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sensors. The advantage of noncontact methods is that they provide a more comfortable and unobtrusive way to estimate HR
and avoid discomfort or skin allergy caused by conventional contact methods. The pulse-induced subtle color variations of
facial skins can be measured from consumer-level cameras. Thus, camera-based non-contact HR detection technology,
also called remote photoplethysmograph (rPPG) , has been widely used in the fields of mobile health monitoring, driving
safety, and emotion awareness. The principle of camera-based rPPG measurement is similar to that of traditional PPG mea-
surement, that is, the pulsatile blood propagating in cardiovascular systems changes blood volumes in microvascular tissue
beds beneath skins with each heartbeat, thus producing a fluctuation. However, such technology is susceptible to motion
artifacts due to weak amplitudes of the physiological parameter information it carries. For instance, subjects’ heads may
move involuntarily during interviews, presentations, and other socially stressful situations, thus degrading rPPG-based HR
detection performance. Accordingly, this paper proposes a novel motion-robust rPPG method that combines nonnegative
matrix factorization (NMF) and independent vector analysis (IVA), termed as NMF-IVA, to remove irregular motion arti-
facts. Method First, the whole facial region of interest (Rol) is divided into several sub Rols (SRols), among which three
optimal SRols are selected based on three indicators : average light intensity, light intensity variation of a certain SRol, and
signal-to-noise ratio (SNR) of the green-channel signal derived from the SRol. Afterwards, three green-channel time series
are derived from the corresponding three optimal SRols. Second, the three channels of time series are detrended, bandpass
filtered, and then sent to the proposed NMF-IVA as input. After the NMF-IVA operation, three source signals are
extracted and then processed by power spectral density analysis. The one with the highest peak SNR and the corresponding
dominant frequency falling within the interested HR range will be identified as the blood volume pulse (BVP) signal,
whose dominant frequency is identified as that of the estimated HR. Result We compare the proposed NMF-IVA method
with seven typical rPPG methods on two publicly available datasets (UBFC-RPPG and UBFC-PHYS) as well as one
in-house dataset. On the UBFC-RPPG dataset, compared with the second-best performance of the single channel filtering
(SCF) method, the proposed NMF-IVA achieves better performance, with an improved root mean square error (RMSE) of
HR measurement by 1. 39 beat per minute (hpm), an improved mean absolute error (MAE) by 1. 25 bpm, and a higher
Pearson’s correlation coefficient (PCC) by 0. 02. Although both the MAE and the RMSE achieved by the proposed NMF-
IVA method are lower than those of deep learning-based methods, the PCC of the NMF-IVA is comparable to that of deep
learning-based ones, which demonstrates the effectiveness of the proposed NMF-IVA method. As for the UBFC-PHYS data-
set when compared with traditional rPPG methods, during the T1 condition, the performance of the proposed NMF-IVA
method is better than that of the second-best SCF method, with an improved RMSE by 6. 45 bpm, an improved MAE by
2.53 bpm, and a higher PCC by 0. 18. When compared with deep learning-based ones, the proposed NMF-IVA method
achieves the second-best performance. The performance improvement of the proposed NMF-IVA is most noticeable during
the T2 condition on the UBFC-PHYS dataset. Specifically, when compared with the second-best performance of IVA, the
above three metrices are improved by 16. 42 bpm, 9.91 bpm, and 0. 64, respectively. As for the UBFC-PHYS dataset,
when during the T3 condition, the best performance is still achieved by the proposed NMF-IVA method. When compared
with the second-best performance of the independent component analysis method, the corresponding three metrices are
improved by 8. 54 bpm, 6. 14 bpm, and 0. 37, respectively. The performance of the proposed NMF-IVA method can be
comparable to that of deep learning-based ones both in T2 and T3 conditions. As for the in-house dataset, the proposed
NMF-IVA method achieves better performance compared with the traditional methods, except for deep learning-based meth-
ods. Conclusion The proposed NMF-IVA method achieves the best results on all the three datasets when compared with
traditional rPPG methods, and the performance improvement is most noticeable during irregular motion artifact conditions
involving head motions with large amplitudes. However, the performance of the proposed NMF-IVA method is slightly
poorer than that of deep learning-based methods possibly because deep learning technology has excellent abilities in learn-
ing and extracting effective features. However, sufficient training samples and generalization should be considered when
adopting deep learning-based methods. In addition, before the high-quality BVP source is derived, upsampling is
employed, which leads to a relatively large time consumption. In the future, the HR estimation performance and the
upsampling rate should be traded off. The proposed NMF-IVA method has advantages in extracting regular signals. Thus,

our study can provide a new solution for promoting the practical application ability of rPPG technology.
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Fig. 3 Bland-Altman plots of NMF-IVA and comparison algorithms on UBFC-RPPG database
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Table 2 Results comparison with deep learning
methods on UBFC-RPPG database

Tk HR,, /bpm HR, /bpm r
Song % A (2021a) 2.49 1.19 0.98
Hu %F A (2022) 3.31 1.43 0.97
Li % A (2023) 3.82 2.15 0.97
Tsou % A (2020) 0.97 0.48 -
Liu % A (2021b) 2.62 1.90 0.96
NMF-IVA (A3C) 4.19 2.81 0.97
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13. 12 bpm; AHE R Hr M 0. 26, L NMF-IVA K 0. 62,
e UL T T NMF-TVA 77 vE 346132 30 0 30 i Ay
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PLT2 1% 0L R 6], & 4 45 LA 7 25 19 Bland-
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Table 3 Results comparison with traditional rPPG methods on UBFC-PHYS database

HR, /bpm HR_ /bpm r
i
T1 T2 T3 T1 T2 T3 T1 T2 T3
SCF(Chen%,2016) 8.53 24.67 21.46 3.69 17.65 12.70 0.80 0.10 0.27
CHROM(De Haan #fl Jeanne,2013) 10.35 20.26 23.25 7.62 14.47 18.63 0.78 0.26 -0.02
POS(Wang45,2017) 10.50 28.92 25.15 7.98 22.35 18.59 0.74 -0.07 -0.02
ICA(Poh%,2011) 541 23.80 15.29 2.83 15.07 11.30 0.91 0.06 0.59
IVA(Cheng %§,2021) 10.30 23.56 16.87 5.23 14.97 11.66 0.70 -0.24 0.57
NMF-IVA(A30) 2.08 7.14 6.75 1.16 5.06 5.32 0.98 0.88 091
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Fig. 4 Bland-Altman plots of different methods on UBFC-PHYS-T2
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Table 4 Results comparison with deep learning methods on UBFC-PHYS database
HR, /bpm HR  /bpm r
Tk
T1 T2 T3 T1 T2 T3 Tl T2 T3
EfficientPhys (Liu 4§ ,2023) 1.23 6.92 5.04 0.73 4.67 3.30 0.99 0.83 0.92
TSCAN(Liu%:,2021a) 2.15 5.43 4.44 1.41 3.13 3.08 0.99 0.91 0.96
NMF-IVA(A30) 2.08 7.14 6.75 1.16 5.06 5.32 0.98 0.88 0.91
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Fig. 5 Comparison of the BVP signals derived by NMF-IVA and IVA algorithms and the reference, as well as the spectrograms
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Table S Result comparison on the house-in database
. HR HR

ik fbpm  fbpm "
SCF(Chen%¥,2016) 17.99 12.83 0.57
CHROM(De Haan Fll Jeanne,2013) 17.82 14.16 0.57
POS(Wang%5,2017) 23.13 17.48 045
ICA(Poh%$,2011) 12.19 535 0.76
IVA(Cheng %,2021) 7.10  3.09 091
EfficientPhys (Liu %, 2023) 1.99 091 0.99
TSCAN(Liu%¥,2021a) 226 1.03 0.99
NMF-IVA 472 277 094

2.3.4  Rol ZEEX A3 AG

ROLH TR AR Fe HIe SR ol it 12 KL I Xef
N AR 384G T 235 R 1 520, I I 3 1> SRol /2 B
BLEAAE Y o AN 6 RHE R I, Tt S 7EF— A~ 554
AR I SR RS AR SRol i e 45 2 9 F8 45 2 T AR R
o BUABFFEALIED] TR Rol 4335 AR B S HUE B
Bl TR R R
gE A 22 5 (Kwon %5 ,2015) .
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Table 6 Result comparison of optimal SRol

screening or not

R

rrrrr /bpm  HR_ /bpm

Bl Pes F% F 3
- - - K

KA R KH
bii| i Jiil
UBFC-RPPG 419 477 281 3.62 097 0.96
UBFC-PHYS-T1 208 553 1.16 326 098 0.90
UBFC-PHYS-T2 7.14 12.87 5.06 8.94 088 045
UBFC-PHYS-T3 6.75 10.09 532 8.64 091 0.81
A SR AR AL 472 9.01 277 5.69 094 0.84

2.3.5 isHER LR AE R

T RSN R HEA T SR A I 32 SRR ]
S5 WXL o Horh AT 6 Bl 1% 48 U7 v ok 1 MATLAB
2019b 4 #2 , 38 17 55 4 Intel i5-7500 @ 3. 40 GHz;
Jo 2 PR BE 2 ) 7 1ok H PyCharm 4 72 , 18 17 B85
4 Intel 19-10900X , #5 % NVIDIA GeForce RTX 3090
R o ASCNMF-IVA H H 745 G2 )5 15 18 47 I ] dx
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Table 7 Result comparison about elapsed time

WIRES BATI A/
SCF(Chen%:,2016) 0.0195
CHROM(De Haan fll Jeanne,2013) 0.068 3
POS(Wang%5,2017) 0.0721
ICA(Poh4§,2011) 0.1175
IVA(Cheng %,2021) 0.8237
NMF-IVA (A3C) 6.007 4
EfficientPhys(Liu %¢,2023) 0.470 7
TSCAN(Liu%s,2021a) 0.486 3
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