC color space. The grid searches 

revealed a global optimum of linear RGB combinations (ACC: 79.2 %). This optimum occurred 

for all skin tones, although ACC dropped for darker skin tones. Conclusion: Through systematic 

grid searches we were able to identify the skin tone independent optimal linear RGB color 

combination for measuring heart rate with cbPPG. Our results proved on a large dataset that the 

identified optimum outperformed conventionally used color channels. Significance: The presented 

findings provide useful evidence for future considerations of algorithmic approaches for cbPPG. 
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2. Related work

It is well known that the G channel provides the best cbPPG 

signal in RGB color space [6]. The absorption peak of hemoglobin 

in the green spectral range leads to strong pulsation of the signal 

and thus to a higher signal-to-noise ratio (SNR) compared to the 

red and blue channel [9]. Also, green photons penetrate deeper into 

the skin than blue photons [10] so that pulsating vessels, i.e. upper 

dermal arterioles, are better reached [11]. Finally, the Bayer filter 

mosaic of standard RGB cameras provides twice as many green 

sensor cells as red or blue ones, which increases SNR of the G 

channel due to reduced impact of sensor noise after spatial 

averaging. 

However, multiple comparative studies [12–15] show that the 

hue (H) channel outperforms the G channel. The H channel 

represents the color information in a single scalar that can be 

interpreted as the angle of a spectral color wheel. Several color 

spaces (e.g. HSL or HSV) decouple this color information from 

other appearance parameters such as saturation and lightness by a 

nonlinear RGB color transformation [13]. This reduces the 

influence of unsteady lighting conditions and small motion 

artifacts on the cbPPG signal [13]. 

Apart from the frequently utilized G and H channels, other 

color channels derived from the RGB color space are occasionally 

used. Recent findings indicate that the chrominance channel Q 

from NTSC color space yields similar accuracy (ACC) in camera-

based HR measurement as the H channel [15]. Other color spaces 

applied in the context of cbPPG are for example CIE XYZ [13], 

CIE L*a*b* [16], and CIE L*u*v* [17]. 

It has been reported that skin pigmentation influences the 

cbPPG measurement [6]. According to the Fitzpatrick scale, skin 

types can be classified into six groups with skin tones ranging from 

pale white (I) to dark black (VI) [18]. Higher epidermal melanin 

concentration of darker skin increases the constant photon 

absorption in skin tissue. Thus, fewer photons contribute to the 

pulsatile signal component, which diminishes the cbPPG signal 

amplitude. Consequently, darker skin tones are associated with 

lower signal intensity and reduced signal quality (e.g. SNR) [19]. 

In [19], it is stated that for white light skin tones can be normalized 

by 

[𝑅𝑠, 𝐺𝑠 , 𝐵𝑠] = [𝑅, 𝐺, 𝐵] √𝑅2 + 𝐺2 + 𝐵2⁄ (1) 

leading to a standardized skin color model 
[𝑅𝑠, 𝐺𝑠 , 𝐵𝑠] = [0.7682, 0.5121, 0.3841] for all skin tones. The

spectral absorption characteristics of hemoglobin are not altered 

by the melanin concentration of skin tissue, which implies that the 

pulsatile component of the cbPPG signal can be extracted for all 

skin tones with the same color combination (stable illumination 

presumed) [20].  

CHROM [19] and POS [8], two algorithms for cbPPG 

extraction, build on skin color information. In CHROM, two 

orthogonal chrominance signals are used to cancel out specular 

reflections (induced e.g. by motion artifacts). To correct for non-

white illumination, the approach implements skin tone 

standardization and 𝛼-amplitude tuning, which leads to a time 

dynamic color combination [19]. POS follows the same idea, but 

projects orthogonal to the skin tone [8]. Table 1 summarizes the 

key elements of color combination of CHROM and POS, and 

Fig. 1 visualizes CHROM and POS color combinations in the 

RGB color space. For further details we refer to the original 

publications (CHROM: XsminαYs in [19], POS: [8]). Since time 

dynamic color combinations change the shape of the signal as it 

progresses, they eliminate low-frequency components (e.g. from 

breathing, vasoconstriction or vasodilation) and can distort 

investigations of cbPPG signal morphology (e.g. pulse 

amplitudes). It is claimed that CHROM and POS work for all skin 

tones [8,19]. However, the results of CHROM are not reported by 

skin tone but only in total. Zaunseder et al. [6] note that the skin 

tone validation of POS bases only on a small database (15 subjects 

with a total recording duration of less than 19 min at 20 fps). The 

need for grouping the test subjects according to their skin tone 

further limits the significance of results from such small databases. 

Table 1. Comparison of CHROM [19] and POS [8] color 
combinations. 

Variable CHROM POS 

𝑋 3𝑅𝑛 − 2𝐺𝑛 𝐺𝑛 − 𝐵𝑛

𝑌 1.5𝑅𝑛  + 𝐺𝑛 − 1.5𝐵𝑛 −2𝑅𝑛  + 𝐺𝑛 + 𝐵𝑛

𝛼 𝑠𝑡𝑑(𝑋𝑓) 𝑠𝑡𝑑(𝑌𝑓)⁄  𝑠𝑡𝑑(𝑋) 𝑠𝑡𝑑(𝑌)⁄  

𝑆(𝛼)  𝑋𝑓 − 𝛼𝑌𝑓

= 3(1 − 𝛼 2⁄ )𝑅𝑓

−2(1 + 𝛼 2⁄ )𝐺𝑓

+3(𝛼 2⁄ )𝐵𝑓

𝑋 + 𝛼𝑌 

= −2𝛼𝑅𝑛

+(1 + 𝛼)𝐺𝑛

−(1 − 𝛼)𝐵𝑛

𝑆(0.75)  1.875𝑅𝑓 − 2.75𝐺𝑓 + 1.125𝐵𝑓  −1.5𝑅𝑛 + 1.75𝐺𝑛 − 0.25𝐵𝑛

𝑆(1)  1.5𝑅𝑓 − 3𝐺𝑓 + 1.5𝐵𝑓  −2𝑅𝑛 + 2𝐺𝑛

𝑆(1.25)  1.125𝑅𝑓 − 3.25𝐺𝑓 + 1.875𝐵𝑓  −2.5𝑅𝑛 + 2.25𝐺𝑛 + 0.25𝐵𝑛

𝑋 and 𝑌 denote the chrominance signals that are calculated from the signal 
channels red 𝑅, green 𝐺, and blue 𝐵. 𝑠𝑡𝑑 is the standard deviation. The 
subscript 𝑛 marks temporally normalized signals. The subscript 𝑓 marks 
temporally normalized signals that are band-pass filtered (only CHROM). The 
parameter 𝛼 corrects for illumination changes and is recalculated every 1.6 s. 
𝑆(𝛼) denotes the cbPPG signal derived from the chrominance signals 𝑋 and 𝑌. 
Both algorithms work with sliding window overlap adding of 𝑆(𝛼) to merge 
consecutive signals with different 𝛼. Three examples with 𝛼 = 0.75, 𝛼 = 1, 
and 𝛼 = 1.25 are presented for each algorithm. 

Fig. 1. Visualization of CHROM (black) [19] and POS (gray) [8] color combinations in RGB color space for different α ∈ {0.75, 0.8 … 1.5}. The 

visualized combinations are normalized. The pink vector represents the standardized skin color model [𝑅𝑠, 𝐺𝑠, 𝐵𝑠] = [0.7682, 0.5121, 0.3841] from [19].
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3. Investigation goals

This work consists of three consecutive studies. In order to 

provide a clear understanding of the research objectives of the 

three studies, they will be presented individually. 

Study #1: Our previous work presented in [15] reports that the 

ACC of the Q channel is comparable to the ACC of the H channel 

and bases on the results from 33 out of 140 subjects of the 

Binghamton-Pittsburgh-RPI Multimodal Spontaneous Emotion 

Database (BP4D+). To validate our findings, the analysis (see 

Fig. 2) was extended to the complete BP4D+ with all 140 subjects. 

Objective of study #1 is the comparison of camera-based HR 

measurement ACC and SNR in eight regions of interest (ROIs, see 

Fig. 3) and eight color spaces with a total of 25 color channels (see 

legend of Fig. 4). 

Study #2: In [15], the Q channel from NTSC color space 

reached comparable ACC as the H channel from HSV color space. 

The Q channel is a linear combination of the RGB channels [21]: 

𝑄 = 0.211𝑅 − 0.523𝐺 + 0.312𝐵.  (2) 

Since this combination is rather arbitrary for the application in 

cbPPG, further analysis proves if an even better linear combination 

of RGB color channels exists. Therefore, a grid search was set up 

to systematically evaluate the camera-based HR measurement 

ACC of different linear RGB combinations. Objective of study #2 

is the identification of the optimal linear RGB combination that 

provides the highest ACC. 

Study #3: As indicated earlier, a standardized skin color model 

[19] and the independence of color combinations from skin tone

[20] have been postulated. Therefore, the RGB compositions of all

Fitzpatrick skin tones were investigated. Also, another grid search

was set up, but this time for each skin tone separately. The goal is

to compare the performance of RGB combinations across skin

tones.

In summary, by investigating ACC and SNR of the Q and H 

channels in a more comprehensive dataset (study #1), we sought 

to verify previous findings about the impact of different ROIs and 

color spaces on camera-based HR measurement. Proceeding from 

these results, a novel grid search approach was implemented to 

determine an optimal linear RGB color combination to further 

improve the ACC of camera-based HR measurements (study #2). 

To analyze the influence of the skin tone, our grid search approach 

was structurally refined and extended by a skin tone dependent 

identification of the optimal RGB combination (study #3). 

4. Materials and methods

4.1. Database 

The Binghamton-Pittsburgh-RPI Multimodal Spontaneous 

Emotion Database (BP4D+) [22] consists of 140 subjects 

(82 female, 58 male). The subjects vary in skin tone (see Table 2) 

and declared to be healthy. For each subject 10 videos 

(1392x1040 pixels, 25 fps, 3x8 bit RGB) under different 

emotional stimuli (happiness, surprise, sadness, startle, 

skepticism, embarrassment, fear, physical pain, anger, and disgust) 

are provided leading to 1400 videos of different length. This 

represents an extraordinarily large cohort for state-of-the-art 

cbPPG research [7]. The BP4D+ also delivers facial landmark 

coordinates for each video frame and a synchronized heart rate 

reference signal (1000 Hz) derived from inter-beat intervals. The 

spectral composition of the illumination and the sensitivity curves 

of the camera sensor chip are assumed to remain constant 

throughout the recordings. 

Table 2. Subject and segment distribution of BP4D+ [22] by 
skin tone. 

Skin Tone I II III IV V VI Total 

Subjects 16 44 45 19 5 11 140 

in % 11.4 31.4 32.1 13.6 3.6 7.9 100 

Segments 787 2617 2735 1111 309 648 8207 

in % 9.6 31.9 33.3 13.5 3.8 7.9 100 

Skin tones were annotated manually following the Fitzpatrick scale [18]. 

4.2. Study #1: Comparison of heart rate measurement accuracy 
in multiple color channels and regions of interest 

Aim of study #1 was to validate the investigation of 33 female 

subjects presented in [15] by extending our analysis to all 

140 subjects of BP4D+. Fig. 2 summarizes the workflow of 

study #1. 

4.2 .1 .  Regions  o f  in teres t  and color  spaces  

Seven ROIs from the facial landmarks and one ROI from the 

Level-Set algorithm [23] were computed similar to [15]. The 

landmark ROIs focused on forehead and cheeks as these regions 

are known to provide the best signal quality [6]. Since the 

orientation towards the camera and the supplying vessels of the 

glabella are similar to the forehead ROI [24], the glabella area was 

also included. For details on the generation of the Level-Set ROI, 

see [23]. Fig. 3 gives an example of all ROIs. 

Fig. 2. Workflow of camera-based heart rate (HRcb) measurement and BP4D+ reference heart rate (HRref) derivation. The steps highlighted in blue 

constitute the core research topic of this work. *HRcb was accepted as correct if the condition in (3) was fulfilled. 
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Eight color spaces that are used to varying degrees in the 

literature were selected: RGB, HSV, YCbCr, NTSC (also known 

as YIQ), CIE XYZ, CIE L*a*b*, CIE L*u*v*, and CMYK. They 

provide a total of 25 color channels (see legend of Fig. 4). For each 

frame and ROI, the RGB values of the corresponding pixels were 

transformed into the aforementioned color spaces. 

4.2 .2 .  Signal  process ing  

Frame-wise averaging of the transformed pixel values yielded 

a raw cbPPG signal for each color channel and ROI. The raw 

cbPPG signals were divided into segments of 10 s length with an 

overlap of 5 s. This resulted in 8207 segments per color channel, 

whose distribution by skin tone is presented in Table 2. Each 

segment 𝑖 was detrended and band-pass filtered (10th order 

Butterworth with cutoff frequencies 0.5 Hz and 5 Hz) to diminish 

the impact of unwanted components such as breathing or noise. 

The 𝑖th filtered cbPPG signal segment is called 𝑆𝑓,𝑖. A fast Fourier

transform mapped each zero-padded segment to the frequency 

domain leading to a frequency spectrum 𝑋(𝑆𝑓,𝑖) with a spectral 

resolution of 98 mHz (5.9 bpm) for each segment in each color 

channel and each ROI. 

4.2 .3 .  Heart  ra te  measurement  and evaluat ion  

The frequency of the dominant peak in the amplitude spectrum 

|𝑋(𝑆𝑓,𝑖)| was associated with the camera-based heart rate 𝐻𝑅𝑐𝑏,𝑖. 

Corresponding to [25] and in accordance with the precision 

requirement for medical ECG defined in IEC 60601-2-27, all 

𝐻𝑅𝑐𝑏,𝑖 that fulfilled the criterion 

|𝐻𝑅𝑐𝑏,𝑖 − 𝐻𝑅𝑟𝑒𝑓,𝑖| ≤ max(5 bpm, 0.1 ∙ 𝐻𝑅𝑟𝑒𝑓,𝑖) (3) 

were accepted as correct. The proportion of correct camera-based 

HR yielded ACC. To acquire the reference heart rate 𝐻𝑅𝑟𝑒𝑓,𝑖 for 

each 𝐻𝑅𝑐𝑏,𝑖, the reference signal was split into intervals identical 

to the filtered signal (10 s length, 5 s overlap). Subsequently, 

𝐻𝑅𝑟𝑒𝑓,𝑖 was acquired as the mean of the 𝑖th interval of the heart rate

reference signal. 

The second evaluation parameter was SNR which was 

calculated as described in [26]. SNR has been found to indicate 

signal quality and imply the correctness of camera-based HR 

measurement [27]. 

4.3. Study #2: Cube grid search for optimal static linear 
combination in RGB color space 

The goal of study #2 was to systematically examine linear RGB 

combinations regarding their suitability for cbPPG. Therefore, a 

grid search was performed. Three color weighting coefficients 𝑐𝑟, 

𝑐𝑔, and 𝑐𝑏 for the channels R, G, and B respectively define the grid 

axes. The value of each color weighting coefficient varied from -1 

to +1. The grid granularity, i.e. the step size of the color weighting 

coefficients, was set to 0.01. This resulted in a cube grid with 

201 points on each of the three axis and 8’120’601 points in total.  

The grid search was performed only for the in study #1 

identified most suitable ROI (see FHL in Fig. 3). For each grid 

point, the raw cbPPG signals (see Section 4.2.2) from the R, G, 

and B channels of a video were linearly combined to a signal 𝑆𝑐: 

𝑆𝑐 = 𝑐𝑟𝑅 + 𝑐𝑔𝐺 + 𝑐𝑏𝐵. (4) 

The combined signals 𝑆𝑐 were then processed further as 

described in Section 4.2.2 and Section 4.2.3 starting with the 

generation of 10 s segments (signal splitting in Fig. 2). In this 

manner, an ACC was determined for each point of the cube grid, 

i.e. for each color combination defined by 𝑐𝑟, 𝑐𝑔, and 𝑐𝑏. The

computation was vectorized and parallelized in order to process

the full BP4D+ more than 8 million times in a reasonable amount

of time.

For the results, two properties of the cube grid were to be 

expected: 

1. A point symmetry with respect to the origin of the grid since

|𝑋(𝑆𝑓,𝑖)| = |𝑋(−𝑆𝑓,𝑖)|. (5) 

2. Identical results along lines through the origin due to

|𝑎| ∙ |𝑋(𝑆𝑓,𝑖)| = |𝑋(𝑎 ∙ 𝑆𝑓,𝑖)|. (6) 

This includes the point symmetry of (5) as the special case 

 𝑎 = −1. 

The three-dimensionality of the cube grid impedes a simple 

visualization of the results. For this reason, the evaluation 

parameters were visualized multiple times by sequentially 

removing poor results (unfavorable RGB combinations) via ACC 

threshold filtering. 

4.4. Study #3: Skin tone investigation and hemispherical surface 
grid search for optimal static linear combination in RGB color 
space 

Study #3 targeted at the influence of the skin tone: 1) The RGB 

distribution of the skin pixels and the standardized skin color 

model were examined, and 2) another grid search was set up for 

each skin tone individually.  

At first, the color distributions of the skin tones were 

investigated. For the first frame of each 10 s segment, all pixels of 

the in study #1 identified most suitable ROI (see FHL in Fig. 3) 

were extracted and summarized by skin tone in RGB histograms 

(256 bins for 8 bit resolution). Additionally, skin pixels were 

normalized according to (1) and also plotted by skin tone in RGB 

histograms (256 bins). 

To find out whether the skin tone influences the optimal linear 

RGB combination, another grid search was set up. Due to the 

expected properties of the cube grid described in Section 4.3, the 

grid points for study #3 were placed on a hemispherical surface 

with radius 1. This requires fewer grid points as the calculation of 

the inner structure becomes obsolete (identical results along each 

line through the grid origin) and only one half of the 

three-dimensional space needs to be evaluated (point symmetry 

with respect to grid origin). The vacated computational capacities 

allowed for a higher resolution of the hemispherical surface grid. 

The hemispherical surface grid was generated with Icosahedron-

based S² Decomposition [28] and consisted of 1’311’745 points.  

Fig. 3. Regions of interest included in the comparison. (a) GLB: Glabella, 

FHS: Forehead small, FHL: Forehead large, LUP/RUP: Upper left/right cheek, 

LON/RON: On left/right cheek. (b) LVLSET: Level-Set. Head contours were 

re-painted from a BP4D+ image [22]. 
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Signal combination, processing, and evaluation for each grid 

point were identical with study #2 (see Section 4.3). However, in 

contrast to study #2 ACC was calculated separately for each skin 

tone. 

5. Results

5.1. Study #1: Comparison of heart rate measurement accuracy 
in multiple color channels and regions of interest 

Fig. 4 presents the resulting camera-based HR measurement 

ACCs of all 200 combinations of the investigated eight ROIs and 

25 color channels. Forehead, glabella, and Level-Set ROIs 

outperformed cheek ROIs across all color channels with exception 

of HSV-H and NTSC-I in the Level-Set ROI. The highest ACCs 

were reached in the HSV-H channel and glabella (74.1 %) or 

forehead (large and small both 73.4 %) ROIs. The NTSC-Q 

channel also yielded high ACC, especially in the Level-Set ROI 

(71.1 %), where HSV-H performance dropped to 25.3 %. For 

glabella and forehead ROIs the color channels RGB-G, HSV-H, 

YCbCr-Cb, NTSC-Q, XYZ-Y, L*a*b*-a*, L*u*v*-v*, and 

CMYK-M performed best in their color space. The results for SNR 

(see Fig. 5) confirm the findings on ACC, which means that color 

channels with high ACC also exhibited high SNR. Best median 

SNR (> -2 dB) were reached in the HSV-H channel of glabella and 

forehead ROIs, followed by the NTSC-Q channel (-3 dB < median 

SNR < -2 dB) of the same ROIs and additionally the Level-Set 

ROI. 

Fig. 4. Accuracy of camera-based heart rate measurement by region of interest (ROI) and color channel. Highest accuracies were reached in HSV-H channel 

and forehead or glabella ROIs. The NTSC-Q channel also yielded high accuracies in these ROIs and additionally in the Level-Set ROI, where the performance 

of the HSV-H channel dropped. Apart from the latter, the cheek ROIs generally yielded lower accuracies. For the glabella ROI and the two forehead ROIs the 

color channels RGB-G, HSV-H, YCbCr-Cb, NTSC-Q, XYZ-Y, L*a*b*-a*, L*u*v*-v*, and CMYK-M performed best in their color space (bold font in legend). 

The plot shows that ROI and color channel have to be chosen carefully for remote heart rate measurement with camera-based photoplethysmography. 

Fig. 5. Signal-to-noise ratio SNR of camera-based photoplethysmograms by region of interest (ROI) and color channel in compact boxplots (no whiskers). 

With exception of the Level-Set ROI, the HSV-H color channel provided the highest SNR, followed by NTSC-Q. Generally, the forehead, glabella, and Level-Set 

ROIs outperformed the cheek ROIs. However, SNR dropped in the HSV-H color channel of the Level-Set ROI. The SNR results confirmed the accuracy results 

presented in Fig. 4 and underline the importance of proper ROI and color channel selection to achieve high signal quality with camera-based 

photoplethysmography. 
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5.2. Study #2: Cube grid search for optimal static linear 
combination in RGB color space 

Fig. 6 shows the camera-based HR measurement ACC results 

of the cube grid search for the large forehead ROI (FHL in Fig. 3) 

for different ACC thresholds and with several RGB combinations 

of CHROM (black) and POS (gray). The results were 

point-symmetric to the grid origin, i.e. ACC did not alter along the 

lines through the grid origin. However, gaps were observed near 

the origin, which became particularly apparent in the cube grid 

with the maximum ACC threshold (see Fig. 6). In general, the 

ACC converged monotonically in form of two elliptic cones. The 

maximum achieved ACC was 79.2 %. The line along the cone axis 

at maximum ACC threshold, further denoted as convergence line 

𝐿𝐶 , was determined as 

𝐿𝐶: [𝑐𝑟 , 𝑐𝑔, 𝑐𝑏]
⊤

= 𝑡[0.25, −0.83,0.5]⊤, 𝑡 ∈ ℝ. (7) 

It appeared that unfavorable RGB color combinations exist 

relatively close to the RGB color combinations with the highest 

ACC. For example at [𝑐𝑟 , 𝑐𝑔, 𝑐𝑏]
⊤

= [0.3, −1,0.6]⊤ a strong falling

ACC gradient towards the cube corner [𝑐𝑟 , 𝑐𝑔, 𝑐𝑏]
⊤

= [1, −1,1]⊤

was observed (see Fig. 6 with no threshold).  

5.3. Study #3: Skin tone investigation and hemispherical surface 
grid search for optimal static linear combination in RGB color 
space 

Fig. 7 shows the RGB intensity distributions of the large 

forehead ROI skin pixels, while Fig. 8 shows the via (1) 

normalized version. Darker skin tones led to lower RGB 

intensities. Saturation was observed in the R channel of skin tones 

I and II, i.e. peaks occurred at the maximum intensity level in these 

histograms (see Fig. 7). Skin tone normalization unified the 

histogram shapes of all skin tones, even though minor variations 

remained. The standardized skin color model from [19] deviated 

slightly from the peaks of the normalized RGB histograms, 

particularly for darker skin tones (see Fig. 8).  

Fig. 9 visualizes the ACC results of the hemispherical surface 

grid search for all skin tones. Across all skin tones, the highest 

ACC was found close to the color combination 

𝑆𝑐,𝑜𝑝𝑡 = 0.25𝑅 − 0.83𝐺 + 0.5𝐵, (8) 

which confirms 𝐿𝐶  from (7). As shown in Table 3, the maximum 

ACC dropped for skin tones V and VI. Compared to the other skin 

tones, high ACC was achieved over a vast range of RGB 

combinations for skin tone II (see top view and front view in 

Fig. 9). In all cases, unfavorable RGB combinations occurred 

close to the optimal RGB combinations and manifested in the form 

of a band across the hemispherical surfaces. 

Fig. 6. Accuracy ACC results of the RGB combination cube grid search 

for the large forehead ROI (see FHL in Fig. 3). 𝑐𝑟, 𝑐𝑔, and 𝑐𝑏 denote the color 

weighting coefficients of the red, green, and blue channel from (4). Each grid 

axis consists of 201 equidistant steps from -1 to +1 (grid granularity of 0.01) 

leading to 8’120’601 grid points. For better perception, the grid is always 

shown from the front and back perspective. The black and gray lines mark 

RGB combinations of CHROM and POS for different 𝛼 ∈ {0.75, 0.8, … 1.5} 

(see Table 1 and Fig. 1). The accuracy converged in form of two elliptic cones 

that are point-symmetric to the grid origin. No isolated point clouds of high 

accuracies were found. To uncover the convergence axis of the elliptic cones 

(definition in (7)), grid points with an accuracy smaller than a certain threshold 

were hidden. The results reveal that an optimal static linear color combination 

for camera-based heart rate measurement exists and that it lies along the 

convergence axis. 
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Fig. 7. RGB intensity histograms of forehead pixels (FHL in Fig. 3) from the first image of each 10 s segment by skin tone. Skin tone distributions across 

subjects and segments are listed in Table 2. Npx denotes the number of pixels in each histogram. Darker skin tones led to lower intensities. 

Fig. 8. Normalized RGB intensity histograms of forehead pixels (FHL in Fig. 3) from the first image of each 10 s segment by skin tone. Normalization with 

(1) projected the different intensity histograms of Fig. 7 onto a similar representation for all skin tones. Vertical lines mark the standardized skin color model 

[𝑅𝑠, 𝐺𝑠, 𝐵𝑠] = [0.7682, 0.5121, 0.3841] from [19], which differed slightly from the distribution centers of the normalized skin color histograms, particularly for

darker skin tones. That the distributions show similar characteristics after normalization implies that the proportions between the RGB intensities remain similar 

across different skin tones. This is an essential prerequisite for finding a single optimal RGB combination for camera-based photoplethysmography across all

skin tones. Otherwise, the optimal RGB combination would have to differ between skin tones.
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Table 3. Maximum accuracy ACCmax of the hemispherical 
surface grid search by skin tone from Fig. 9. 

Skin Tone I II III IV V VI 

ACCmax 78.9 % 85.6 % 81.2 % 84.5 % 68.6 % 50.6 % 

Skin tone distributions across subjects and segments are presented in Table 2. 

6. Discussion

Study #1: The results of study #1 confirmed our findings

presented in [15]. As expected, the HSV-H channel outperformed 

the RGB-G channel. The recently validated NTSC-Q channel 

competed with the HSV-H channel. The performance decline of 

the HSV-H channel in the Level-Set ROI was traced back to two 

effects. First, the utilized Bayesian classifier (see [23]) was pre-

trained and sometimes falsely included tooth or eye regions. 

Second, temporary ROI mismatches can occur while the ROI was 

interpolated between two support frames of the tracking. Both 

effects led to distortions of the mean color within the Level-Set 

ROI, which affected especially the non-linear transformation of 

the HSV-H channel. These drawbacks can be overcome by 

improving skin detection and decreasing the distance between two 

support images of the ROI tracking, which requires more 

computational power. With the NTSC-Q channel, the Level-Set 

ROI can be considered as an alternative to glabella and forehead 

ROIs that does not depend on facial landmarks. The reduced 

performance of the cheek ROIs can be attributed to mimics and 

talking triggered by the BP4D+ stimuli (see Section 4.1). The 

stimuli also induced general motion such as head tilts. Motion of 

any kind still remains the biggest challenge for cbPPG. It strongly 

affects cbPPG signal quality and leads to erroneous camera-based 

HR measurement, but techniques to identify such signals exist 

[27]. Glabella and forehead ROIs represented the best choices. 

This reinforces the validity of study #2 and study #3, which both 

relied on the large forehead ROI (see FHL in Fig. 3). The large 

forehead ROI was chosen because it provided more pixels, i.e. 

more data for the skin color analysis of study #3. 

Study #2: First of all, the expected properties of the cube grid 

(see Section 4.3) became evident. This confirmed the basis for the 

design of the hemispherical surface grid in study #3. The 

convergence line 𝐿𝐶  (see (7)) corresponds approximately to the L²-

normalized CHROM color combination (see Table 1 and Fig. 1) 

for 𝛼 = 1.33. With an ACC of 79.2 %, color combinations along 

𝐿𝐶  outperformed all other color channels of study #1 in the large 

forehead ROI (see Fig. 4). The gap of entries along 𝐿𝐶  near the 

cube grid origin after thresholding with the maximum ACC (see 

Fig. 6) can be explained by insufficient grid granularity. The 

problem complexity, and thus the required computational power, 

increases with the third power of the inverse grid granularity. 

Therefore, only a limited step size of the color weighting 

coefficients 𝑐𝑟, 𝑐𝑔, and 𝑐𝑏 was feasible, which allowed only rough 

relative weighting of the RGB channels near the origin. Towards 

the outside, the relative weighting of the RGB channels became 

more differentiated. Regarding the illustration of CHROM and 

POS in Fig. 6, a fundamental difference between those algorithms 

and the grid search color combinations must be noted: While the 

grid search color combinations (see (4)) remained static during the 

whole signal, CHROM and POS (see Table 1) update their tuning 

parameter 𝛼 every 1.6 s, which leads to dynamic color 

combinations. For this reason, the CHROM and POS references in 

Fig. 6 can only serve as a rough orientation. In contrast to the 

dynamic color combinations, the static color combinations from 

the grid search preserve the low-frequency component of the 

cbPPG signal, which is essential for investigations of respiratory 

rate or vascular tone. 

Study #3: Saturation (e.g. by specular reflection) as found in 

Fig. 7 is undesirable as it cancels the pulsatile signal component. 

Fig. 7 shows that this does not affect all color channels equally, 

but merely the R channel. This leads to an unintentional change in 

the color combination, which becomes dynamic in case of 

temporary clipping (fluctuations closely below the maximum 

intensity going temporarily into saturation). The fact that the 

Fig. 9. Accuracy ACC results of the RGB combination hemispherical 

surface grid search by skin tone. 𝑐𝑟, 𝑐𝑔, and 𝑐𝑏 denote the color weighting 

coefficients of the red, green, and blue channel from (4). The hemispherical 

surface grid (radius 1) was generated with Icosahedron-based 

S² Decomposition [28] and consists of 1’311’745 grid points. Skin tone 

distributions across subjects and segments are listed in Table 2. Maximum 

accuracy was found for all skin tones near the same position:  [𝑐𝑟, 𝑐𝑔, 𝑐𝑏]
⊤

=

[0.25, −0.83,0.5]⊤. The maximum accuracy for each skin tone is listed in 

Table 3. The overall performance dropped for skin tones V and VI. Skin 

tone II provided high accuracies over a larger range of RGB combinations 

compared to the other skin tones. A band of RGB combinations that yield low 

accuracies was observed at similar positions for all skin tones (blue diagonal 

in top view). The figure shows that the optimal RGB combination defined in 

(8) holds true across all skin tones.
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optimal RGB combination (see (8)) was found in the same area of 

the hemispherical surface grid for all skin tones proves that the 

pulsatile component of the cbPPG signal can be extracted with the 

same color combination for all skin tones. The overall loss of ACC 

in skin tones V and VI confirms the relation to increased melanin 

concentration. In skin tones I – IV, this effect was not observed. 

Finally, two potential limitations of this work should be noted: 

The proportion of data related to skin tones V and VI is rather low 

(see Table 2), and, even though the illumination spectrum and 

camera sensitivity curves can be expected to remain constant 

within BP4D+, the optimal RGB color combination may depend 

on these variables and alter with the setup. 

7. Conclusion

In the literature, only selected color space transformations have 

been examined. From these, the best performing color channels 

were H from the HSV color space and Q from the NTSC color 

space. In this contribution, for the first time, a systematic 

investigation of static linear RGB combinations was conducted. 

By applying a grid search, it was shown that an optimum for 

camera-based HR measurement exists. For future work, we 

suggest to refer our method as optimal color channel combination 

(O3C). O3C outperformed (79.2 % ACC, 𝑆𝑐,𝑜𝑝𝑡) the best color 

channel from the color space transformations (73.4 % ACC, 

HSV-H channel). It also yielded best results across all skin tones. 

However, the performance dropped for darker skin tones (V and 

VI), which can be attributed to higher melanin concentration and 

thus a diminished signal strength. The glabella ROI has been 

proven as a powerful alternative to the forehead ROI. For the 

Level-Set ROI this only holds for the NTSC-Q channel. 

This work bases on an extraordinarily large database for cbPPG 

research. It helps to select a suitable approach for cbPPG signal 

extraction and demonstrates the influence of different skin tones. 

Fundamental research like this strengthens the potential to deploy 

computational intelligence for remote monitoring in applications 

where contact measurements pose an obstacle. Further work 

should address the physical and physiological background of the 

empirically determined optimal linear RGB combination and 

investigate issues related to data from different setups. 
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