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Abstract

Remote photoplethysmography (rPPG) is a camera-based technique that enables non-invasive monitoring
of physiological signals such as heart rate (HR) and respiration rate (RR). In light of this advantage, many
researchers have suggested deep learning-based methods to measure physiological signals from video
data. The 3D convolutional neural network (3D CNN) has been widely applied to capture spatio-temporal
features of subtle rPPG changes from facial video. However, the limited receptive fields of the convolution
operation leave room for improvement in obtaining global facial features that are crucial for accurate
rPPG estimation. Recently, vision transformer trained with self-supervised learning have emerged as
powerful tools for extracting high-level features than CNN and supervised ViT. In this study, we propose
DINO-rPPG, a method that utilizes a pre-trained DINO to obtain features relevant to the face without
additional training. The DINO representation is extracted by a DINO-based semantic extractor (DSE),
which effectively captures the high-level semantic features of the face region. The spatio-temporal
feature is important for estimating accurate rPPG, therefore, we enhance the spatial DINO representation
by incorporating it with features from a spatio-temporal extractor (STE). We conducted experiments
using the V4V dataset for estimating HR values, and the results demonstrated that DINO representation
guidance is effective for rPPG estimation.
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1. Introduction

Remote photoplethysmography (rPPG) measurement is a non-contact physiological signal
monitoring method based on a camera sensor. It operates through subtle movements of blood
flow and changes in pixel values resulting from blood supply in facial images. Consequently,
various physiological indicators such as heart rate (HR), respiration rate, and heart rate variability
(HRV) can be extracted from the video data without the need for additional contact sensors. The
rPPG technique addresses the limitations of conventional contact sensors that require physical
attachment to the body. In particular, advances in rPPG research are achieved by the application
of deep learning models, expanding applicability to fields such as telemedicine [1, 2], affective
computing [3, 4, 5], and deepfake detection [6, 7, 8].
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Figure 1: Visualization results of the features from pre-trained DINO. We extracted the features from
randomly selected frames from videos in the V4V dataset and performed principal component analysis
on these features.

The extraction of physiological signals from video data necessitates the capture of subtle
changes in blood flow in facial areas. Early studies employed conventional signal processing
methods [9, 10, 11] to calculate intensity changes in RGB images or applied color space trans-
formations [12, 13]. Moreover, a comprehensive understanding of the spatial and temporal
information and the corresponding signals is essential for a deep learning model to achieve
accurate rPPG measurements. Recent studies preprocess spatio-temporal (ST) maps of the
region of interest (ROI) to allow a model to estimate rPPG from ST map [14, 15]. Additionally,
various deep learning architectures, such as 3D CNN and vision transformer (ViT), have been
explored to effectively capture spatio-temporal features.

Challenges in measuring rPPG include subject movements and varying lighting conditions.
The attention mechanisms was used to mitigate the impact of motion artifacts and improve ROI
representation [16, 17]. This mechanisms enhance the robustness of deep learning model to
noise and illumination changes by suppressing irrelevant information and focusing on important
features. rPPGNet [16] introduced a skin-based attention module, and SAM-rPPGNet [17]
proposed a spatial-temporal attention mechanism to reduce noise components and improve
measurement accuracy. By incorporating attention mechanisms, the model can focus on face-
relevant regions and spatio-temporal features that are crucial for estimating rPPG. This allows
rPPG signals to be accurately estimated even in challenging environments.

Recently, a vision transformer trained in a self-supervised manner, called DINO [18], was pro-
posed. DINO is trained on large datasets without ground-truth data and can extract meaningful
representation from input image. By directly accessing the self-attention layer, it is possible to
obtain features that capture high-level semantic information. Due to these properties, DINO has
been utilized in downstream tasks and as a feature extractor. We propose a method to estimate
rPPG by leveraging the representation of face region obtained from pre-trained DINO.

In this study, we propose a framework to guide rPPG measurement network using repre-
sentations of ViT trained with self-supervised learning. We found that pre-trained DINO can
successfully extract features for ROI regions without additional training, and the feature visual-
ization results for the V4V dataset can be seen in Figure 1. Therefore, we construct a network
that effectively combines visual and spatio-temporal features. Our contributions are as follows:

« We propose a framework for rPPG estimation, namely DINO-rPPG, leveraging the guid-
ance of DINO representations.



« To the best of our knowledge, this is the first attempt to utilize DINO features in rPPG
measurement.

+ We demonstrate the effectiveness of the proposed method using the V4V database [19].

2. Related Works

2.1. Remote photoplethysmography measurement

Conventional rPPG methods using hand-crafted processes extract physiological signals using
various facial regions [20] and specific color channels [21]. Additionally, signal decomposition
methods such as independent component analysis [10, 11] and principal component analy-
sis [22] have been employed to improve rPPG measurement. The CHROM algorithm [12] uses
chrominance to suppress mirror distortion of image and is still widely used in recent research.
However, these approaches tend to perform poorly when estimating in noisy or challenging
environments, including those with motion artifacts.

Recently, deep learning methods such as convolutional neural networks (CNNs), have been
applied to rPPG measurement. However, 2D CNN-based approaches [23, 24] have limitations
in capturing temporal features, which are important for physiological signal analysis. To solve
these shortcomings, 3D CNN models have been utilized to extract spatio-temporal features [25,
16, 26]. In particular, the 3D CNN has enabled promising rPPG measurement accuracy by
leveraging spatio-temporal features and effectively dealing with motion artifacts in video
data. Yu et al. proposed PhysNet [25], which is based on a 3D CNN with an encoder-decoder
architecture, includes upsampling along the time axis to enhance temporal resolution. However,
CNN-based model is limited to the local receptive fields, therefore, ViT architecture has been
employed which aggregates global and local information. Yu et al. proposed PhysFormer [27],
which aims to capture long-range spatio-temporal and local-global features using a video
transformer architecture.

Additionally, ViT with trained by self-supervised manner can extract meaningful repre-
sentations, and there have been attempts to utilize ViT without ground-truth data to obtain
enhanced features. rPPG-MAE [28] was proposed as one of the rPPG method utilizing the
representation of self-supervised learning. They utilized the masked autoencoder (MAE) to
improve the network representation, robustness to noise, and demonstrated promising estima-
tion accuracy on the VIPL-HR [29], PURE [30], and UBFC-rPPG [31] datasets. This suggests
that deep learning models are capable of accurate signal estimation based on representations
enriched with relevant feature information. Therefore, in this paper, we propose a method to
extract and utilize meaningful information about facial regions from the ViT model DINO [18],
trained by self-supervised learning.

2.2. Self-supervised vision transformer

The features of the vision translator provide powerful visual representations that can be used
in downstream vision tasks. In particular, DINO is emerging due to its ability to capture high-
level semantic information. DINO can obtain semantic information of images more effectively
than CNN-based and ViT models trained with labels. This property is achieved by training
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Figure 2: Overview of the proposed method. We input T frames of face video and extract features from
DSE and STE. Each extractor outputs feature maps fps and fsp, respectively. We then integrate them to
obtain enhanced spatio-temporal representation, which is denoted as fps_sr. We use tokenized feature
map fps_sr as input to the video transformer. Finally, the HR value can be estimated from the measured
rPPG signal.

teacher and student networks with the same structure in a self-distilling manner. Specifically,
augmentations are applied to the input images to generate different views, which are then
passed through the networks. The student model is optimized using cross-entropy loss and the
exponential moving average technique is applied to update the parameters. With self-supervised
learning, ViT can serve as powerful feature extractors and has been applied in various vision
tasks.

Another powerful ViT method, such as CLIP [32], provides meaningful features by estimat-
ing the similarity between images and text. However, DoesFS [33] demonstrated that DINO
representation is superior to CLIP for facial regions using principal component analysis on
tokens and keys in intermediate layers. Therefore, we leverage DINO as a feature extractor to
improve the representation of the rPPG estimation model. The visualization of the features
obtained from DINO is shown in Figure 1.

3. Method

In this section, we introduce DINO-rPPG, a DINO-guided physiological measurement method.
The overall framework is shown in Figure 2. We describe the DINO-based semantic extractor
(DSE), spatio-temporal extractor (STE), and feature aggregation process in Section 3.1. Then,
the video transformer architecture in Section 3.2, and the loss functions for estimating rPPG
and HR in Section 3.3.

3.1. DINO based spatio-temporal feature extraction

We leverage the pre-trained ViT-B model from DINOv2, which follows the transformer archi-
tecture and employs a self-supervised method trained on large scale datasets. During training,
we first input video v € ROT*W into the feature extractors, DSE and STE. The DINO-based
semantic extractor designed to capture high-level semantic information fpg = DSE(v) about
the facial region in the input v that is important for rPPG signal estimation. The DSE features
guide the model to learn enhanced representation of the facial regions, which is indicative of
physiological signals and enables fast convergence.



However, the DINO feature fpg € RP*XT*H/&W/8 gnly provides the semantic information
without considering the temporal aspects. Therefore, we leverage the spatio-temporal extractor
to obtain spatial feature fsr = STE(v) over time in a local region, capturing spatio-temporal
features fgr € R>¥T*H/&W/8 Ingpired by [27], we construct the STE with 3D convolution layers
with kernel sizes of the 1x5x5, 1x3x3 and 1x3x3. The feature map fsr1is restricted in capturing
global features due to its limited receptive field. Therefore, we aggregate low-dimensional
local features from the STE and high-dimensional semantic features from the DSE to obtain an
enhanced feature map with a DINO-based representation. The combined feature map fps_gr1is
obtained by concatenating the fsrand fpg, formulated as follows.

fos—st = fst® fps, (1)

where @ indicates concatenation process. To embed the combined feature map fpg_gr from the
input video, we generate spatio-temporal tubes by considering the temporal dimension. This
process generates non-overlapping tubelet tokens from fpg_sr-

3.2. Video transformer

We adopt the temporal difference transformer from PhysFormer [27], which is based on a video
transformer architecture. We first embed the feature map fpg_sr using the tubelet embedding
method [34], which linearly embeds non-overlapping tubelets. The embedded spatio-temporal

tubelet (ST tubelet) token sizes are defined as T’ = HJ JH = lHT/SJ W' = lWT/gJ , with the
tube size parameters t, h, w set to (4, 4,4) as in [27].

ST tubelet tokens are then input to the N transformer blocks, which extract local and global
spatio-temporal rPPG features. The temporal difference multi-head self-attention block (TD-
MHSA) captures local temporal difference features within the video frames, with its self-attention
map representing the attention between key and query tube tokens. The self-attention map
helps the network focus on the ROI in the spatial domain and locate the peak values of the
estimated signal in the time domain. Specifically, the query and key are obtained by learning
spatial differences between neighboring frames using temporal difference convolution [35],
which captures the derivatives of the PPG signal crucial for rPPG estimation.

The spatio-temporal feed-forward (ST-FF) block refines local inconsistencies in the features
extracted by the TD-MHSA block. The latent vector of the transformer blocks undergoes
temporal upsampling to match the original video sequence length T, ensuring that the estimated
rPPG signal has the same temporal resolution as the input frames. Finally, we extract the
physiological signal using an rPPG estimator, which consists of a 1D convolution.

3.3. Loss functions

To optimize the proposed network, we define loss functions in the time domain, frequency
domain, and by direct comparison of HR values. To extract accurate rPPG from facial video,
we utilize a loss function in the time domain L;;,,,. The accurate rPPG should exhibit a high
trend similarity with the ground-truth PPG signal, and its peak values on the time axis should
be close to the ground-truth peaks. Therefore, we define a loss function using the negative



Pearson correlation, formulated as follows.
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where xand x” denote estimated rPPG and ground-truth PPG signals, respectively. The loss term
L;ime ensures that the predicted signal has a trend and peak values similar to the ground-truth
signal on the time axis.

The PPG is recorded during a heartbeat and frequency analysis can reveal the periodicity of
the signal. We obtain the power spectral density (PSD) by applying a fast Fourier transform to
both the actual and predicted signals. Inspired by [26], we define L f,,, as the root mean square
error between the PSD of the signals.

(2)

Liime =

Ltreq = |P(x) = P(x"), 3)

where P(-) represents PSD. Components such as motion noise have small amplitudes in the
frequency domain and lack strong periodicity. Using L f,¢; enhances robustness to noise, aligns
the rPPG signal more closely with the ground-truth, and minimizes errors in the frequency
components.

From the rPPG signal, we can calculate the HR value and directly compare the estimated HR
with the ground-truth HR. Ly, is defined in the time domain as follows.

Ly =k =H'l3, (4)

where h and h’ are estimated and actual heart rate value. The overall loss function is denoted
as Loverall = M Ltime + A2 L freq + A3Ly,, where hyper-parameters A;, A,, A5 are set to 1, 100, and
0.0001, respectively.

4. Experiments

4.1. Implementation details

We introduce preprocessing to prepare the input videos and signals for training our proposed
model. Using the MTCNN algorithm, we find the bounding box of the face region and crop an
area approximately 1.6 times the size of the box. The bounding box is determined in the first
frame and applied to subsequent frames. The collected video is segmented into 160 frames and
is used as input to the network. The frame rate of the video is maintained at 25 fps, and the
signal is resampled to 25 Hz for synchronization.

Our proposed network is trained with an Adam optimizer and a learning rate of 1e-4. We set
the batch size to 8 and train the model for 20 epochs on the NVIDIA RTX 4090. The parameters
of transformer [27], Nand D are set to 12 and 96, respectively. We adopted the mean absolute
error (MAE), root mean squared error (RMSE), Pearson correlation coefficient (r) for evaluating
the HR estimation task.



Table 1
Heart rate estimation results on V4V dataset. The best results are in bold.

Methods MAE| RMSE] 1
DeepPhys [36] 10.2 13.25 0.45
PhysNet [16] 13.15 19.23 0.75
APNET [37] 4.89 783 0.74
DRPNET [26] 3.83 959  0.75

DINO-rPPG (Ours)  3.09 7.05 0.83

4.2. Datasets

Vision for Vitals (V4V) is a dataset released as part of the ICCV 2021 Vision for Vitals challenge.
The dataset was collected from 179 subjects and consists of videos of them performing 10 tasks
designed to induce different emotions. It contains a total of 1,358 video recordings along with
accompanying physiological information such as heart rate, blood pressure, and PPG signals.
The videos were collected at a resolution of 1280x720 and a frame rate of 25 fps, with varying
lengths for each video.

4.3. Experimental results on V4V dataset

In this section, we evaluate the HR estimation performance of the proposed DINO-rPPG com-
pared to previous methods on the V4V dataset. As shown in Table 1, our method consistently
outperforms previous approaches across all metrics. DeepPhys [36] and PhysNet [16] perform
poorly, with MAE and RMSE values exceeding 10. The recent state-of-the-art method, DRP-
NET [26], achieved the MAE of 3.83, RMSE of 9.59 and r of 0.75. However, our DINO-rPPG
outperforms DRPNET with the MAEF 3.09, demonstrating a significant reduction in error rate.
We also achieved an r value of 0.83, which is higher than DRPNET, indicating a stronger linear
relationship between the estimated HR and the ground-truth HR. Notably, the RMSE of the
proposed method decreased from 7.83 in APNET [37] to 7.05. These results suggest that the
proposed framework is effective in measuring rPPG and accurately estimating the HR values.

4.4. Ablation study

We also present ablation study results for the HR estimation task on the V4V dataset, as
shown in Table 2. The representations of the self-supervised ViT model provides the high-level
semantic information, allowing the model to be trained effectively based on abundant facial
features and achieve fast convergence. However, the DINO representation provides spatial
features without considering temporal information, which is important for sequence data. We
report the MAEF of 10.67 without using STE, indicating the need for spatio-temporal features.
Moreover, when utilizing only STE, the network utilizes spatio-temporal features of the local
region, which reduces HR estimation performance, with the MAE and RMSE values of 3.18
and 8.34, respectively. This highlights the limitations of relying solely on local features in
3D-CNN. Therefore, aggregating features from both the DSE and STE is crucial for estimating
the rPPG signals, and we demonstrate it by achieving significant improvements in all metrics.



Table 2
Ablation study of DSE and STE on the V4V dataset. The best results are in bold.

Method MAE| RMSE| r1

Ours 3.09 7.05 0.83
Ours w/o DSE 3.18 8.34 0.80
Ours w/o STE 10.67 13.97 0.13

Table 3
Ablation study of loss functions on the V4V dataset. The best results are in bold.

Method MAE| RMSE| r1

Ours 3.09 7.05 0.83
Ours w/0 Ly, 3.16 8.30 0.81
Ours w/o L, 3.30 8.74 0.79

Ours w/o Ly, 4.63 10.71 0.69

Including pre-trained DINO features enhances the ability of network to capture global semantic
information, resulting in more accurate prediction of rPPG signals and improved HR estimation.

We investigated the impact of the loss functions used in this study. The loss function L f,¢4
is based on frequency domain analysis to measure the PSD difference of the signal. Without
L freq. the model report a slightly increased MAE of 3.16, indicating that the loss function
effectively handles noise components of small amplitudes and poor periodicity in the frequency
domain. Moreover, we conducted an ablation study on time domain loss functions Ly, and Lyje.
Comparing HR values directly enables accurate HR estimation, as evidenced by the observed
increase in error without using Ly,. In addition, L, applies penalty to the distance between
the peak values of predicted and ground-truth rPPG to obtain a similar trend on the time
axis. Omitting Ly, degraded estimation performance, with the MAE of 4.63 and the r value of
0.69. We demonstrated the efficiency of the loss functions used in this study, highlighting its
effectiveness in improving the accuracy and robustness of the model.

5. Conclusion

In this paper, we propose the deep learning model for rPPG estimation called DINO-rPPG, which
utilizes the ViT model trained in a self-supervised manner. We found that DINO provides face-
relevant representations without additional training, effectively capturing essential features for
accurate rPPG estimation. The DSE uses pre-trained DINO to extract semantic representations
of ROI regions, and is further enhanced by considering temporal information through spatio-
temporal feature maps obtained from STE. Experimental results demonstrate that DINO-rPPG
outperforms previous works in the HR estimation task, highlighting the important role of DINO
guidance in improving model performance on the V4V dataset.
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