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Abstract – We extract the heart rate from a video sequence by measuring the wrist’s color variation caused by the cardiac pulse through the radial artery. Our method detects and extracts the region of interest that contains the wrist. Illumination variation caused by the external light source is reduced by using an Recursive Least Squares adaptive filter, for which the color change of the background is used as a reference signal. Principal Component Analysis (PCA) is applied to extract the best estimation of the cardiac pulse. The heart rate is determined by the frequency which has the maximal power spectrum. Experimental results, which were conducted in the presence of illumination variation, showed the high accuracy and stability of the proposed method.
Key words – non-contact heart rate measurement; PCA; adaptive filter; biomedical signal; illumination variation reduction.


Tóm tắt – Trong bài báo này, chúng tôi trình bày phương pháp đo nhịp tim bằng cách đo sự thay đổi màu sắc ở cổ tay sinh ra do sự chuyển động của máu theo các mạch máu khiến bề mặt da dao động. Phương pháp đề xuất sẽ tách vùng cổ tay trong đoạn video để phân tích. Sự thay đổi ánh sáng dưới tác động của các nguồn sáng bên ngoài được loại bỏ nhờ vào bộ lọc thích ứng Recursive Least Squares, trong đó sự thay đổi màu sắc của phần nền được sử dụng như tín hiệu tham chiếu. Kỹ thuật Principal Component Analysis (PCA) được sử dụng để ước lượng tín hiệu của mạch. Nhịp tim được xác định dựa trên tần số có biên độ phổ lớn nhất. Thực nghiệm cho thấy phương pháp đề xuất có độ chính xác và độ ổn định cao.
Từ khóa – đo nhịp tim không tiếp xúc; PCA; bộ lọc thích ứng; tín hiệu y sinh; giảm hiệu ứng thay đổi ánh sáng. 
1. Introduction
Heart rate is an important vital sign of people’s physiological state. Traditional heart rate measurement methods rely on special electronic or optical sensors such as electrocardiography (ECG) or photoplethysmogram (PPG). Most of these sensors require skin-contact, which makes them inconvenient and uncomfortable for patients. For example, in conventional ECG, ten electrodes are placed on the patient’s limbs and on the surface of the chest that can cause discomfort and skin irritation. The ability to measure indicators of patient’s physiological state by a non-contact device is a prospective research trend that would overcome problems caused by conventional devices. Recently, there has been a growing interest in extracting heart rate without skin contact using vision systems, especially for infants and elderly having a sensitive skin, which can be damaged by traditional heart rate sensors [1-6]. It has been shown that the variation of human skin color, which is caused by blood circulation, is too small to be perceived by naked eyes because of the limited spatio-temporal sensitivity of the human visual system. Yet these signals can be exploited to extract heart rate or to amplify subtle motion for visualization purpose using video processing techniques [2, 4].

Some researches showed that heart rate can be measured from color video recordings of the human face based on the temporal variation of the skin color, which is normally invisible to the human eyes [2, 3, 5]. Blind source separation technique, such as Independent Component Analysis (ICA), was applied to recover cardiac pulse signal from a set of color channels of the face skin with no prior information about mixing process [2, 3]. However, factors, such as illumination change and motion of the head, is still a challenge, because they can also cause the variation of the skin color, which is large compared to the subtle change produced by the cardiac pulse.

Eulerian approach reveals small color change and subtle motion using spatial decomposition, followed by temporal filtering [1, 4]; the resulting signal is then amplified to reveal hidden information. However, Eulerian magnification can also amplify noise when the magnification factor increases. Besides, the purpose of these methods is to display subtle motion in an indicative manner, but not for heart rate measurement. A motion-based method tracks subtle oscillations of the head caused by the blood circulation and uses PCA to extract the pulse signal [6]. 

In our work, a video sequence which captures a patient’s wrist is used to determine the heart rate. The reason to choose a wrist instead of a face is that for a face there are many artifacts such as blinking of the eyes, motion of the mouth and vibration of the head that may interfere with the estimated cardiac pulse frequency. The color change of a wrist, which is caused by blood circulation through the radial artery, is extracted in order to estimate the cardiac pulse, and hence the heart rate. We also investigate on reducing the influence of illumination change caused by external light sources. We then evaluate our method, as well as methods described in [2, 6], on subjects against an heart rate measurement device. Results showed that our method computes accurate heart rates in the presence of motion and illumination change.

The outline of this paper is as follows: Section 2 describes in details the proposed method. Section 3 presents experimental results of the proposed system.  Finally, the conclusion and future work are presented in Section 4.
2. Proposed method
2.1. System overview

The proposed method consists of four stages as shown in Fig. 1, and takes an input video of a patient’s wrist and returns a cardiac pulse estimation. In the first stage, the region which contains the wrist is extracted and used as a region of interest. The remaining region of the image is considered as the background. The averaging color values of RGB channels of the region of interest and the background are temporally filtered to an appropriate band. The output signal is then passed through an adaptive filter for reducing illumination variation caused by an external light source. At the final stage, the resulting signal is separated into independent components using Principal Component Analysis (PCA) technique to extract cardiac pulse. Details of our proposed method are described in the following.
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Figure 1: Framework of the proposed method

2.2. Region of Interest Selection
Assuming that the entire wrist points towards the camera for the wrist detection step. The 3D color space (RGB) is used for detecting wrist’s skin color pixels. The skin color for fair complexion is determined with the following rules [7], which describes the skin cluster in the RGB color space:
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After the skin color classification is done for every pixel of the image, the region of interest which contains the wrist is segmented. Unsuitable regions are then considered as the backgound.

For 
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frame, the color values of the region of interest is separated into RGB channels, and spatially averaged over the region for each channel to yield measurement points 
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. A set of these points for the whole video sequence gives a raw pulse signal 
[image: image5.wmf][

]

T

n

f

f

f

F

L

2

1

=

, where 
[image: image6.wmf]n

 is the number of frames.  
2.3. Temporal Filtering
Since a heart rate falls within 
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 beats per minute (bpm), corresponding to the range of frequencies 
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 Hz, not all frequencies of the color change of the wrist are required to extract the cardiac pulse. Hence, the raw pulse signal 
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 is temporally filtered to the passband of 
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 Hz to exclude frequencies outside of the range of interest. For this, a Butterworth filter is used to convert the frequency band to a IIR structure and is applied to the raw pulse signal 
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2.4. Illumination variation reduction
In this section, we describe a method to reduce illumination variation from an external light source, which can interfere with the color change caused by the cardiac pulse. 
We first compute the average color value of the background for each frame in the same way for the region of interest. Let 
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 be the color change of the background for the whole video sequence. We use the same bandpass filter, which is described in 2.3, to extract illumination change component caused by an external light source, whose frequency falls within the range of heart rate.

Considering the influence of the external light source, the raw pulse signal 
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consists of two components: 
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where 
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, 
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 denote the color variations caused by the cardiac pulse and the external light source, respectively. 

Assuming that the wrist and the background are illuminated by the same light source. It means that color variations of these objects, which are caused by the light source, are correlated with each other. Hence, the relation between the signals 
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 and 
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 can be approximated by:
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where 
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 - a linear function vector.

The signal 
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 can be used as a reference signal to provide an estimate 
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 of the signal 
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, which is contained in the raw pulse signal 
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. By subtracting the estimated signal 
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 from 
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, the effect of the illumination variation caused by the external light source is diminished. 
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where 
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 is the estimation of the information-bearing component of the raw pulse signal 
[image: image29.wmf]F

, i.e. the estimate of the cardiac pulse.

We use Recursive Least Squares (RLS) adaptive filter [8] to find recursively in time the parameters 
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 such as to minimize the sum of error squares for the error signal described by (4). The block diagram of the illumination variation reduction stage is shown in Fig. 2.
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Figure 2: Block diagram of the illumination variation reduction stage
2.5. Cardiac pulse extraction

Although the raw pulse signal is temporally filtered to the band of the cardiac pulse and is processed to reduce illumination change caused by an external light source, the output signal 
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 still contains noise produced by muscle contraction and motion of the hand in dynamic equilibrium. In order to extract the cardiac pulse, the signal 
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 is re-expressed in a new basic to reveal hidden dynamics. For this, Principal Component Analysis (PCA) is applied to decompose the signal into a set of sub-signals, which are linearly uncorrelated. PCA analyzes a mixture of signals representing observations described by several variables, which are possibly inter-correlated. Its goal is to extract the important information from the signal and to express this information as a set of new orthogonal variables called principal components.
To apply PCA we first normalize the signal 
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 using the following equation:
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where 
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, corresponding to variation of color channel; 
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PCA is then used to transform the normalized signal 
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 to a set of sub-signals:
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Matrix 
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is determined by the covariance matrix Σ. Rows in the 
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 matrix are formed from the eigenvector of Σ ordered according to corresponding eigenvalues in descending order. 
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Finally, the sub-signals are then converted to the frequency domain and their power spectral density (PSD) distributions are estimated using Welch’s method. The PSD estimates the signal’s power distribution as a function of frequency. The sub-signal which yields highest SNR is chosen as the best estimation of the cardiac pulse. The maximal frequency of the chosen sub-signal is used to compute the heart rate as 
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3. Results and evaluation
To our best knowledge, databases used for wrist-based heart rate measurement using a camera are not available. Thus, we test the proposed method on a simple database collected by our-selves. For our database, body movement is not involved during the video recording. The purpose of the experiment is to demonstrate that the proposed method gives good performance for non-contact heart rate measurement. 
We use Nikon D90 camera to record video in a room with a lamp as the illumination source. All videos are recorded in RGB color format at 24 frames per second (fps) with resolution of 
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Ten volunteers aged from 12 to 35 years old were enrolled in the experiments. The participant put his/her wrist in front of the camera and try to advoid any movement. The camera was set at about 50 cm from the participant’s wrist. Recording for each subject lasted about 20 seconds and was used for testing the proposed algorithm, which was implemented in MATLAB.
 An example of extracting the cardiac pulse from a video sequence is shown in Fig. 3. Obviously, trace of color variation do not provide any plethysmographic information (Fig. 3b). After temporally filtering and reducing illumination change caused by an external light source, the pulse becomes more visible (Fig. 3c). Fig. 3d shows principal component, which is most periodic and clear. Hence, this component is chosen as the estimate of the cardiac pulse and the heart rate is defined by the frequency which has maximal power spectrum. In particular, for the PSD of the chosen component shown in Fig.3e, the frequency of the heartbeat is 1.15 Hz which corresponds to the heart rate of 69 bpm.
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Figure 3: Cardiac pulse extraction. (a) The frame sequence of the wrist; (b) Color change of the region of interest for G channel; (c) After cancelling illumination change caused by external light source, the pulse becomes more visible; (d) the first principal component produced by PCA is chosen as the best estimate of the cardiac pulse; (e) PSD of the chosen component. 
A Yuyue YX 302 heart rate measurement device was used for ground truth comparison. The measure results of the proposed method were compared with the ground truth given by the device to yield the measure error. We used statistical parameters - the mean 
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, the standard deviation 
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 and the mean percentage error (MPE) between the ground truth and measure results of the method in order to evaluate their accuracy and stability.

Table 1: Performance of the proposed method
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	Proposed method
	0.73
	1.18
	1.6


From Table 1 we can see that the proposed method gives good performance with MPE lower than 2%. The standard deviation 
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 is also low which shows that our method is stable. However, our database is prone to be ideal without subject’s motion. In realistic situations, there are many factors that could influence the accuracy and stability of the proposed method. For applications like home health care, heart rate measurement with the accuracy of 1.6% is acceptable.
4. Conclusion

In this paper we presented a method for wrist-based heart rate measurement by analyzing video sequence. The proposed method takes into account illumination change caused by an external light source. The proposed method consists of four stages, and takes an input video of a patient’s wrist and returns a cardiac pulse estimation. The 3D color space (RGB) is used for detecting wrist’s skin color pixels. Illumination variations caused by an external light source are reduced using an adaptive filter with the color change of the background as the reference signal. At the final stage, signal is decomposed by PCA in order to extract the best estimate of the cardiac pulse. The experiments show that the proposed method gives good performance with low MPE of 1.6%.
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TRẢ LỜI BÌNH DUYỆT CỦA PHẢN BIỆN
A. Bình duyệt của phản biện:
Đề nghị nhóm tác giả có các điều chỉnh cụ thể như sau:

1. Đề nghị nhóm tác giả chú thích ký hiệu, đơn vị và biểu diễn rõ giá trị các trục tung và trục hoành trong đồ thị trình bày ở hình 3b,c,d.

2. Đề nghị nhóm tác giả mô tả rõ hơn về database và cách xây dựng database sử dụng để chạy mô phỏng, phân tích.

3. Điều chỉnh lại bảng 1, không rõ ô Method và Proposed có nghĩa gì ở đây?. Đồng thời đề nghị nhóm tác giả mô tả rõ hơn về các giá trí đạt được là 0.73, 1.18, 1.6 để người đọc có thể hiểu ý nghĩa của nó.

4. Từ kết quả đạt được ở bước sử dụng PCA thể hiện ở hình 3d, thì nhịp tim trong ví dụ này đo được là bao nhiêu.

B. Trả lời:

Trước hết, xin cám ơn những góp ý của Người phản biện về bài báo của Nhóm tác giả. Sau đây là phần trả lời cho các câu hỏi.

1. Đề nghị nhóm tác giả chú thích ký hiệu, đơn vị và biểu diễn rõ giá trị các trục tung và trục hoành trong đồ thị trình bày ở hình 3b,c,d.

Nhóm tác giả đã bổ sung chú thích, ký hiệu cho Fig.3b,c,d.

2. Đề nghị nhóm tác giả mô tả rõ hơn về database và cách xây dựng database sử dụng để chạy mô phỏng, phân tích.

Nhóm tác giả đã bổ sung thêm các chi tiết về database (ở trang 3, phần được tô vàng). Theo tìm hiểu của nhóm thì hiện nay database liên quan đến đề tài chưa có hoặc không được phổ biến (public) nên nhóm tự xây dựng database cho phần thực nghiệm.
 3. Điều chỉnh lại bảng 1, không rõ ô Method và Proposed có nghĩa gì ở đây?. Đồng thời đề nghị nhóm tác giả mô tả rõ hơn về các giá trí đạt được là 0.73, 1.18, 1.6 để người đọc có thể hiểu ý nghĩa của nó.

Nhóm tác giả đã điều chỉnh lại bảng 1. Ô proposed method tương ứng phương pháp đề xuất. Đoạn text phía trên bảng 1 có mô tả về càc tham số xác suất (sai số trung bình, độ lệch chuẩn và phần trăm sai số) dùng để đánh giá thuật toán, tương ứng với các giá trị 0.73, 1.18, 1.6. Các phần tô vàng ở trang 4 giải thích vắn tắt ý nghĩa của các kết quả này, trong đó độ lệch chuẩn 1.18 cho thấy tin cậy cao của phép đo, còn phần trăm sai số 1.6% cho thấy độ chính xác của phép đo.
4. Từ kết quả đạt được ở bước sử dụng PCA thể hiện ở hình 3d, thì nhịp tim trong ví dụ này đo được là bao nhiêu.

Nhóm tác giả bổ sung thêm đồ thị PSD vào Fig.3 và phần trình bày về kết quả đo được (ở trang 3, phần được tô vàng). Sau PCA, sẽ tiến hành ước lượng PSD của component. Tần số có mức năng lượng lớn nhất được chọn làm tần số của nhịp tim. Ví dụ như trong Fig.3e thì tần số này là 1.15 Hz. Từ đây suy ra nhịp tim được tính theo công thức HR=60xf=60x1.15=69 bpm.[image: image59.png]
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