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Abstract

Blood Pulse Pressure (BPP) and Heart Rate (HR) are of primary importance
physiological parameters. They are measured using medical monitoring devices based on
oscillometric method, electrocardiography (ECG) technique, and photoplethysmography
(PPG) method; but they require contact with the patient through electrodes or transducers.

For remote measurements of BPP and HR, a novel non-contact optical system has been
implemented in previous works, which is based on tracking temporal changes of the acquired
images, associated with the action of mechanical heart pumping, of the reflected secondary
speckle patterns (SSP) produced in human skin, when illuminated by a laser beam. In the
papers related to this new method, the tracking process was based on correlation algorithm
with Matlab. There is a method called exhaustive search block matching algorithm (EBMA)
used in communication systems, with good performance and accuracy, so in this work |
applied EBMA instead of correlation. | set up and applied this measurement method to a
speaker and to six normal people in the laboratory. In parallel the same parameters were
measured using conventional instrumentation reference (Oscilloscope, Blood Pressure
Monitor) for comparison. A sequence of images was captured, recording them on an average
span of 20 seconds; the images were processed using EBMA written in Matlab. Various
experiments were performed, for example pulse trains were sent to a speaker and the
frequency and amplitude from the vibration were extracted with the optical system, the
results showed that the correlation with the results obtained by oscilloscope was 1; BPP also
was extracted directly, by illuminating the skin with a laser over the artery in the wrist. For
five subjects at rest the results showed that the correlation with the results obtained by blood
pressure monitor was 0.76, and for one subject right after exercise the results showed a
correlation of 0.93.

According to the results, this technique is a useful tool that can be enhanced and
implemented in the near future for real time monitoring of BPP even allowing free
movement of the person. So the remote detection could be a valuable tool in intensive care
monitoring, long term-monitoring, to use on patients whose conditions can be perturbed or

worsened by contact sensors which include neonates, infants at risk of sudden infant death




£ F A H XK F AL F LB L

syndrome, and burn victims, moreover the remote detection complies completely with the
safety recommendations concerning risk of electric hazards, valuable in monitoring of

contaminated patients.

Key words: Blood Pulse Pressure  Secondary Speckle Pattern

Exhaustive Search Block Matching Algorithm.
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Abbreviations

AM: Axial Movement

ASIC: Application Specific Integrated Circuit
BMA: Block Matching Algorithm

BPP: Blood Pulse Pressure

CHD: Coronary Heart Disease

DBP: Diastolic Blood Pressure

DBPM: Digital Blood Pressure Monitor

EBMA: Exhaustive Search Block Matching Algorithm
ESPI: Electronic Speckle Pattern Interferometry
FFDDP: Far Field Downward Displaced Plane
FFFDP: Far Field Forward Displaced Plane

FT: Fourier Transform

GC: Glucose Concentration
HR: Heart Rate

IF: In-focus

IR: Infrared

U: Image Unit

MAD: Mean Absolute Difference
ME: Motion Estimation
MPPA: Main Positive Peak Amplitude
MSE: Mean Square Error

MV: Motion Vector

ND: Neutral Density

NSE: Navier Stokes Equations
OCG: Optical Cardiogram

PDA: Pixel Detector Array
PPG: Photoplethysmography
PSP: Primary Speckle Pattern
SBP: Systolic Blood Pressure
SP: Speckle Pattern

SSP: Secondary Speckle Pattern
TiM: Tilting Movement

TrM: Transversal Movement
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1 Introduction

This work implements an optical technique which is based on the projection of a laser
beam on the target and on the tracking the movement of the secondary speckle patterns (SSP)
that are created in far field ™. The speckles are self-interference random patterns; each
speckle is a point of reference, and from this point, the phase variations of the scattered light
at the surface can be tracked [, this characteristic has been used in electronic speckle pattern
interferometry (ESPI) for measurement of displacement, vibration analysis (amplitudes,
slops and vibration modes) and characterization of deformations *!. For deformation object
measurements, the speckle pattern (SP) before deformation has occurred (change in load, in
temperature, etc.) is subtracted from the pattern after changing has taken place . In this
work an imaging camera records the temporal fluctuations and path of SP intensity; in order
to apply the EBMA method to the movement of the SPs, the imaging lens was defocused ™!,
Now with regard to the sampling frequency of the camera, one of about 500 Hz is sufficient
for reconstruction of the QRS heart rate !, nowadays even digital cameras can allow
higher sampling /.

Knowing that cardiovascular diseases are a major cause of death in today’s society,
measuring vital signs (Blood Pressure and Heart Beat) serves to assess human cardiovascular
condition. There are invasive and non-invasive methods for measuring blood pressure, the
first method is expensive; by contrast, non-invasive method have become more widely used
since they reduce medical costs and they are more easily accepted by patients 1%,

Optical sensors are widely used in the diagnosis related to blood pressure and heart rate,
they are noninvasive and safe because there is no direct contact with the human body; the
cardiovascular pulse generates a change in blood flow amount in the vessels that in turn
generates optical power variation which is measured by optical sensor; photoplethysmography
(PPG) is the most common measurement method ). The PPG monitors the variation
(modulation, attenuation) of the reflected light through the tissue (fingertip, earlobe, the
forehead, etc.) due to pulsations of the arterial blood; the increasing of blood pressure in the
arteries is caused by contract of heart chambers, and a change from diastolic blood pressure
(DBP) to systolic blood pressure (SBP) occurs ). The difference between SBP and DBP is
called blood pulse pressure (BPP) [ 121 The BPP can be measured by PPG technique,
however skin contact is required and thus it cannot be used for remote measurements; among
optical methods for remote measurement there are: optical interferometry, Doppler, image
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processing, contactless PPG and ESPI .

There are also researches in new methods of remote non-contact measurement of
parameters related to the blood pressure such as the method using microwave Doppler radar
(31 another method using radio frequency ™ and the method using Pulsed Laser
Vibrometer 1% 261,

A system based on the use of SSP was shown to "hear" the heartbeat remotely; the
system contains a camera, a lens and a laser source, which illuminates the person’s skin,
from which speckles are reflected and the SPs are built in the camera’s sensor; the lens is
slightly out of focus, with this important feature SPs are constant and the vibration of the
surface can be converted in 2D displacement (transversal plane) of the speckles, and this
displacement can be monitored by an correlation based algorithm in Matlab ™ 2.

In this work, the optical method for remote estimation was experimentally tested to
obtain BPP and HR of several people; in the clinical trials, all measurements were performed
in a range of about fifty centimeters between the imaging unit and the person’s skin; also a
speaker was fed with various audio signals in order to measure the frequency and the
amplitude of the vibration on the diaphragm.

To estimate the BPP, the temporal frequency and the motion amplitude need to be
evaluated, but it is not useful to asses absolute values for several persons; nevertheless,
maintaining the angle constant between the laser light and the skin of a particular subject, it
is possible to conduct an exhaustive study of signal amplitude. If BPP amplitude increases,
the implemented system will get greater amplitude .

To estimate motion vectors (MVs) between two or more images from a video sequence
with a high level of temporal redundancy, motion estimation (ME) process is used. This is
commonly used in object tracking and also in video compression 7% There are various
techniques of ME, but only block matching algorithm (BMA\) is used for international video
compression standards such as MPEG-1, MPEG-2, MPEG-4 and H.264 %°!. BMA begins by
dividing the current frame into square blocks, each block is compared with blocks centered
at different points within a search window in the previous or reference frame, the distortion
is calculated between two blocks, and the point with the lowest distortion is the center for the
current block in the reference image; the distortion can be calculated in different ways,
including Mean Square Error (MSE) and Mean Absolute Difference (MAD) *Y. Among
many developed block matching algorithms, exhaustive search block matching algorithm
(EBMA) is the most accurate and computationally expensive algorithm, this algorithm
checks all points within search window; there are other algorithms which have tried to
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improve the computational complexity of EBMA; some of these algorithms are: New Three
Step Search (NTSS), Four Step Search (FSS), Diamond Search (DS), Hexagon-Based Search
(HEXBS), Enhanced Hexagon-Based Search (EHEXBS), Pattern-Based Block Motion
Estimation (PBME), and Adaptive genetic pattern search algorithm [221: also other algorithms
such as: Hexagon-Diamond Search (HDS) ! Predictive Motion Vector Field Adaptive
Search Technique ¥, Multi-stage Interval-based Motion Estimation algorithm (MIME) %]
Multi-Directional Gradient Descent Search (MDGDS) % 2/l Fast Directional Gradient
Descent Search ( FDGDS ) [®  Cross-Diamond-Hexagonal Search (CDHS) ™ and
Directional Gradient Descent Search (DGDS) !,

In this work, to calculate 2D motion vectors of speckles, in the implementation of the
algorithm in MATLAB, the BMA method with the EBMA strategy was used. The block size
was chosen as 16x16 pixels and the search range between -16 and 16 pixels in horizontal and
vertical direction, and the search criterion was MAD. Unless otherwise specified, the word
"movement” means 2D motion.

1.1 Related Work

The system and method for motion detection that | use in this work has been patented by
Zeev Zalevsky and Javier Garcia .

A. Below I present a summary of that patent:
System components:

Imaging Unit (IU), unit of laser light, and an extraction unit of the vibrations or
spatiotemporal paths from the SPs which could be a programmed computer or an application
specific integrated circuit (ASIC). The Ul consists of a pixel detector array (PDA) and the
optical lens. The system features are resolution, pixel size, size of the aperture and focal
length. The objective aperture must be large enough to collect several SPs generated on the
object. The objective focal length has to be large enough and the pixel size has to be
sufficiently small in order to distinguish speckles of the collected SPs. The parameters of U
depend on: the size of the spot of the coherent light on the object, the sampling frequency
and the pixel size of the PDA. The spot of coherent illumination can be smaller if the
sampling frequency of PDA is higher. In general, the product of these two parameters is
higher if the expected speed of movement of the object is higher. The measurement area on
PDA pixel has to be bigger if the expected amplitude of the surface movement is higher. If a




£ F A H XK F AL F LB L

PDA with high frame rate is required, then the A of the light can be made short, i.e., the light
can be more visible than infrared light.

The Primary Speckle Pattern (PSP) is generated by the illumination light passing
through a diffuser. Secondary Speckle Pattern (SSP) is generated by reflection of the
illumination light in a diffuse surface of an object.

The authors analyze the system in the first case when the IU is focused on the object or a
small distance from the object. In this case, the image of SP varies randomly with the motion
of the object including tilt movement (TiM) and the tracking of the motion through SSP
imaging is problematic. The second case that they analyzed is the core and basis of my
research, it is when the IU is focused on a plane IF at a remote distance Z, of the object (cf.
Fig. 2.4), in this case the SSPs generated by the object are dominant and stationary.

The indirect detection of sound and speech is based on optical imaging of SP, useful for
TiM; the pattern is formed by illumination of an object by a laser beam. If the focus is on a
plane between the object and IU, the plane is called Far Field Downward Displaced Plane
(FFDDP); if it is on a plane behind the object, the plane is called Far Field Forward
Displaced Plane (FFFDP). The SP associated with the object becomes stationary, then the
variation of SP is only displacement, this effect is most evident in FFFDP. The motion can be
extracted from the space-time trajectories of the speckles based on motion estimation (ME)
techniques as BMA, parametric motion models, optical flow, or pel recursive. It can be
separated different sounds produced by a remote source, each sound corresponding to a
different region of the PDA from and 1U.

In this work | focused the lens on FFFDP.

Following with the summary, the location of the IF plane must meet the condition of
far-field approximation (cf. Eq. 2.8). The formation of images of the moving object is
associated with vibration, for example vibration from a part in a living body. The movement
of regions of an object is determined by their displacements in the first and second image.
Each of these regions includes stationary SP.

The motion detection technique can use tracking SP or a region of SP through a number
of images (frames). The technique tracks the maximum intensity of the SP, which is
determined by the imaging system. For SP tracking, a number of captured speckles by the
PDA in each dimension do not have to be very small, and thus it may have correspondence
between SPs of different frames. N, the number of speckles captured in a single dimension of
the PDA are according Eqg. 2.9, it is obtained thanks to the wide divergence of SP making the
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lens aperture A filled with speckles. The embodiments have different values of N: 4 <N < 8,
8 <N<10,10 <N<16, 16 <N <20, orN>20. The number of pixels of a PDA in any
dimension is greater than KxN.

General Purpose:

The technique is primarily useful for extracting TiMs, and useful for the detection of
movements associated with sounds such as cardiac pulse and the human voice, for the
extraction of speech from several people talking at the same time, even from a person in a
noisy environment. The SPs are formed by the reflection of infrared coherent light of a
human body, particularly the head, cheeks and throat. The sampling rate of the 1U is 10 KHz.

Biomedical Applications:

- Detection and monitoring of coronary heart disease (CHD), related to the
movement of the left ventricle (LV). CDH generates abnormalities in the motion of
the heart’s wall. Echocardiography is the most common method of the imaging of
beating LV.

- Non-contact detection of heartbeat (HB). The authors showed that the
obtained HB was repeatable for the same participant and different from participant
to participant.

- The authors coined the term optical cardiogram (OCG), which is like ECG
but remotely extracted from the vibration of the human body.

- Formation of biomedical images of a foetus.

Series of experiments:

1) Extraction of sounds from a pair of speakers, 1U and object are stationary.

2) Extraction of signals of human voice, singing or shouting, played on a speaker. 1U and
object are stationary.

3) Speech detection in the throat, face, etc. The person speaks and moves.

4) Simulations for a design of various configurations of detection of speech.

5) Detection of HB in the chest covered with clothes.

6) Pulse Detection of OCG and the Fourier transform (FT) of OCG in the wrist of
Subject #1 under physical effort. They obtained an error of 2.25 % and 5.78 % in the
calculation of HB compared with a clock polar.

7) Detection of multiple pulses OCG. Subject #2 in rest, 0.14% error. Subject #2 had a
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physical effort, error 0.06%. Subject #3 in rest, 0.04% error. Subject #3 under physical
effort, 0.00 % error. So this method can be used for non-contact measurement of heart
rate (HR).

8) OCG signature detection. OCG Comparison of Subject #4 and #5, the beats from each
subject preserves their temporal shape and they are different from each other. The OCGs
of subject #6 at rest on different days are similar. OCGs of subjects #7 and #8 have of
course different signatures. Therefore the OCG carries a unique signature of a person as
fingerprints or retina, then the OCG can be used as key input into security zones. It can
even be detected if a person lies since also his OCG will change.

B. Then Zalevsky Zeev et al. @ made use of the patent ™! and applied it for remote and
simultaneous extraction of multiple sources of human speech and heart beat (HB). The
authors did some calculations and obtained an F=36mm and K=48. The value of K
cannot be very large, since KxN is the region of interest or window on the PDA, and
with a high sampling rate that window should be as small as possible.

Experimental results:

The authors, Zalevsky Zeev et al. [ obtained all the results applying a basic detection
algorithm that included correlation of unfocused SPs and monitoring the change in peak
position. This change in position was the acoustic signal that they managed to extract. There
was no post processing for noise removal.

1) Extraction of sounds from a pair of static speakers. The first sound was a pair of fixed

frequencies and the second was the cry of a person. The samples were analyzed with the

"Specgram” function of Matlab. After processing they obtained the same frequencies.

2) Outdoor Measurements: Reconstruction of the speech signal of a standing or walking

subject and illuminating with laser: the back of the head or face. Listening to breathing

and HB. The recording of a telephone conversation, and recording through a glass
window. Recordings were made at a distance without contact.

3) Measurement of OCG: Results are the same as the ones obtained in the patented Zeev

Zalevsky and Javier Garcia invention ).

Conclusions:
Main advantages of the system are simplicity, modularity, ability to separate various
noise sources without the need for sophisticated digital post processing algorithms, and its
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usefulness for remote recording of speech even in windy conditions.

C. Yevgeny Biederman et al. ™ applied the invention ™ for remote estimation of BPP
through the temporary tracking reflected SSP.

Experimental Setup:

The setup included a green laser and a camera (with slight defocus and connected to a
computer) that records reflected SSP from the wrist. The angle of incidence with respect to
the skin is 90 °to obtain the smallest spot size; hence the speckle size in the camera was the
largest. The spot size is linearly proportional to Z, (cf. Fig. 2.4) and inversely proportional to
the laser beam’s spot diameter (cf. Eq. 2.5). Yevgeny Biederman et al. followed the
procedure shown in Fig. 1.1.

Wrist illuminated by
laser beam
&

Arm with aneroid - Allocation of Plot X and Y
Correlation

Person sits sphygmomanometer the positi i

. \ position of coordinate of
in front of :> Duration for each :D ?aselg E> the SP 2D at :> Correlation
the system measurement: 5- racxing each instant peak shift

o6minutes.

Monitored
simultaneosly
every minute

Fig. 1.1 Procedure for obtaining blood pulse pressure (BPP) o,

The authors obtained a waveform in function of the time, where the peaks and valleys
are respectively high and low values; these values were averaged along the measurement
time, they got the correlation and the standard deviation or measurement error. They
obtained the pulse amplitude of blood pressure (BPP) that corresponds to the relative
displacement, in pixel units, of the SP between adjacent video frames. Likewise they
obtained the difference (A) between SBP and DBP obtained manually with
sphygmomanometer. They also calculated the correlation between BPP and the estimated A.

Reliability Verification System:
1) Scalability: Remains similar for different subjects (10 subjects). CORR > 0.9 for 9
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subjects.

2) Repeatability: Results stable over time. They repeated the measurement in 2 subjects
every two months for one year. CORR > 0.9 in both cases.

3) Stability: Constant results for constant pulse pressure. The change for all subjects is
less than 15%.

4) Verification Test: In 10 subjects; higher correlation coefficients for BPP, 70% higher
than 0.9, 20% between 0.8 and 0.9, 10% less than 0.8; Correlation coefficients for
intermediate SBP, 65% greater than 0.9, 35% between 0.8 and 0.9, 5% lower than 0.8;
DBP evenly distributed without good statistical property.

5) X axis remained stable at constant conditions and provided the best correlation which
was calibrated for each subject in each test.

Yevgeny Biederman et al. ! concluded that observing the peak amplitude correlation it
is possible to get a measurement that is proportional to BPP, they state that the method is
inexpensive with low power laser, they said that for future works can be the implementation
of a multichannel monitoring device of BPP in real time allowing free movement of the
subject.

D. Yevgeny Biederman et al. ® have demonstrated the ability of the invention of Zeev

Zalevsky and Javier Garcia ! to monitor glucose concentration (GC) in the bloodstream,
Yevgeny Biederman et al. ! achieved this by illuminating the wrist with laser and by
tracking the temporal changes in the reflected SSP, these changes are produced by the
vibration of the skin which is caused by the pulsation of blood flow. Yevgeny Biederman et
al. ! have demonstrated that the temporal shift S which is the relative displacement of the
SP is directly proportional to the temporal change of the GC, this change affects the blood
viscosity v, which in turn affects the friction between the blood stream and blood vessel
walls, and this produces the variation of BPP. The aims of the authors ) were the analysis
of the variation of the temporal pulse profile of TiM by observing the quantitative parameters
before and after taking glucose (400 mL of fresh beverage with 40Kcal per subject), and the
comparison with a reference value GC obtained by a glucometer. The parameters that they
got were classified into two types, those proportional to the change in amplitude and those
proportional to the temporal change of the relative displacement of the SP. A parameter
which belongs to the amplitude change type was called main positive peak amplitude (MPPA)
- which refers to the maximum amplitude for one heartbeat (HB) in pixel units - was the
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parameter with better correlation. Yevgeny Biederman et al. '*! used a green laser at 532nm
and 10mW, the distance from the 1U to hand was 50cm. First the SP was extracted in each
frame, then the SP was correlated to obtain the change in the position 2D of the pulse peak
versus time, the obtained pulse with mechanical vibration profile was similar to the electrical
signal ECG form. The tests were made on four healthy adult subjects. As proof of calibration
and stability, the authors illuminated each time exactly the same point on the wrist with laser,
and monitored for 30 minutes the subject’s hand; so they got results with accuracy of 10-15%
of variation.

Yevgeny Biederman et al. ® said that blood pressure did not change during the
experiment, and the change in the pulse profile is only due to the ingestion of glucose. The
authors believed that the metabolic process initiated by glucose ingestion generates a
cumulative change in the viscosity of the blood. In addition to the correlation coefficient, the
authors used the root mean square error (RMSE) to quantify the relationship between the
reference data and the estimated data *°!.

(1.1)

Where x; is the i-th sample of the estimated values and r; is the reference values and N is
the number of samples.

Yevgeny Biederman et al. *! wrote a program in MATLAB to analyze videos and
extract the parameters of the files, each file contained 5 seconds of video at 350 fps
containing 6 pulses, each pulse was processed separately and the parameters extracted and
averaged.

They found no good correlation between the parameters related to temporal change of
pulse profile and the change in GC, however the parameters proportional to the change of
amplitude have a fairly good agreement with the reference level of GC.

Results:

They showed graphics of the evolution of the MPPA parameter over time versus
glucometer baseline. For subject #1 the parameter MPPA showed better correlation. Yevgeny
Biederman et al. ® concluded that there was a high correlation and low error rates, and
showed that the amplitude change in the vibration profile of the pulse wave of the wrist was
proportional to the change in the positive slope of the GC in the blood.

Future developments:
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The authors suggest the implementation of a device with automatic and real-time
monitoring, to analyze changes in the GC in the blood while the subject is freely moving.

1.2 Motivation and Contributions

The motivations for the development of this project are based on the importance of
non-contact detecting and monitoring of human cardiac activity and blood pressure pulse
(BPP). The application of non-contact monitoring can be useful in the following cases:

1. Prolonged monitoring of patients in intensive care unit (premature babies, adults),
monitoring at home especially the elderly and other non-clinical areas such as the case of
monitoring the health of workers (aircraft pilots, firefighters, etc..) %!,

2. Patients whose conditions may worsen with the use of contact sensors as in newborns,
whose skin can be damaged by prolonged use of electrodes in contact with skin B%.

3. Infants with sudden infant death syndrome (SIDS), and in patients with burns 2.

4. The monitoring of contaminated patients or patients in biologically and chemically
contaminated environments 1%,

5. The BPP is an important indicator of risk of CHD in 60 years persons and older, and is
an important prognostic marker of cardiovascular morbidity and mortality. Also detecting
high BPP, due to the decrease of the elasticity of arteries, acts as biomarker of the
increase of cardiovascular risk and as a risk factor for development of atrial fibrillation
[11]

The non-contact monitoring presents the following advantages:

1. No need to apply electrodes or transducers which require precise control or replacement
during the monitoring of cardiac activity. No need to apply bracelet in monitoring the
BPP, whose continued use may result in discomfort to the patient.

2. Fulfillment of the electrical safety requirements of electro medical equipment.

The main contribution of this work is the use of exhaustive search block matching
algorithm (EBMA) as a tool for extraction of the relative movement of the SP of the
temporally sequential images in the captured video, instead of using the correlation
technique.

1.3 Organization

This work is organized as follows: Chapter 1 presents the current applications of the
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method, objectives of the research and the contribution; Chapter 2 presents the system used
in this work, also explains the different parts of the model such as hardware and software,
and the background of the new measurement method; Chapter 3 describes the motion
estimation technique and the EBMA algorithm; Chapter 4 develops the validation of the
theoretical algorithm with simulations and provides a comparison between the proposed
schemes and other results. The conclusions are summarized in Chapter 5.

11
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2 System Model

2.1 Description of the System

The system that | used to conduct the experiments is shown in the Fig. 2.1. The main
and basic components of the measurement system are: Digital camera, Lens, Laser, and a
Computer.

m o oo |osciLLoscopE
' o

(A)

FILTER COMPUTER

OSCILLOSCOPE

LAPTOP

ODRS

@k _r
- N

SPEAKER "?, 0 ( LASER ) =

v L COMPUTER

LOCATION OF THE LASER SPOT AT
THE RADIAL ARTERY IN THE WRIST

©

FILTER COMPUTER

Fig. 2.1 System used to perform the experiments. The System is composed of the Optical

System: Imaging Unit (Lens, Camera, Computer), Laser Source (HeNe 632.8nm), Neutral
Density (ND) Filter. Also the System is composed of the Oscilloscope Tektronix TDS 1012,
Signal Generator SUING TFG2006V, Laptop, and Speaker. In A the source of the periodic
pulse train is the Signal Generator, and the Optical System measures the vibration of the
diaphragm on the Speaker. In B the Optical System measures the Heart Beat sound on the
speaker reproduced by the Laptop. In C the Optical System measures the Blood Pulse
Pressure BPP and Heart rate HR on the wrist of the Subject. More details in the following

pages.

The Camera is connected to a Computer in which the software of control and the image
acquisition card are installed. The Lens is attached to the Camera and its main function is to

12
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focus the SP to be captured from the surface motion or vibration of the object or subject; and
the laser is a HeNe type.

The secondary components used are: Oscilloscope, Signal Generator, Speaker, and
Laptop. The purpose of using the Oscilloscope is to verify the waveform that is entering into
the Speaker, and to compare it to the waveform obtained by the EBMA algorithm. The
Signal Generator is used to generate periodic pulse train of different frequencies and voltages
(amplitudes). The Speaker is used to simulate an object which surface is vibrating; this
vibration corresponds to each different signal and will be illuminated by the laser beam.

In the system the Fig.2.1 (A) and (B) the Speaker is the object, the Fig. 2.1 (C) shows
the system used to measure the heart beat and the BPP on the human wrist. The object or the
measurement surface is the wrist of a person, from where the Heart Beat (HB) and the BPP
will be obtained.

2.2 Imaging Unit (1U)

The Image Unit U consists in Lens, Camera and Computer. A Tv Zoom Lens was used.
This Lens has a Focal Length of F=8-48mm and its maximum aperture is 1:1.0. The brand of
the Camera was Optronis (model CL600x2/M) with high resolution and high frame rate,
with CMOS sensor of 1280 by 1024 pixels, the pixel size on the detector is 14 by 14 microns
i.e. Ax=14um, which means an area of activity of 17,92 mm by 14,36 mm.

2.3 Laser Source

The Laser source was a HeNe Laser (Class Illb Laser Product, 15mW maximum at
632.8nm). The ND (Neutral Density) Filter was used to control the intensity of the Laser beam.

2.4 Computer System

The Computer was a desktop type computer; the brand is IEI Technology Corp with a
memory RAM of 3.4 GB and CPU @ 3.30 GHz. The operative system is Windows XP. The
Computer contains the image acquisition card of the camera Optronis and the software
CamSetup for the control of the Camera and the acquisition of the images captured by the
Camera. The Computer also contains the software to convert the format of the captured
images by the camera for further processing in MATLAB, a program that is also installed in
the Computer.

13
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2.5 Image Processing Software: Camsetup, Image Format Converter and
Matlab:

Through the software CamSetup can be controlled and set different parameters of the
Camera such as: sampling rate (frame rate), size of the image, location of the image, and
exposure time among others.

With the software Image Format Converter, the acquired sequence of images can be
converted to standard formats like JPEG, it is also possible to visualize that sequence at
different speeds, which can help make a preliminary visual analysis of the acquired images.

The version of MATLAB software is R2012a. The implemented algorithm to obtain the
HR and the BPP which includes the EBMA algorithm is written and executed in MATLAB.
The result is a motion vector graphic of the SP from the previously converted sequence of
images as a function on time, graphic corresponding to the heart activity or blood pressure
pulse.

2.6 Background

When a rough surface is illuminated by a spatially coherent light, is produced a granular
light structure in space, this is known as a speckled pattern (SP) . Also illuminating the
surface through a neutral density filter (ND Filter) generates SP. This is the result of
self-interference of numerous scattered waves from the surface of a diffusive object; those
waves have amplitudes and phases with random variables as shown in Fig. 2.2 B4,

If the object is imaged on the CMOS sensor through a lens, each point from the object
contributes to only one point in the image, as shown in Fig. 2.3 ¥,

IMumination
beam

Observation plane
Rough surface (CMOS sensor)

Fig. 2.2 Formation of a speckle pattern .
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Fig. 2.3 Speckle pattern produced when the object is imaged
on the CMOS photo detector through a lens #2.

The size of the area from where the observation plane receives information depends on
how defocused is the lens 2.

In the optical system that I use in this work, the lens does not focus on the object, but
rather focuses on the far field. As a result, the motion of the object, instead of changing the
SP, creates a movement or vibration of a constant SP in the transversal plane, i.e. the same
SP is moving. This becomes a very important feature to extract the movement path by
tracking the points of maximum intensity .

Below, | present a more detailed explanation of the optical system above described. The
Fig. 2.4 will be the reference for this theoretical explanation.

Denotations:

(x,y): Coordinates of the transversal plane.
(Xo ,Yo): Coordinates in IF plane.

Z: Axial axis.

a: Angle of all rays with respect to Z.
Zy: Distance from object to IF plane.

Tm(Xo ,Yo):  Amplitude of the field distribution of the speckles in the IF plane.
An(Xo ,Yo0):  Spatially non-uniform amplitude.

w(Xo ,Yo):  Phase.

o Random phase of the speckles.

1(Xs ,Ys): Intensity of the image in the CMOS sensor.

15
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h: Spatial impulse response of the Imaging Unit (1U).
(Xs ,Ys): Coordinates in the CMOS sensor plane.
M: Magnification factor of the lens.
Z3: Distance from IU to IF plane.
F: Focal length of the lens.
Px, Py Relative shift of SP due to object displacement in the X axe and Y axe.
O, Oy Tilt angle in the X axe and Y axe.
Ox: Resolution or size of the speckle patterns that is obtained at Z,
A Laser wavelength.
Diameter of the laser spot.
d: Displacement of SP on CMOS sensor.
AX: Size of the pixel in the CMOS sensor.
K: The minimum number of pixels to see a speckle.
N: Number of speckles in every dimension of the spot in the sensor.
A Diameter of the aperture of the lens.
Fsu Lens F-number.
Tilt angle Speckle Size at Zy=A Z>/ D =M &«
a
Imaging Unit (IU):
Optical System,
Diffusive IF Plane Camera CMOS
Object
(Human Speckle Pattern
\ skin) Lense

Sensor

| b
| ZZ I Z3 r er

Fig. 2.4 Schematic description of the system %,

Assumptions:
1. Paraxial or Gaussian approximation, where linear optics or all ray angles are small,
angle o of all rays with respect to Z is small enough that o = sin o = tan o [2.33]

2. The reflectivity over the object’s illuminated area is uniform 2,
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3. Rigid body (object) movement with three types of movements: Transversal
Movement (TrM), Axial Movement (AM) and Tilting Movement (TiM); which cannot be
separated and they occur simultaneously .

The light, which is reflected on the diffusive object, is captured by a lens onto a CMOS
sensor, but the lens is not focused on the object, as is shown in the Fig. 2.4 it is focused on a
plane located at a distance Z, from the object, that plane is called in-focus (IF) plane and is
in the far field approximation. The SPs are formed in the IF plane, those SPs are captured as
images by the CMOS sensor in the camera. The surface roughness of the object creates a

random phase ¢, Fresnel integral is used to evaluate the amplitude distribution (T,,) of the

speckles performed over ¢ in the Z, plane (Xo ,yo) ™2

T, (% ¥o) = [explig(x, y)]exp{%’j(xxo + VYo )}dxdy = A, (%, Yo Jexpliyr (%o, ¥, )] (2.1)

Then this amplitude distribution is viewed by CMOS sensor and the captured image has

intensity equals to [2;

I (Xs’ ys) = UITm (X01 yo)h(xo - MXs’ yO - Mys) 2 (22)

Where h is the spatial response of the impulse, and M is the system magnification

inverse, h is calculated in the detector plane (X, Y,) .

The magnification factor of the lens is 2
Z,-F Z;
F F

(2.3)

Where F is the focal length of the lens. In remote measurements, the distance between
the object and the lens is typically longer than any other distance implicated in the
measurement process ( Zz > F).

In the case of TrM, SPs are almost unchanged. The AM does not affect the amplitude
distribution. In the case of TiM, this causes displacement of the SPs, as it is shown clearly in
Fig. 2.4, and as it can be understood from the following Eq. 2.4 (the linear phase means shift
in the far field) 2
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A (%, o) =|[[explig(x, y lexpli(s,x+ 5, y)]exp[‘ 27 (36, + Yo )}dxdy
AZ, (2.4)
Artana,
=
3 47 tan a,
Y4

Where gy and p, are the relative shift of SP due to motion of the object and the angles ay
and oy are the tilt angle in the X and Y axes respectively. TrM, AM and TiM are not
separated, but TrM and AM produce insignificant changes in the imaged SP, then the overall
effect of those three movements is just pure shift that can be easily detected by the EBMA.

The size of the SPs obtained in the Z, plane and imaged at the CMOS sensor plane is equal
to [ 2:

D Z, '

L
“ D M
The displacement ( d ) of a SP on the CMOS sensor of the camera is as follows 2

d= Zza _ ZZF a (26)

Supposing that Ax is the size of the pixel in the CMOS sensor and that every speckle in
the sensor plane will be seen at least by K pixels, which means &, = K4x, then the

requirement for the focal length is ' 2:

_ KAXZ,D
Z,2

F (2.7)

Another requirement is that Z, has to fulfill the far field approximation which is 2

D2
22 >H (28)

The number of speckles in every dimension of the spot equals to ™2

A AD _ F.D

N: = =
MS, Az, FAz,

(2.9)

Where A is lens aperture diameter, F4 is lens F-number, Mo is SP size obtained at Z,
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plane.

Below, | will explain the mathematical background of blood pressure measurement.
Denotations:
Q: Blood flow.
AP: Pressure drop across the vessel.
R: Inner radius of the vessel in diastole.
L: Length of the blood vessel.
Blood viscosity.
r: Radial axe in cylinder coordinates.
x: Longitudinal axe in cylinder coordinates.
P: Pressure in cylinder coordinates along the r and x.
p. Blood density.
w: Longitudinal velocity of the blood fluid in x direction.
u: Radial velocity of the blood fluid in r direction.
or: Velocity of the radial expansion of the vessel.
C.: Elastic properties of the arterial wall.
Pq: Change in the blood pressure (systolic minus diastolic).
dr: Radial displacement of the blood vessel.
vi.  Blood flow longitudinal speed at a point on a streamline.
Gravity acceleration.
Elevation of the point above a reference plane

g

z

C: An arbitrary constant.

f:  Force which is perpendicular to the cross section of the vessel.
a: Unit area of the arterial vessel.

dP: Change in blood pressure.

E: Elastic modulus of the vessel wall.

[ Relative shift of SP due to object displacement.

a. Angle of tilting of the object

K1: Linear function of A.

The commonly known as the Poiseuille equation can be used to better approximate the
factors that influence blood flow through a cylindrical vessel (cf. Fig. 2.5) [ 34I:
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_ APR!

~ (2.10)

Q

s

Q: Blood flow,
— - —p AP: Pressure drop across the vessel,
Q_) - Y R: Inner radius,
L: Length,
o

V: Blood viscosity

Fig. 2.5 Cylindrical blood vessel B4,
To model the radial change in a blood vessel, Yevgeny Beiderman et al. ! described two

mathematical models:
1% Mathematical Model, Navier Stokes Equations (NSE)

dP dw dw  dw d’w 1dw d?w
——=p| —HU—+W— |-V — = —+— (2.11)
dx dt dr dr dr rdr dx
Inertial Forces Viscous Forces
—d—P: (d—u+ud—u+wd—uj—v dzu+1 du +d2u+£ 212
dr N dt dr dx dr? rdx® dx® r? (212)
du_u_ dw_, (2.13)

dar
Where r and x are respectively the radial and longitudinal axes in cylinder coordinates, P
is the pressure along r and X, p is the blood density, w is the blood longitudinal velocity, and
u is the blood radial velocity .
In Egs. 2.11 and 2.12, inertial forces minus viscous forces result in a pressure drop per
unit length, and Eq. 2.13 shows a continuity equation. The blood vessel's radial expansion
velocity v, was derived from NSE ©!:

P
v, =RC, = (2.14)

In this case, R is the vessel’s radius in diastolic blood pressure (DBP), C, symbolizes
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arterial wall elastic properties and Py is the blood pressure variation. Integrating with respect
to time the Eq. 2.14 )

dr=RC_P, (2.15)

The previous Eq. 2.15 shows that the blood vessel’s radial displacement dr is linearly
dependent on the blood pressure difference.

2" Mathematical Model, Bernoulli’s law (cf. denotations in the previous two pages for

the meaning of the variables and constants) !:

1,ovfz+,ogZ+P=C
——

2 (2.16)
H_J
Dynamic pressure Static pressure
Where P is the pressure at the point.
Pressure losses in the direction of the flow generate a force f that equals to:
f =—adP (2.17)

Where f causes radial extraction of the vessel. Applying the second law of Newton on
Eq. 2.17 is obtained:

_ad_pd)(:_f dx (218)
dx
Or:
P _ dv;
dx =p at (2.19)

A solution for the extraction of a relative radial displacement (dr) of a vessel is given by
[9].

R
dr ~ ZdP (2.20)

As in Eg. 2.15 the Eqg. 2.20 shows that the relative radial displacement of the blood
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vessel is linearly dependent on its pressure difference 1),

According to the Eq. 2.4 a relative displacement of the SP is [9]:

_Artana 5 dra

F==3

—>a=K/p
A (2.21)
- A

Using basic theory of geometry and the paraxial approximation, as it is shown in the

Ky

Fig. 2.6, it can be said that the radial displacement of the blood vessel is proportional to
the tilt angle:

dr ~a (2.22)

From Equations 2.20, 2.21 and 2.22 is obtained:
dp~Etp (2.23)
4ar

This means that the change in blood pulse pressure (BPP) is linearly proportional to
the relative shift of the speckle pattern.

So when a self-interference pattern is observed, detected and constructed on the CMOS
sensor plane by the camera, a pattern temporal change between two adjacent frames is
connected to a relative spatial shift . Using exhaustive search block matching algorithm
(EBMA) estimation movement, it is possible to extract the relative shift of the SP, therefore
can be extracted the BPP.

Epidermis of human skin
just above the blood vessel.

Speckle Pattern
IF Plane

Laser
projection

Sine= dr=a«

Fig. 2.6 Schematic description of the relation between the
shift of the SP and the radial displacement of the blood vessel.
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In order to calculate the alpha angle () of the tilting movement, the alpha angle from
the EqQ. 2.6 is isolated as follows:

_Z,F _Z,F 180

o= =
zd zd x (2.24)
radians deg rees

Where d is the displacement of the SP obtained by the optical system, in this work
usually the displacement is in the order of micrometers and the alpha angle less than one
sexagesimal degree.

2.7 Summary

In the first place the surface of interest has to be illuminated by the Laser Beam. Then
the Camera has to be focused through the Lens system, not on the surface of interest, but in
the Far Field Forward Displaced Plane (FFFDP) behind the object of interest (wrist), so that
the displacement of SP, which is invariable, as a result of the vibration of the object of
interest, can be seen on the Computer screen. The acquired images by the Camera are stored
in real time via the acquisition hardware and software, then the format is converted to JPEG
or other standard formats so that they can be read by MATLAB. Then the sequences of
images are processed through the EBMA algorithm written and executed in MATLAB.
Finally the graphic of the cardiac activity or blood pressure pulse is obtained for analysis and
comparison.
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3 Key Technologies and Applied Algorithm

3.1 2D Motion Estimation:

Two Dimensional (2D) motion estimation (ME) is part of the video processing system
and has many applications such as: calculating of motion vector (MV), video compression,
video filtering, etc. In video compression, the estimated MVs are used to generate a frame
which is motion-compensated and this is the result of the codification of a previously
reference frame. The final purpose is to reduce as much as possible the total bits used for
encoding the MVs and the prediction errors. The variation over time of the intensities of the
image is the base of ME algorithms.

3.1.1 General Methodology of Motion Estimation:

Suppose two frames ¥ (x, vy, t1) and ¥ (X, vy, t2). The MV in x (cf. Fig. 3.1) between
times t; and t; is the displacement of point t; to point t,. The frame at t; is the current or
anchor frame, and the tracked or target frame is at t,, the current frame can be before or after
the tracked frame over time. In the Figure 3.1, when t; < t, is forward motion estimation and
when t; > t; is backward motion estimation.

FORWARD MOTION ESTIMATION
/\

TRACKED FRAME

4

ANCHOR FRAME

K3

TRACKED FRAME

x.»w;tﬁ
+ 3

X

X

d(x;t,t-At) g
.f
"

+

o .
time t4

\ t2 =timety- At

A4
BACKWARD MOTION ESTIMATION

/

Fig. 3.1 Forward and backward motion estimation

In this work | used Backward Motion Estimation.

to =timet1+ At

[35]

24



£ F A H XK F AL F LB L

Let ¥ (x) and ¥, (x) be reference frames and tracked frames, respectively. The motion
field is d(x; a), where the vector a = [ay, a, ..., a.]" contains all motion parameters. w(x; a)
=X + d(x; a) is the mapping function, the goal is to calculate a .

The method that | used in this work is based on the constant intensity assumption and on
three key stages which are:

A. PARAMETERIZATION OF THE UNDERLYING FIELD MOVEMENT:

A simple model is the partition of the image into small blocks as shown in Fig 3.2. The
simplest version models the movement in each block by a constant translation, and then the
goal of the estimation is to find an MV for each block.

¥ \¥ ¥
ARl

VIV VLY
AL

Fig. 3.2 Motion representation based on blocks .
B. CRITERIA FOR MOTION ESTIMATION:
This criterion is based on the difference of the displacement of the frame and minimizes the
sum of errors between luminance values of each pair of corresponding points between the
current frame ¥1(X) and the tracked frame ¥,(x). It is known that x in ¥1(x) moves to w(x; a)
in ¥,(x). The criterion function expressing the above can be written as

EDFD (a) = Z |\P2 (W(X ;a)) _\Pl(x)|p (3-1)

XeA

Where A is the domain of all pixels in the current frame ¥, and p is a positive number.
The Eg. 3.1 is called mean absolute difference (MAD) when p = 1, and it is called mean
square error (MSE) when p = 2. The error of image, e (x; a) =¥,(w(X; a))— ¥1(X), is usually
called displaced frame difference (DFD) image, then the Eq. 3.1 measures the DFD error and
when its gradient fades, it is possible to minimize DFD.
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C. LOOKING FOR THE OPTIMAL PARAMETERS OR MINIMIZATION METHOD:
With the use of MAD in the method of exhaustive search block matching algorithm
(EBMA), which will be reviewed below, it is possible to minimize the error function (cf. Eq.

3.1) and thus achieve the global minimum.
3.2 Block Matching Algorithm (BMA):

BMA consists in dividing the image into non-overlapping blocks, and in assuming that
the motion in each block can be described by a simple parametric model. Let By, be the
image which represents the m-th block in the image, and Let M be the number of blocks,
then M =1, 2, ..., M. The division into blocks satisfies the following expression

lJ B,=A and B ()B,=2,m=n (3.2)
meM

The block is of square shape and the motion of each block is assumed constant, i.e. the
whole block is subjected to a translation, this is called block-wise translational model °.
Thus, the goal of the motion estimation is simply to find the MV for each block, or estimate
the displacement under a measurement error. The displacement that minimizes the error is
considered to be the MV of the image.

I_ T l\To;‘o:Ve ctor
I Current fra
|

|
m i
I
1

B’ni: E{es match

2
Sear(‘hwnﬂgru \\

Tr d frame

/ =
?m: Current|block

Fig. 3.3 Basic diagram of block matching algorithm

As shown in the previous Fig. 3.3, the blocks of the current frame are compared with the
blocks of the tracked frame (before the current), this comparison is made by sliding the current
block over a particular area of pixels (search window) of the tracked frame. Then using a
criterion it is possible to find the block with the highest similarity (or with the minimum
measured error) among the candidates within the fixed search window of the tracked frame. If
the selected block is not in the same position in both frames, it means that it has moved. The

26



£ P AR KR P HEF LR X

distance of the block which coincides in the tracked block with the block in the current frame is
defined as the estimated MV, and this will be assigned to all the pixels of the block.

The desirable requirements for a good BMA are: convergence, few search points, few
iterations, and immunity to noise. Besides, there are other important criteria such as
hardware complexity.

3.3 The Exhaustive Search Block Matching Algorithm (EBMA):

Let B, be the block to be found in the tracked frame that corresponds to the block By, in
the current frame. These two blocks are compared and a minimum error is estimated between
them, then the estimated MV from block By, becomes the vector displacement d, between
the spatial positions of B'y, and By,. According to block-wise translational model mentioned
above, W(x; a) = X + dp, ; XE By, the Eq. 2.1 can be written as

E(d,,YymeM)=>" > |¥,(x+d,)-¥,(x)| (3.3)
meM  XeB,

Since the estimated MV for a block is independent from other blocks, it is possible to
estimate the MV for each block individually. The minimization of the accumulated error
along this block only can be written as

En(dy)= > [¥,(x+d,) =¥, (9 a4

MR pixels
N\

R Current block: Bm
J NxN pixels

Motion

Vector

Best match

(B 'm with minimum error)

Search region: :
(2R+N) x (2R+N) pixels

R\

Tracked or target‘
frame:MxM pixels

Current frame: MxM pixels

Fig. 3.4 Search procedure of exhaustive search block matching algorithm (EBMA) 2.

Using a method called exhaustive search block matching algorithm (EBMA), it is
possible to find a dy, that minimizes the error (cf. Eq. 3.4). As shown in the previous Fig 3.4
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the EBMA allows to calculate the optimal dy for By, making comparison with all the
candidate blocks B'y, in the tracked frame in a predefined search region, and then allows to
find the block with a minimal error.

In order to reduce the computational load, the MAD error will be used, i.e. p=1. There is
symmetry in the search region regarding the current block Bp, till R pixels to the left, right,
above and below, as illustrated in Fig. 3.4. The accuracy of the estimation depends on the
size of the search step which is the distance between two adjacent candidate blocks in the
horizontal or vertical direction of the search window in the tracked frame. Along both
directions is used the same step size.

Let M x M be the size of the image or frame in pixels, let N x N be the block size in
pixels, let =R be the search range in pixels (cf. Fig 3.4), and the step size is equal to one
pixel, then:

- (2R+1)? = Total number of candidate blocks for the corresponding matching in the tracking
frame for each block in the reference frame.

- N? = Number of operations for calculating MAD of each estimated candidate.

- (2R+1)% N® = Number of operations for estimating the MV of a block.

- (M / N)? = Number of blocks (assuming that M is a multiple of N) in an image.

- M?(2R+1)? = Total number of operations for a full frame, and is independent of N.

3.4 Applied Algorithm:

The applied algorithm which includes EBMA in this work was written in MATLAB. In
the Fig. 3.5 the flowchart shows the major steps in EBMA. Basically two frames belonging
to the vibration of the surface illuminated by the laser are continuously compared.

The EBMA applied is an adaptation of the EBMA for compensation of images made by
Aroh Barjatya !, on which | added the instructions for reading the sequences of images
obtained by the camera Optronis and stored by its respective card acquisition. | have also
added the method of calculating the average and spectrum of the motion vector MV !, and
the procedure to plot the MV with respect to time. Besides, | wrote the procedure for the
calculation of the total average displacement of the SP. Since the displacement of the SPs in
the focus plane has components in the X and Y axes, then | have also added a procedure to
calculate the resulting MV equivalent to the square root of the sum of the squares of the
components X and Y; so the resulting MV is plotted over time, which became the OCG.

Also during the process, the algorithm took the first ten pulses from the obtained OCG
and calculated for each period of the OCG (which indeed includes one pulse) the SP
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displacement in pixels which is the subtraction between the maximum positive value and the
minimum negative value, then the “equivalent” value to BPP was the average of the ten SP
displacements.

Define: Path of the sequence of frames, Block size, Frame size, Search
region, Frame rate, Number of frames,land Motion vector (X, Y).

*1
[ Capture Frame: Tracked Frame (TF) ]
v
[ Capture Next Frame: Current Frame (CF) ]
>y
[ Select first Block in CF ]
v

[ Select first Block in TF

h I

block in TF

A

\4
[ Calculate MAD and save it ] Go to next }

Checked for all No

blocks in TF

A

Go to next
block in CF
Vector (MV) and save it
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Fig. 3.5 Flow chart showing the steps for EBMA. MDA: mean absolute difference, OCG: Optical

Cardiogram, BPP: Blood Pulse Pressure 7.

29



£ F A H XK F AL F LB L

4 Experiments and Results

First | had to properly focus, in the Lens/Camera, the image of the Laser beam on the
speaker to get a good image of Speckle Patterns (SPs). The size of the image was 64x64
pixels. The Fig. 4.1 shows the typical image of the SPs acquired by the Lens/Camera.

D
B

Fig. 4.1 Areal-time image, as it is seen on the Computer screen, of the SPs
which are taken by the Lens and the Camera, the image size is 64x64 pixels.

4.1 First Experiment: Measurement of Pulse Train on Speaker

The Fig. 4.2 shows the configuration which was used in this first experiment.

One speaker was used as the subject, the distance from the camera/laser to the Speaker
was 50cm, and one Signal Generator was used to apply the signal to the Speaker, the
Oscilloscope was used as a reference measurement and verification of the shape, amplitude

and frequency of those signals.

Fig. 4.2 Configuration of the system for remote measurement of the vibration on the Speaker
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The speaker converts the applied electric signal into physical vibration on the surface of
its membrane; this vibration becomes SP displacement after illuminating that surface with
laser, and with the optical method and EBMA it is possible to get the tilt movement of the
membrane i.e. to get the same waveform applied to the Speaker. In this experiment was used
a periodic pulse train as electric signal, its amplitude and frequency were changed.

4.1.1 Frequency Variation:

The exposure time was 700 us, and the frame rate was 20 fps. The focal length was 48
mm, the focus was 10 m, and the aperture was 1.25. The power of the Laser on the speaker
was around 3.62 mW. In the Signal generator the periodic pulse train had 1Vpp and its
frequency varied from 0.7Hz to 2.5Hz, so seven different signals were sent to the Speaker,
besides the pulse width was one fifth of the period T (Fig. 4.3 (A)).

The following table 4.1 shows the reference measurement (Oscilloscope) and the
measurements obtained from the Optical System and the EBMA.

Table 4.1 Frequency measured by reference oscilloscope and EBMA method

Measured Measured Pulse
Frequency Measured Measured Pulse .
. Frequency by . Width by
Signal Frequency by . Width by .
i Optical Method . Optical Method
Generator (Hz)  Oscilloscope (Hz) Oscilloscope (ms)

(H2) (ms)
0.7 0.7042 0.7 280 325
1 1 1 200 225
1.3 1.316 1.35 160 150
1.6 1.667 1.65 130 150
1.9 1.923 1.95 110 100
2.2 2.222 2.2 90 100
2.5 2.5 2.5 80 100

In the Fig. 4.3 (A), (B) it is shown one of those seven signals, and (C), (D) are the
comparison of all the seven signals, and shows that the Correlation in both cases is almost 1.
From (A) and (B), the voltage peak to peak (VVpp) corresponds to a displacement of 16 pixels
in the sensor of the Camera.
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Fig. 4.3 (A): Oscilloscope display of one of the seven signals sent to the Speaker from the
Signal Generator, in this case is a 1Vpp and 0.7Hz pulse train (B): Temporal plot of the
outcome from the Optical System and EBMA, in this case 16 pixels is equal to 1Vpp. In the
spectrum plot 0.7Hz is the main frequency and the others are the harmonics. (C) and (D):
Comparison between Optical Method and the reference, (C) Frequency and (D) Pulse
width, in both cases Corr=1.

4.1.2 Amplitude Variation

The exposure time was 700 us, and the frame rate was 20 fps. The amplitude was
changed in the signal generator from 1Vpp to 0.1Vpp, but the frequency was constant equal
to 1 Hz. To equal 1 Vpp at a total displacement of 10 pixels of the SP in the Camera sensor,
the Focus was 1m, the aperture was 1, and focal length was 30 mm. The power of the Laser
on the speaker was around 1.7 mW. The table 4.2 shows the results:
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Table 4.2 Amplitude measured by reference Oscilloscope and EBMA method.

Selected peak to peak Measured Peak to peak Obtained SP displacement
amplitudes in the Signal voltage amplitude by amplitude by Optical method and
Generator Oscilloscope EBMA
(Vpp) (Vpp) (pixels)
1 1 10
0.9 0.904 9
0.8 0.8 8
0.7 0.704 7
0.6 0.6 6
0.5 0.504 5
0.4 04 4
0.3 0.304 3
0.2 0.2 2
0.1 0.1 1
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Fig. 4.4 (A): Oscilloscope display of one of the seven signals sent to the Speaker from the Signal
Generator, in this case it is a 0.7Vpp and 1Hz pulse train. (B): Comparison between Optical Method
and the reference, Corr=1. (C): Temporal plot of the outcome from the Optical System and EBMA
method, in this case 7 pixels is equal to 0.7Vpp. In the spectrum plot 1Hz is the main frequency.
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For this experiment of amplitude variation, the correlation between the Optical System
used in this work and the reference system (Oscilloscope) was 1. The comparison of the two
systems is shown in Fig. 4.4(B); furthermore this figure shows one of the ten periodic pulse
trains on the Oscilloscope, as it is sent to the Speaker, and the corresponding waveform
obtained by the optical system and method EBMA. However, in this case the method EBMA
did not provide a good measure of the pulse width; instead the Fig. 4.4(C) shows a square

wave.
4.2 Second Experiment: Measurement of Heart Beat Sound on Speaker

The results of this experiment are shown in the following Fig. 4.5 and Fig. 4.6.
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Fig. 4.5 (A): Oscilloscope display of the waveform of the Heartbeat sound sent to the
Speaker from the Laptop; (B): Optical Cardiogram-OCG or Temporal plot of the outcome
from the Optical System and EBMA method, Tocg: OCG's period, tocg: time interval in the
OCG.
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The exposure time was 661 us, and the frame rate was 500 fps. The Focus was 1.5 m,
the aperture was 1, and focal length was 30 mm. The power of the Laser on the speaker was
around 1.7 mW. A Heart Beat sound downloaded from internet ®® was reproduced in a

laptop and its audio output was applied to the Speaker.
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Fig. 4.6 (A): Oscilloscope display of one cycle of the waveform of the Heartbeat sound,
Tpr. and Tpr, are the duration of Pulse Train 1 and Pulse Train 2 respectively [Fig 4.5];
(B): Temporal plot of the outcome from the Optical System and EBMA method
corresponding to one cycle of the periodic waveform [Fig. 4.5 (B)].

At the same time, the audio output is measured by the Oscilloscope to compare with the
wave which is obtained by the optical method and the EBMA.

The Fig 4.5 (A) shows a periodic Heartbeat wave where: Pulse Train 1 - PT1 has 0.8Vpp,
Pulse Train 2 - PT2 has 0.504Vpp, a period T equal to 750ms, and an interval “t” between
PT1 and PT2 equal to 317ms. The Fig 4.5 (B) shows a temporal plot or the OCG [cf.
Chapter 1], which is very similar to the wave in (A), of the outcome of the EBMA method,
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where: PT1 and PT2 have amplitudes peak to peak of 8 pixels and 6 pixels respectively, the
period Tocg=786ms and tocg=320ms which is the interval between PT1 and PT2. The
amplitudes and the intervals in the Fig. 4.5 (A) and (B) are very similar, for example in PT1
the amplitude error is 0%, in PT2 the amplitude error is 19%, also the errors of Tocg and tocg
are 1.2% and 0.95% respectively. It should be noted that the errors have been calculated with
the values obtained from the Oscilloscope.

The previous Fig. 4.6 shows one cycle of the temporal waveform corresponding to the
Heartbeat sound presented in the Fig. 4.5. The Fig 4.6(A) and (B) are quite similar; in (B)
the duration of PT1 and PT2 are 96.8ms and 80.7ms, with errors of 3.2% and 3.9% with
respect to the durations Ttr1 and Ttrz2 in (A).

4.3 Third Experiment: Measurement of BPP on Wrist

In this set of experiments the Laser beam was located on the wrist of the left arm of a
person. The frame rate of the Camera was fixed at 100fps, Camera exposure was 500us, the
focus was 10m, focal length was 30mm, and aperture was 1; the distance Camera/Laser to
wrist was 50cm, the diameter of the Laser beam was 1mm, and the power of the Laser in a
range from 0.6mW to 1.7mW.

Therefore Z,=9.5m, Z,=10m, F =30mm, and D = 1mm.

A Digital Blood Pressure Monitor (DBPM) was used as a reference for the comparison
with the results obtained by the Optical System and EBMA method. The following Fig 4.7
shows the arrangement of equipment and the location of one person.

For the measurements on the wrist, a small piece of double sided tape was adhered to the
skin as a way to increase the reflection characteristics of the skin %, the white release liner
remained, and then the Laser beam was targeted on the white release liner tape.

During the measurements, the Laser was illuminated at the same place on the wrist, and
the subjects kept their hands motionless. The Cuff of the DBPM was placed on the left arm.
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(A

Fig. 4.7 (A): Setup of the experiment; (B): Wrist of the person where is shown the
location of the laser spot on the radial artery.

There were 5 persons or subjects who participated in the experiments; the range of the
age was 25-34 years old. The time for each measurement or trial was around 20 seconds for
each subject; and right after, the DBPM was used to get the reference BPP. The sequence of
the images obtained by the Camera were properly converted and processed in the Computer,
and then the developed algorithm in this work which includes the EBMA method was used
to process the frames of 64x64pixels. Finally the obtained values which are equivalent to the
BPP were compared to the reference values obtained with the DBPM, where the BPP is the
difference between SBP and DBP.

The measurements for the first four subjects denoted as: S1, S2, S3, and S4 were made
when they were at rest, with seven trials for each of them; in regard of the fifth subject
denoted as S5, twelve trials (S5-1 to S5-12) were made, where the S5-1 to S5-5
measurements were made when the subject was at rest and the S5-6 to S5-12 were made
right after the subject made physical exercises (running at a good pace for 10 minutes).

Since the waveform obtained in this work, using the Optical System & EBMA method,
is similar to the ECG but through optic means, as it is said before in the Chapter 1 (cf.
Related work), that wave is called Optical Cardiogram (OCG) 1,
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The laser power measured on the skin was less than 2mW, so still no special safety

measures were required !,

To get the Optical Method BPP [cf. Table 4.3] of one subject was made the following

procedure:

3)
b)

c)

d)

For each trial, ten pulses were taken in the resultant OCG waveform.

For each pulse was calculated one maximum displacement d [cf. Fig. 4.9].

Then, for those ten pulses was calculated an average maximum displacement, this value
was the Optical BPP of the trial.

Finally for the subject, the average of those Optical BPP values (amount of the values
are the amount of trials) were calculated, this average became the Optical Method BPP
of the subject.

To get the Digital Monitor BPP of one subject, the average of the differences between

SBP and DBP measured by DBPM were calculated.

Below, the table 4.3 contains the final results of the measurements obtained using the

Reference Monitor and the Optical System & EBMA method.

Table 4.3 General average results obtained by the Reference Monitor and the
Optical System & EBMA method. BPP=Blood Pulse Pressure, HR=Heart Rate,
bpm=beats per minute. Results are the average of the trials, and in the case of
Optical Method BPP the value of each trial is the average of the first ten pulses.

Digital . - .
Number Monitor Optical Method Digital Optical
SUBJECT of BPP BPPord Monitor HR  Method HR
Trials maximum (pixels) (bpm) (bpm)
(mmHg)

S1/0CG-LMWLW 7 37.0 4.7 70 73
S2/0CG-LYLW 7 38.9 6.9 66 66
S3/0CG-HJYLW 7 38.9 6.2 75 81
S4/0CG-LYYLW 7 33.4 3.3 78 76
S5/0CG-RVLW 5 35.4 6.3 71 68

In the next Fig. 4.8 it is shown two images of the SP obtained by the Optical System

corresponding to the sequence of images of the first trial of subject S5 (S5-1). A is the

previous frame (first frame), B is the current frame (8" frame), a block of 16x16 pixels in the
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upper right part is marked with a rectangle, it can be seen in A that the block has "moved"” 3
pixels up as indicated by the arrow in B.

Fig. 4.8 Images of the moving Speckle Pattern (SP) of the subject S5-1. A is the SP
at the time=0 second, B is the current SP at the time=0.07 seconds. The block of
16x16 pixels has moved 3 pixels up in A, which means the SP has moved 3 pixels
up as well.

Fig. 4.9 shows the temporal plot for ten seconds of the OCG waveform from the first
trial of the subject 5 which is S5-1, d maximum is indicated in the chart above, Fig. 4.9 also
shows the amplitude spectrum with axe X in beats per minute (bpm), the spectrum shows
that the HR was 72 bpm which was exactly the same value obtained by the Reference
Monitor.
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Fig. 4.9 Experimental results from the Optical System and EBMA method for the
fifth subject in its first trial (S5-1), the subject was at rest. The chart above is the
temporal plot of the outcome, i.e. it is the OCG, which is the amplitude of the
relative shift of the SP between two subsequent frames; the chart below is its
amplitude spectrum where the unit of the axis X is “Heart Rate” in bpm.

In order to calculate the maximum alpha angle (amax) Of the tilting movement of the skin
in the wrist for this experiment, | replaced Z,=9.5m, z,=10mA, F=30mm, and the values d

maximum from the previous Table 4.3 in the Eqg. 2.24 for each participant. The results are
shown in the following Table 4.4.
Table 4.4 Values of the maximum tilt angle (ama) Of the skin on the wrist,

corresponding to the maximum displacement d from the Table 4.3. These values
were calculated using the Eq. 2.24.

Subject S1 S2 S3 S4 S5
Omax
0.131 0.194 0.173 0.093 0.177
(degrees)

The next Fig. 4.10 shows the OCG for each participant S1 to S5 corresponding to an
interval of 10 seconds.
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Fig. 4.10 Experimental results for the participants S1 to S5, up to down respectively,
at rest. The charts are the temporal plot of the outcome, i.e. they are the OCG.

Next, the Fig 4.11 shows the OCGs for two trials of the subject S5 (sixth trial or
OCG-RVLWES6 and twelfth trial or OCG-RVLW12), right after exercise, it can be seen the
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notorious difference between them in amplitude and period, with higher amplitude and
shorter period in S5-12.
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Fig. 4.11 Experimental results for the participant S5. The chart above and the one
below are for S5-8 and S5-14 respectively, the subject was at the state right after
physical exercises.

The extracted results (Optical Method BPP or d maximum — Table 4.3) with the Optical
System & EBMA method were compared with reference measurements (Digital Monitor
BPP — Table 4.3) obtained by conventional means (DBPM), the result of this comparison is
shown in the next Fig. 4.12. It shows a linear relation between them and a correlation
coefficient equal to 0.76.

The next table 4.5 contains the numerical values of the obtained results for the Subject
S5 right after exercise. This table also shows the maximum tilt angle a,..«and the value of the
pressure after applying the linear scale factor in order to convert units of pixels to units of
blood pressure. The linear scale factor will be discussed below.
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Fig. 4.12 Comparison of the obtained values between Reference Monitor (Digital
Monitor) and Optic System & EBMA Method (Optical Method) for all the subjects
from the experimental results in Table 4.3.

Table 4.5 Results for the participant S5 right after exercise, the obtained scaling
factor in the Fig. 4.13(A) was applied to the value of the Optical Method BPP, to
convert the pixels units to mmHg units. The maximum tilt angle a,,.x Was calculated
using the Eq. 2.24.

Digital Optical Method i i
Optical Method BPP with

TIME Monitor BPP ord . . . Omax

. . scaling factor - linear fit

(minutes) BPP maximum (mmHg) (degrees)
curve (mm
(mmHg) (pixels) g

0 69 16.5 69.5 0.463
50 9.2 435 0.258
7 41 10.3 47.4 0.289
12 43 7.9 38.8 0.221
17 46 9.0 43.0 0.254
30 30 6.8 35.0 0.191
36 33 6.7 34.8 0.189

This table shows that the maximum angle obtained for the sixth trial of subject S5 was

0.463 degree.
To calculate the resolution of the system implemented in this work, i.e. to calculate the

minimum angle that the system can detect, | replaced the parameters z,=9.5m, z,= 10mA,

F =30mm in the Eq. 2.24, and taking into account that the minimum detected movement in
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the camera sensor with EBMA method was one pixel, which means d = 1, the result showed
that the resolution of the System was 0.028 degrees.

Then, the Fig. 4.13 shows the comparison of the experimental results for only the
participant S5 right after exercise; the chart (A) shows a linear relation between them with a
correlation coefficient equal to 0.93; the chart (B) shows the plot in the time of the
experimental results from the Table 4.5, the Optical Method BPP is scaled to the values of
pixels and to the values of pressure, where a scaling factor was chosen to match two
different dimensions estimated by the system and manually measured values, the scaling
factor was the linear fit curve showed in the chart (A): y = 3.5639x +10.797, the obtained
values are shown in the Table 4.5.
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Fig. 4.13 Results for the participant S5 right after exercise: The chart (A) is the
comparison between the experimental results, the chart (B) shows the matching
between the Optic System & EBMA method measurements obtained and the
reference measurement obtained using the Blood Pressure Monitor. Both charts
based in the Table 4.3.

4.4 Fourth Experiment: Measurement of BPP on Cubital Fossa

In this experiment, with the Optical System and EBMA method, the BPP on the median
cubital vein in the cubital fossa of the left arm (cf. Figure 4.14) was measured at the same
time that blood pressure was measured with the conventional system, with the cuff placed
around the upper of the left arm as well. The aim of this experiment was to see how the BPP
varies in the vein close to the Cuff during a conventional blood pressure measurement; the
same Blood Pressure Monitor of the previous experiment was used.
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A sixth subject S6 participated in the experiment, the BPP was measured during 46
seconds in order to cover the time of measurement using the monitor, which was about 38
seconds for the subject S6. Then, the resultant OCG, the X axe OCG and the variation of
BPP for each pulse was plotted. The result is shown in the Fig. 4.15.

Fig. 4.14 Laser Beam to measure BPP on Median Cubital Vein in the Cubital Fossa,
near the location of the Cuff.
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Fig. 4.15 Experimental results for the participant S6 at rest: Chart (A) is the
resultant OCG, Chart (B) shows the X axe OCG, and Chart (C) shows the BPP.
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The meaning of the noted times and intervals in the Fig. 4.15 and a brief analyze of them
are as follows *!:

1) t;: The monitor starts to inflate the cuff on the upper arm.

2) ty-t,: The BPP gradually decreases, from normal to zero.

3) t,: The cuff is fully inflated to a pressure above the SBP, then the cuff starts to
deflate.

4) t,- t3 : No blood flow occurs through the vain, so no BPP detected (cf. Fig. 4.15 (A)
and (C)).

5) t3: Cuff pressure falls below diastolic pressure of the subject S6.

6) t3- t4 : Blood flows smoothly through the vein, so BPP is detectable.

7) t4 : The cuff is completely deflated and the result is displayed on the monitor.

Referring to the third experiment, since the frame rate of the camera is 100fps, in 20
seconds were needed 2000 images for each measurement. According to the table 4.3, it was
needed from 74 (60sec/81bpm x 100fps) images to 90 (60sec/66bpm x 100fps) images per
pulse, which means that it was needed from 7.4 seconds to 9 seconds per ten pulses,
sufficient time for the calculation of the average BPP.
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5 Conclusion and Future work

5.1 Conclusions

The remote estimation method of blood pulse pressure and heart rate using speckles
pattern tracking with exhaustive search block matching algorithm were presented in this
work as well as their performance analysis.

The analysis showed that the remote estimation method enables the measurement of the
frequency and amplitude of the signal driving of a speaker.

Furthermore, it also enables the measurement of people’s blood pulse pressure and heart

rate on an immobile wrist.
5.2 Future work

To avoid using tape stuck on the skin, further research could be conducted to add an
appropriate data filter in the algorithm. Furthermore, in order to eliminate the effect of the
patient’s free movement and the translational and rotational laser-camera motions, it would
be advisable to add video stabilization algorithms.

The results of this work could be implemented in an electronic-optical compact
measurement system device that could measure the BPP, the HB and even the Respiration
Rate without contact in real time, in the form of a portable device, which could include USB
and Bluetooth connection, as well as show the respective waveforms on a digital display.

In regard to laser safety, since the laser should not be pointed directly at people’s eyes,
the device should be developed as class 1, enabling continuous monitoring of patients
recovering in intensive care units, especially in preterm infants or in longer measurement
time (case of hypertension), therefore the device will be convenient in the hospital
environment.
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