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Abstract: Remote photoplethysmography (rPPG) has attracted growing attention due
to its non-contact nature. However, existing non-contact heart rate detection methods
are often affected by noise from motion artifacts and changes in lighting, which can lead
to a decrease in detection accuracy. To solve this problem, this paper initially employs
manual extraction to precisely define the facial Region of Interest (ROI), expanding the
facial area while avoiding rigid regions such as the eyes and mouth to minimize the impact
of motion artifacts. Additionally, during the training phase, illumination normalization
is employed on video frames with uneven lighting to mitigate noise caused by lighting
fluctuations. Finally, this paper introduces a 3D convolutional neural network (CNN)
method incorporating an attention mechanism for heart rate detection from facial videos.
We optimize the traditional 3D-CNN to capture global features in spatiotemporal data
more effectively. The SimAM attention mechanism is introduced to enable the model to
precisely focus on and enhance facial ROI feature representations. Following the extraction
of rPPG signals, a heart rate estimation network using a bidirectional long short-term
memory (BiLSTM) model is employed to derive the heart rate from the signals. The method
introduced here is experimentally validated on two publicly available datasets, UBFC-rPPG
and PURE. The mean absolute errors were 0.24 bpm and 0.65 bpm, the root mean square
errors were 0.63 bpm and 1.30 bpm, and the Pearson correlation coefficients reached 0.99,
confirming the method’s reliability. Comparisons of predicted signals with ground truth
signals further validated its accuracy.

Keywords: BiLSTM; attention mechanism; convolutional neural network; facial video; rPPG

1. Introduction
With the improvement of people’s living standards, various problems caused by

unhealthy lifestyles have become increasingly prominent, and cardiovascular disease has
become one of the main factors endangering human health and life [1]. The accurate
real-time monitoring of heart rate plays a crucial role in assessing personal health status.
Traditional contact heart rate detection equipment needs to use specific sensors to directly
contact the human body to obtain physiological signals. Long-term contact measurement
may cause discomfort to the human body, especially for infants and patients with skin
allergies. In contrast, non-contact heart rate measurement [2] has gained widespread
attention from academia and industry because of its low cost and lack of direct contact
with the human body.

As shown in Figure 1, the skin reflection model describes how the light source illu-
minates the skin, and the reflected light captured by the camera consists of both specular
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and diffuse reflections. The diffuse reflection, caused by the capillaries, carries pulse infor-
mation. The rPPG technology aims to extract the diffuse reflection component containing
the pulse signal. The resulting signal, extracted by rPPG, is known as the rPPG signal. The
face video heart rate detection based on rPPG [3–5] refers to the facial video captured by
the camera and analyzing the slight color variations on the skin surface, which result from
changes in blood volume within the blood vessels, thereby extracting the rPPG signal that
synchronizes with the cardiac cycle [6]. This method does not require the participant to
wear additional sensors, effectively reducing sensory discomfort. Furthermore, due to its
simple equipment, low cost, wide adaptability, and high accuracy, only a signal camera can
easily detect heart rate, making it stand out among various non-contact heart rate detection
methods. It has become an important method favored by many researchers.
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Figure 1. Skin reflection model.

The rPPG method was first introduced by Verkruysse [7] in 2008, who selected the
forehead region of the face as the ROI and averaged the RGB color channels within this
region to obtain the rPPG signal. The heart rate was then derived through Fourier transfor-
mation. This study provided the basis for subsequent research on non-contact heart rate
detection. Poh et al. [8] later incorporated independent component analysis (ICA) [9] into
facial video-based heart rate detection, using it to extract the rPPG signal from the mixed
signal collected by the camera. In recent years, based on the powerful feature learning
and representation capabilities of deep learning, a growing number of researchers have
applied deep learning technology to non-contact heart rate detection. Hsu [10] proposed
converting the rPPG signal extracted from facial videos into a time-frequency representa-
tion and using the VGG15 [11] network to create a mapping between the time-frequency
representation and the heart rate. Špetlík et al. [12] developed a two-step HR-CNN model,
in which the Extractor extracts the rPPG signal from the video, and the Estimator predicts
the heart rate from the extracted signal. McDuff designed an end-to-end DeepPhys [13]
model and introduced an attention mechanism to improve the accuracy of the extracted
signals. Song et al. [14] introduced a new model architecture, PulseGAN, which takes rPPG
signals detected by the traditional CHROM method as input. The model uses a generative
adversarial network (GAN) to produce precise rPPG signals, thereby achieving denoising.

Currently, methods for heart rate detection from facial videos are not yet fully matured.
Most studies are still affected by noise from motion artifacts and lighting fluctuations, which
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lead to the low accuracy in heart rate measurements. The quality of rPPG signal obtained
from different facial ROI is also different, so it is still worth exploring how to select an
appropriate ROI for the face and remove the interference of noise [15].

To resolve these problems, this study introduces a facial video heart rate detection
algorithm based on a 3D-CNN with an attention mechanism. Inspired by CVD [16], we
manually select the ROI on the face, aiming to maximize the facial area while avoiding
rigid regions such as the eyes, mouth, and eyebrows, which tend to undergo significant dis-
placement during facial expression changes and are prone to motion artifacts. By excluding
these areas, we can effectively reduce the interference of motion artifacts. Due to the effect
of lighting variations, differences in the emission characteristics of different facial regions
under different lighting conditions may cause signal distortion and substantial errors.
To mitigate this, we perform lighting normalization on videos with uneven illumination
during training. Specifically, we apply adaptive histogram equalization to compensate for
the brightness channel in the image while keeping other chrominance channels unchanged.
This approach allows for the adaptive adjustment of the lighting level in the image while
preserving facial details more effectively. Finally, based on the improvement of the existing
3D-CNN, the SimAM attention mechanism is introduced. It is a lightweight attention
mechanism that can be combined with 3D-CNN to improve the feature representation of
models in complex backgrounds, without significantly increasing the model’s parameter
count and computational complexity. After the initial rPPG signal is extracted, it is sent
into the BiLSTM model, and the heart rate value is further extracted from the rPPG signal.
The BiLSTM model analyzes the signal bidirection in time series. More comprehensive
temporal correlations can be captured to improve the accuracy of heart rate predictions.

The contributions of this work are as follows:

1. Manually selecting the facial ROI to enlarge the facial area while minimizing the
regions prone to motion artifacts, thus avoiding their interference.

2. Performing normalization on videos with uneven illumination, allowing for the
adaptive adjustment of lighting variations in the video and preserving facial details
to reduce the impact of lighting changes.

3. Introducing the lightweight attention mechanism SimAM, based on the 3D-CNN,
aiming to reduce computational complexity while accurately extracting rPPG signals
and minimizing the influence of noise on signal extraction.

4. Incorporating BiLSTM to extract heart rate information from rPPG signals through
bidirectional processing, long-term and short-term dependency modeling, and tem-
poral feature learning, improving the accuracy and generalization ability of heart
rate estimation.

2. Algorithm Description
2.1. General Block Diagram

Figure 2 depicts the overall block diagram of the proposed model. It is primarily
composed of three stages: face detection and ROI extraction, rPPG signal extraction and
denoising, and heart rate estimation. In the first stage, Multi-Task Cascaded Convolutional
Networks (MTCNN) [17] are used to quickly screen possible face regions from face videos,
and then Dlib [18] is used to further accurately locate faces and obtain key information. The
appropriate facial ROI region based on the obtained key points is manually cropped out.
In the second stage, the cropped facial ROI was sent into the 3D-SimAM network model to
extract the initial rPPG signal. Since the rPPG signal extracted initially contains significant
noise, in order to enhance the signal quality, the initial signal is denoised by a bandpass
filter, which cuts off at a frequency of [0.6, 4] Hz. In the third stage, the optimized rPPG
signal is input into the heart rate estimation network to predict the heart rate value.
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2.2. SimAM Branches

SimAM, a lightweight attention mechanism [19], aims to enhance the performance
of convolution neural networks. Unlike the existing channel dimension and spatial di-
mension, SimAM is able to infer 3D attention weights for each neuron in the feature map
without introducing additional parameters, the basic idea being to use a simple module to
capture important information in the feature map. By introducing an adaptive weighting
mechanism, efficient feature enhancement is realized.

The SimAM architecture is depicted in Figure 3c. It modifies the existing attention
mechanism, which the channel attention mechanism (Figure 3a) and the spatial attention
mechanism (Figure 3b) cannot be applied to simultaneously. Some weights will be gener-
ated from the input feature map, and each neuron will generate its own attention weights
according to its similarity or difference with the surrounding neurons, so as to identify
the important neurons. The generated attention weights are then dimensionally matched
with the features of the input feature map in an extended way, which enables each neuron
to obtain a corresponding importance weight. Then, the generated weights are used on
the original feature map and the values of each neuron are readjusted to highlight key
features and suppress irrelevant information. The operation of the attention mechanism
mainly depends on the choice of the defined energy function, which reduces the excessive
adjustment of the network structure.

For the efficient application of the attention mechanism, evaluating the importance
of each neuron is crucial. Drawing on neuroscience theories, neurons that carry more
information usually demonstrate firing patterns distinct from neighboring neurons. Neu-
rons exhibiting spatial inhibition effects should be given higher weight. Based on this
characteristic, a corresponding energy function is defined:

e∗t =
4(
∧
σ2 + λ)

(t− ∧µ)2 + 2σ2 + 2λ
(1)

where
∧
µ = 1

M

M
∑

i=1
xi,
∧
σ2 = 1

M

M
∑

i=1
(xi −

∧
µ)2. Formula (1) shows that the difference between

neuron t and its surrounding neurons is related to e∗t . Therefore, the importance of each
neuron can be obtained by 1

e*
t
. Unlike other neural networks, the SimAM attention mecha-
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nism operates on individual neurons, using scaling operators instead of addition for feature
refinement. The stages of the entire refinement of the module are:

∼
X = sigmoid(

1
E
)⊙ X (2)

where E groups all e∗t in channel and spatial dimensions, the sigmoid function [20] is
applied to limit values that are too large in E.
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Figure 3. Comparison of different attention mechanisms. (a) Channel attention structure diagram;
(b) spatial attention structure diagram; (c) SimAM attention mechanism structure diagram.

2.3. 3D-SimAM Structure

The traditional 2D-CNN takes the image as the input, and can only perform the
convolution calculation on a single frame image, which cannot fully utilize the inter-
frame information in the time dimension. In an effort to address this issue, this paper
selects 3D-CNN as the backbone network, which is good at capturing global features from
spatiotemporal data and can extract features in both the temporal and spatial dimensions
simultaneously. To enhance the model’s performance in complex backgrounds while
focusing on areas directly related to heart rate changes, the SimAM attention mechanism
was combined with 3D-CNN, which allows the model to better process global and local
features, improving the accuracy of heart rate detection.
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Figure 4 illustrates the structure of 3D-SimAM. The input is a video segment
V ∈ R3×T×H×W containing T frames of the facial ROI, where T is the number of frames.
The initial layer uses 3D convolution kernels of size 1 × 5 × 5 with a stride of 1, primarily
responsible for extracting low-level spatiotemporal features from the video frames. This
layer extracts features in both spatial and temporal dimensions to ensure that subsequent
layers can extract deeper features based on this foundation. Next, the feature map passes
through the first recurrent layer, where average pooling is applied to reduce the spatial
dimensions of the feature map. In the recurrent layer, two 3D convolution layers, both with
kernel sizes of 3 × 3 × 3, are used to reduce the computational complexity while retaining
the average feature information. These layers further extract more complex features, fol-
lowed by Batch Normalization (BN) and ELU activation functions to alleviate the vanishing
gradient problem, accelerate training and enhance the network’s representational ability.
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2.4. Heart Rate Estimation Module

Common Recurrent Neural Networks (RNN) encounter problems such as gradient
vanishing and gradient explosion when dealing with long time series. To solve this problem,
the BiLSTM model [21] is introduced, which is a variant of a Long Short-Term Memory
Network (LSTM). BiLSTM is unique in its ability to capture time-dependent information
from both the front and back of the data simultaneously, significantly improving the ability
to extract sequence features. With this bidirectional approach, BiLSTM can more fully
understand the dynamics of sequence data when analyzing them. The specific heart rate
estimation network is shown in the Figure 5. The optimized rPPG signal is input into the
BiLSTM model, and the output of the BiLSTM is mapped to the heart rate estimate through
a fully connected layer.
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The structure of the BiLSTM is shown in Figure 6. The forward LSTM is responsible
for processing the input sequence chronologically from the past to the future, while the
reverse LSTM processes it in reverse order from the future to the past, and finally combines
the output of both to form a global feature representation. BiLSTM has excellent long-
and short-term memory, making it more suitable for processing rPPG signals over long
periods of time. In the process, BiLSTM is able to filter out some short-term noise effects
and focus on extracting more critical timing features. In addition, it can flexibly process
input sequences of different time lengths and adapt rPPG signals of different sampling
frequencies. Therefore, the BiLSTM model contributes to the enhancement of the accuracy
of the heart rate signal prediction and provides more reliable results.
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The structural calculation process of BiLSTM is akin to a single LSTM, where the
forward LSTM state and backward LSTM state are combined to obtain the state of the
BiLSTM network. Its calculation formula is as follows:

→
ht = LSTM(ht−1, xt) (3)

←
ht = LSTM(ht+1, xt) (4)

ht = α
→
ht + β

←
ht (5)

where xt,
→
ht,
←
ht represent the input data at time t, the output of the forward LSTM hidden

layer, and the output of the reverse LSTM hidden layer, respectively. α, β are constant

coefficients, respectively, of the weight of
→
ht,
←
ht.

2.5. Evaluation Indicators

The loss functions used in this paper mainly include Mean Absolute Error (MAE),
Root Mean Squared Error (RMSE), and Pearson correlation coefficient R. Each indicator is
calculated as follows. Where n represents the number of samples, HRpred represents the
predicted heart rate corresponding to each video, HRlabel represents the true heart rate
value of each video, HRpred represents the average value of the entire predicted sample,
and HRlabel represents the average value of all true heart rate values.



Electronics 2025, 14, 269 8 of 17

2.5.1. Mean Absolute Error (MAE)

MAE is the average of the absolute values of the difference between the predicted
and true values. Its calculation formula is shown in the Equation (6). |·| indicates that the
absolute value is taken, and the average absolute error HRMAE can avoid the problem
of positive and negative cancelling each other in the estimation error, so it can accurately
reflect the actual estimation error.

HRMAE =
1
n

n

∑
i=1
|HRpred

(i) − HRlabel
(i)| (6)

2.5.2. Root Mean Squared Error (RMSE)

RMSE is the mean square root of the squared error between all the estimated heart
rates and the true heart rate. Its calculation formula is shown in Equation (7). HRRMSE can
describe the deviation degree of the error between the estimated value of the algorithm
and the true value.

HRRMSE =

√
1
n

n

∑
i=1

(
HRpred

(i) − HRlabel
(i)
)2

(7)

2.5.3. Pearson Correlation Coefficient (R)

R is a statistical indicator used to assess the linear relationship between two variables.
Its value ranges from −1 to 1. The Pearson correlation coefficient is determined by calculat-
ing the covariance between two variables divided by their respective standard deviations.
The greater the absolute value of R, the stronger the correlation, that is, the closer R is to
1 (positive correlation) or −1 (negative correlation), the stronger the correlation between
the predicted value and the true value. Conversely, the closer R is to 0, the weaker the
correlation. The calculation formula is shown in Equation (8).

R =
∑n

i=1 (HRpred
(i)−HRpred)

(
HRlabel

(i) − HRlabel

)
√

∑n
i=1

(
HRpred

(i) − HRpred

)2
√

∑n
i=1

(
HRlabel

(i) − HRlabel

)2
(8)

The smaller the MAE and the RMSE are, the closer the predicted values are to the
true values, indicating more accurate measurement results. The R is used to reflect the
degree of linear correlation between two random variables. The closer to 0, the weaker the
correlation is; the closer to 1, the stronger the correlation is.

3. Experiment
3.1. Dataset
3.1.1. UBFC-rPPG Dataset

The UBFC-rPPG dataset [22] recorded videos of 42 individuals in real environments,
using a low-cost webcam (Logitech C920 HD Pro), each of which was about 2 min long,
with a sampling rate of 30 fps and a resolution of 640 × 480. The subjects sat about 1 m
away from the imaging device and were required to play digital games to induce changes
in heart rate. Physiological data were collected by a CMS50E fingertip pulse oximeter
while recording videos, with the collected signals including pulse waves and blood oxygen
saturation. All experiments were performed indoors under varying lighting conditions,
such as sunlight and different intensities of indoor lighting. A portion of the dataset is
illustrated in Figure 7.
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3.1.2. PURE Dataset

The PURE dataset [23] consisted of ten participants, with eight males and two females,
at a distance of approximately 1.1 m from the imaging device. Six types of head movement
were determined, including steady, speaking, slow translation, fast translation, small
rotation, and moderate rotation. The dataset contains a total of 60 video clips, each recording
a duration of 1 min. Reference data were synchronized using a pulse oximeter (pulox
CMS50E), offering pulse waveforms and blood oxygen saturation (SpO2) measurements at
a sampling rate of 60 Hz. The lighting conditions consisted of sunlight passing through
a large window and illuminating the subject’s face, with slight variations in illumination
due to changes in cloud cover. All recordings were carried out while the subject was in a
resting state. A portion of the dataset is illustrated in Figure 8.
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3.2. ROI Selection

The facial ROI is used to identify key areas in facial images or videos, and is a core
step in extracting heart rate signals. By precisely selecting and extracting the facial ROI,
noise interference can be effectively reduced, improving the accuracy and stability of the
heart rate signal. Proper ROI selection and extraction are crucial steps for the success of
non-contact heart rate detection. Drawing inspiration from the ROI used in CVD, this paper
employs a manual method to select facial ROIs that contain rich information. Specifically,
the face is divided into two regions using the Dlib 68-point facial landmark detection
technique. Region 1 is the forehead, defined by landmarks 18–27 and extended upwards
by 50 pixels. Region 2 is defined by sequentially connecting landmarks 1–17, 46, 36, 55–60,
49, 32, 37, and landmark 1, covering the lower half of the face. The combination of these
two regions forms the final ROI used for rPPG signal extraction, covering multiple areas
of the face that reflect blood perfusion fluctuations while avoiding areas like the eyes,
mouth, and eyebrows that are prone to noise. This significantly enhances the robustness
and accuracy of signal extraction. The specific ROI regions are shown in Figure 9a below.
After manually selecting the facial ROI, a closing operation is applied to extract the selected
facial ROI, as illustrated in Figure 9b below.
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3.3. Illumination Normalization

Illumination normalization is accomplished by adjusting the brightness and contrast
of an image to reduce or eliminate the effects of varying lighting conditions, ensuring con-
sistent brightness across different environments. In non-contact heart rate detection, signals
like rPPG are extracted by analyzing subtle changes in the color of the facial skin, which
are related to periodic fluctuations in blood volume. These color changes are influenced
by both the heartbeat and external factors like variations in ambient lighting. Changes in
lighting conditions can affect the brightness and color distribution of facial images, poten-
tially causing errors or distortions in rPPG signal extraction. Illumination normalization
can effectively reduce noise caused by lighting changes, ensuring that the rPPG signals
extracted from the face are more stable and accurate, thus enhancing the accuracy and
robustness of heart rate estimation. The image with illumination normalization is shown in
Figure 10.
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3.4. Data Augmentation

Given that the UBFC and PURE datasets are relatively small, data augmentation is
required to enhance the model’s robustness by generating new data samples. Common
augmentation methods include rotation, flipping, cropping, and scaling. Convolutional
neural networks treat horizontally flipped images as different images, which can increase
the number of training samples, reduce overfitting, and improve the model’s generaliza-
tion ability.

In order to help the model better capture temporal information and context, we
introduced the Sliding Window Strategy for data augmentation. The sliding window
strategy is widely used in time-series data, especially for video or audio. This strategy
extracts multiple subsequences from the original sequence by sliding a window along
the time axis with a fixed or variable step size, thus generating more training samples.
Specifically, for the UBFC and PURE datasets, the first 50 s of each video are taken, and
each video is downsampled to 30 frames per second to be suitable for the model in this
paper. The sliding window strategy is then applied to crop the facial video (with a window
length of 5 s and a time step of 3 s) to generate a new augmented video sample dataset. For
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example, for a 50-s video in the first dataset, the first sample dataset will be from 0–5 s, the
second sample dataset will be from 3–8 s, and so on. Each adjacent sample dataset overlaps
by 2 s, which helps the model better understand the relationships between adjacent time
windows. In this way, 16 sub-videos can be obtained from one video, greatly expanding
the dataset. The specific cropping method is shown in Figure 11.
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3.5. Implementation Details

This model adopts Python language and the PyTorch deep learning framework, and
all training and testing are carried out using a server with an NVIDIA Tesla V100-PCIE.
The version is python 3.8 and PyTorch 1.11. The PURE dataset and the UBFC-rPPG dataset
divide the training set and the test set according to 8:2 to ensure that the test sample does
not appear in the training sample. Specifically, 538 videos from the UBFC dataset are used
for training, and 135 videos for testing; 768 videos from the PURE dataset are used for
training, and 192 videos for testing. In the training process, the initial learning rate was set
to 1 × 10−5, and the Adam_W optimizer was used for optimization. Since the videos were
all RGB videos, in_ch was set to 3, and the model training was 60 rounds in total.

3.6. Experimental Results and Comparison
3.6.1. Analysis of Experimental Results

In order to judge the fitting degree of the proposed model to the rPPG signal,
intra-dataset tests were carried out on the UBFC and PURE datasets, respectively.
Figures 12 and 13, respectively, show the comparison graphs between the estimated signals
on the UBFC and PURE datasets, and their corresponding ground truth signals. It can be
intuitively seen from the graphs that the rPPG signal curve obtained by the model in this
paper presents a high consistency compared with the real signal curve on the ground. It is
proved that the model has high accuracy in predicting heart rate signal.

In addition, to better visualize the effect of the model used in this study, Figure 14
shows the scatter plots of predicted and true heart rates generated in the UBFC and PURE
datasets. The horizontal axis represents the true heart rate value, the vertical axis represents
the predicted heart rate value, and the red line y = x represents the position where the
predicted value is equal to the true value. The closer the sample point is to y = x, the better
the prediction effect is.

As can be seen from the two figures (a) and (b) in Figure 14, about 5% of the points
deviate from the straight line y = x. On the whole, the data points are concentrated and
located near y = x. This shows that the predicted heart rate and the real heart rate in the
two datasets have strong consistency.

The Bland–Altman plot is a two-dimensional scatter plot where each point represents
a test result. The horizontal coordinate represents the average value of the true heart
rate values and the predicted heart rate values, while the vertical coordinate represents
the interpolation of the true heart rate values and the predicted heart rate values. The
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two dotted lines represent the 95% confidence interval [µ − 1.96σ, µ + 1.96σ], and the solid
line in the middle represents the average. If this point falls within the confidence interval,
it indicates that the predicted heart rate is consistent with the true heart rate.

Figure 15 shows the Bland–Altman plots of predicted and true heart rate generated
in the UBFC dataset and PURE dataset. For the UBFC dataset, the confidence interval
shown in the Bland–Altman plot is [−4.8, 5.1], and the confidence interval shown in the
PURE dataset is [−7, 6.8], both in a small range, and most of the points are within the
confidence interval. Therefore, it is proved that the proposed model can retain good
predictive performance in the face of different datasets, and the error is controlled at a low
level, ensuring the reliability and practicability of the prediction results.

Electronics 2025, 14, x FOR PEER REVIEW  12  of  18 
 

 

the predicted value is equal to the true value. The closer the sample point is to y = x, the 

better the prediction effect is. 

As can be seen from the two figures (a) and (b) in Figure 14, about 5% of the points 

deviate from the straight line y = x. On the whole, the data points are concentrated and 

located near y = x. This shows that the predicted heart rate and the real heart rate in the 

two datasets have strong consistency. 

 

Figure 12. Comparison of prediction signal and ground truth signal in UBFC-rPPG dataset. 

 

Figure 13. Comparison of prediction signal and ground truth signal in PURE dataset. 

Figure 12. Comparison of prediction signal and ground truth signal in UBFC-rPPG dataset.

Electronics 2025, 14, x FOR PEER REVIEW  12  of  18 
 

 

the predicted value is equal to the true value. The closer the sample point is to y = x, the 

better the prediction effect is. 

As can be seen from the two figures (a) and (b) in Figure 14, about 5% of the points 

deviate from the straight line y = x. On the whole, the data points are concentrated and 

located near y = x. This shows that the predicted heart rate and the real heart rate in the 

two datasets have strong consistency. 

 

Figure 12. Comparison of prediction signal and ground truth signal in UBFC-rPPG dataset. 

 

Figure 13. Comparison of prediction signal and ground truth signal in PURE dataset. 
Figure 13. Comparison of prediction signal and ground truth signal in PURE dataset.



Electronics 2025, 14, 269 13 of 17

Electronics 2025, 14, x FOR PEER REVIEW  13  of  18 
 

 

 
 

(a)  (b) 

Figure 14. Scatter plot of predicted heart rate and true heart rate. (a) UBFC-rPPG data distribution 

point diagram; (b) PURE data distribution point diagram. 

The Bland–Altman plot is a two-dimensional scatter plot where each point represents 

a test result. The horizontal coordinate represents the average value of the true heart rate 

values and the predicted heart rate values, while the vertical coordinate represents the 

interpolation of the true heart rate values and the predicted heart rate values. The two 

dotted lines represent the 95% confidence interval [µ − 1.96σ, µ + 1.96σ], and the solid line 

in the middle represents the average. If this point falls within the confidence interval, it 

indicates that the predicted heart rate is consistent with the true heart rate. 

Figure 15 shows the Bland–Altman plots of predicted and true heart rate generated 

in  the UBFC dataset and PURE dataset. For  the UBFC dataset,  the confidence  interval 

shown in the Bland–Altman plot is [−4.8 , 5.1], and the confidence interval shown in the 

PURE dataset  is [−7  , 6.8], both  in a small range, and most of the points are within the 

confidence interval. Therefore, it is proved that the proposed model can retain good pre-

dictive performance in the face of different datasets, and the error is controlled at a low 

level, ensuring the reliability and practicability of the prediction results. 

     

(a)  (b) 

Figure 15. Scatter plot of predicted heart  rate and  true heart  rate.  (a) Bland-Altman plot  for  the 

UBFC-rPPG dataset; (b) Bland-Altman plot for the PURE dataset. 

   

Figure 14. Scatter plot of predicted heart rate and true heart rate. (a) UBFC-rPPG data distribution
point diagram; (b) PURE data distribution point diagram.

Electronics 2025, 14, x FOR PEER REVIEW  13  of  18 
 

 

 
 

(a)  (b) 

Figure 14. Scatter plot of predicted heart rate and true heart rate. (a) UBFC-rPPG data distribution 

point diagram; (b) PURE data distribution point diagram. 

The Bland–Altman plot is a two-dimensional scatter plot where each point represents 

a test result. The horizontal coordinate represents the average value of the true heart rate 

values and the predicted heart rate values, while the vertical coordinate represents the 

interpolation of the true heart rate values and the predicted heart rate values. The two 

dotted lines represent the 95% confidence interval [µ − 1.96σ, µ + 1.96σ], and the solid line 

in the middle represents the average. If this point falls within the confidence interval, it 

indicates that the predicted heart rate is consistent with the true heart rate. 

Figure 15 shows the Bland–Altman plots of predicted and true heart rate generated 

in  the UBFC dataset and PURE dataset. For  the UBFC dataset,  the confidence  interval 

shown in the Bland–Altman plot is [−4.8 , 5.1], and the confidence interval shown in the 

PURE dataset  is [−7  , 6.8], both  in a small range, and most of the points are within the 

confidence interval. Therefore, it is proved that the proposed model can retain good pre-

dictive performance in the face of different datasets, and the error is controlled at a low 

level, ensuring the reliability and practicability of the prediction results. 

     

(a)  (b) 

Figure 15. Scatter plot of predicted heart  rate and  true heart  rate.  (a) Bland-Altman plot  for  the 

UBFC-rPPG dataset; (b) Bland-Altman plot for the PURE dataset. 

   

Figure 15. Scatter plot of predicted heart rate and true heart rate. (a) Bland-Altman plot for the
UBFC-rPPG dataset; (b) Bland-Altman plot for the PURE dataset.

3.6.2. Comparative Experiment

The evaluation indexes of the model mainly used MAE, RMSE, and Pearson correlation
coefficient R. The method used in this study is compared with previous methods, including
some traditional methods like ICA, CHROM, POS, and Deep leaning methods such as
Contrast-phys, SiNC, Dual-GAN, etc. The comparison results are shown in Tables 1 and 2.

Table 1 presents the comparison results of our model with other methods on the UBFC
dataset. The results of MAE and RMSE are both excellent, reaching 0.24 bpm and 0.65 bpm,
respectively, which is better than most methods. The results of the tests on the PURE
dataset are listed in Table 2. The MAE obtained by using the 3D-SimAM model is 0.63 bpm,
which is very close to the SiNC method (0.61 bpm). RMSE was 1.30 bpm and performed
best among all the comparison models. The Pearson correlation coefficient reached 0.99,
indicating a very high correlation. Overall, the 3D-SimAM model shows satisfactory results
on both the UBFC and PURE datasets, which proves the validity and reliability of the
proposed method in heart rate estimation tasks.
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Table 1. Comparison of test results of the UBFC-rPPG dataset.

Method MAE (bpm) ↓ RMSE (bpm) ↓ R ↑
ICA [9] 5.17 11.76 0.65

CHROM [24] 2.37 4.91 0.89
POS [25] 4.05 8.75 0.78

SynRhythm [26] 5.59 6.82 0.75
PulseGAN [14] 1.19 2.10 0.98
Gideon2021 [27] 1.85 4.28 0.93

Contrast-Phys [28] 0.64 1.00 0.99
SiNC [29] 0.59 1.83 0.99

Dual-GAN [30] 0.44 0.67 0.99
Contrast-Phys + (100%) [31] 0.21 0.80 0.99

3D-SimAM(Ours) 0.24 0.65 0.99
In this case, “↑” (“↓”) signifies that a higher (lower) value is better.

Table 2. Comparison of test results of the PURE dataset.

Method MAE (bpm) ↓ RMSE (bpm) ↓ R ↑
CHROM [24] 2.07 9.92 0.99

2SR [32] 2.44 3.06 0.98
HR-CNN [12] 1.84 2.37 0.98
PhysNet [33] 2.10 2.60 0.99

Dual-GAN [30] 0.82 1.31 0.99
SiNC [29] 0.61 1.84 0.99

Gideon2021 [27] 2.3 2.90 0.99
Contrast-Phys [28] 1.00 1.40 0.99
3D- SimAM(Ours) 0.63 1.30 0.99

In this case, “↑” (“↓”) signifies that a higher (lower) value is better.

3.6.3. Testing Across Datasets

To further access the robustness of the proposed model, cross-dataset tests are carried
out. Specifically, the model is trained on the UBFC dataset and tested on the PURE dataset.
The results are shown in Table 3. The MAE obtained using the 3D-SimAM model was
2.05 bpm, and the Pearson correlation coefficient also increased to 0.87 bpm. From the
experimental data, there is a high correlation between the heart rate predicted by the model
and the real heart rate.

Table 3. Comparison of test results across datasets.

Method MAE (bpm) ↓ RMSE (bpm) ↓ R ↑
CHROM [24] - 13.97 0.55
PhysNet [33] 2.20 6.85 0.86

Physformer [34] 2.68 7.01 0.86
Contrast-Phys [28] 2.43 7.43 0.86
3D- SimAM(Ours) 2.15 7.08 0.88

In this case, “↑” (“↓”) signifies that a higher (lower) value is better.

3.7. Ablation Experiment

To evaluate the contribution of the SimAM attention mechanism in improving facial
heart rate detection accuracy, ablation experiments were designed on the UBFC-rPPG and
PURE datasets, respectively. The ablation experiment was designed as follows:

(1) Without incorporating any attention mechanism module;
(2) Add SimAM attention mechanism to the existing model;
(3) Add CBAM attention mechanism to the existing model [35];
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(4) Add SKAttention attention mechanism to the existing model.

The experimental results are shown in Table 4:

Table 4. Experimental results of the UBFC-rPPG dataset.

SimAM Attention CBAM Attention SK Attention MAE (bpm) ↓ RMSE (bpm) ↓ R ↑
0.64 1.00 0.99√
0.24 0.65 0.99√
0.49 1.73 0.986√
0.20 0.57 0.98

In this case, “↑” (“↓”) signifies that a higher (lower) value is better. “
√

” indicates that the corresponding attention
mechanism has been added.

As shown in Tables 4 and 5, the model performs worst when no attention mechanism
module is added. After introducing the attention mechanism into the model, the evaluation
indexes MAE, RMSE, and R are improved to some extent compared with the original
network model. According to the experimental results, the effect of introducing the SimAM
attention mechanism is better than that of introducing the other two attention mechanisms.
On the UBFC dataset, MAE and RMSE increased by 40% and 35%, respectively, compared
with the model without any attention mechanism. On the PURE dataset, MAE improved
by 37% and RMSE improved by 10%. This result shows that by introducing the SimAM
attention mechanism into the network, the model can better focus on the region of interest,
eliminate irrelevant noise interference, improve the network’s robustness, and enhance
its performance.

Table 5. Experimental results of the PURE dataset.

SimAM Attention CBAM Attention SK Attention MAE (bpm) ↓ RMSE (bpm) ↓ R ↑
1.00 1.40 0.99√
0.63 1.30 0.99√
1.08 0.97 0.99√
2.43 7.29 0.98

In this case, “↑” (“↓”) signifies that a higher (lower) value is better. “
√

” indicates that the corresponding attention
mechanism has been added.

4. Conclusions and Prospects
Facial video-based heart rate detection offers advantages such as low cost and no

contact, with promising applications in remote health monitoring, monitoring patients with
skin injuries, and evaluating driver status. In this paper, we proposed a 3D facial video
heart rate detection algorithm based on an attention mechanism to address the challenge of
noise interference in existing non-contact methods. Compared with traditional 3D-CNN,
the model with the attention mechanism can better focus on regions and spatiotemporal
features related to heart rate, thereby improving sensitivity to facial dynamic changes and
helping to accurately extract the rPPG signal. At the same time, by manually selecting
facial ROI regions and normalizing video images with uneven lighting, the influence of
motion artifacts and lighting changes is effectively reduced, enhancing the accuracy of heart
rate detection and the system’s robustness. The results are tested on both the UBFC-rPPG
dataset and the PURE dataset, showing significant performance in both within-dataset and
cross-dataset evaluations.

Despite achieving good results on both datasets, there are still certain limitations in
practical applications that need to be addressed in future studies. This algorithm performs
well when a single face appears in the video, but the detection accuracy decreases when
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multiple faces are present. Future work will focus on heart rate detection in multi-person
scenarios. We also plan to incorporate an automated adjustment mechanism in the ROI
selection process, which will dynamically adjust the position and size of the ROI based on
real-time facial movements, further improving performance in complex environments.
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