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1
CARDIAC PULSE RATE ESTIMATION FROM
SOURCE VIDEO DATA

TECHNICAL FIELD

The present invention is directed to systems and methods
for estimating cardiac pulse rate from a video of a subject
being monitored for cardiac function.

BACKGROUND

Assessment of cardio function is vitally important in moni-
toring neonatal patients, burn or trauma patients, as well as
sleep studies and other cases where a continuous measure-
ment of the subject’s cardiac pulse rate is required or other-
wise desired. Cardiac pulse rate is often measured using an
electrocardiogram (ECG) device which often requires adhe-
sive patches, clips, straps, and the like, which may be uncom-
fortable to wear. The ability to monitor cardiac function by
non-contact means is highly desirable in the healthcare indus-
try. Measurements can be made at subject’s comfort and will
be suitable for long observation/monitoring periods and can
provide a record of visual imagery of subjects. Although
non-contact methods may not be able to provide details con-
cerning cardiac electrical conduction that ECG offers, video-
based methods offer abilities to detect pulsation for long term
cardiac function monitoring in a non-contact, unobtrusive
manner.

Accordingly, what is needed in this art is a system and
method for estimating cardiac pulse rate from a video of a
subject being monitored for cardiac function.

INCORPORATED REFERENCES

The following U.S. patents, U.S. patent applications, and
Publications are incorporated herein in their entirety by ref-
erence.

“Systems And Methods For Non-Contact Heart Rate Sens-
ing”, U.S. patent application Ser. No. 13/247,575, by
Mestha et al.

“Estimating Cardiac Pulse Recovery From Multi-Channel
Source Data Via Constrained Source Separation”, U.S. Pat.
No. 8,617,081, by Mestha et al.

“Deriving Arterial Pulse Transit Time From A Source Video
Image”, U.S. patent application Ser. No. 13/401,286, by
Mestha.

“Continuous Cardiac Pulse Rate Estimation From Multi-
Channel Source Video Data”, U.S. patent application Ser.
No. 13/528,307, by Kyal et al.

“Video-Based Estimation Of Heart Rate Variability”, U.S.
patent application Ser. No. 13/532,057, by Mestha et al.
“Determining Cardiac Arrhythmia From A Video Of A Sub-
ject Being Monitored For Cardiac Function”, U.S. patent

application Ser. No. 13/532,128, by Mestha et al.

“Continuous Cardiac Pulse Rate Estimation From Multi-
Channel Source Video Data With Mid-Point Stitching”,
U.S. patent application Ser. No. 13/871,728, by Kyal et al.

“Continuous Cardiac Signal Generation From A Video Of A
Subject Being Monitored For Cardiac Function”, U.S.
patent application Ser. No. 13/871,766, by Kyal et al.

“Determining Cardiac Arrhythmia From A Video Of A Sub-
ject Being Monitored For Cardiac Function”, U.S. patent
application Ser. No. 13/532,128, by Mestha et al.

“Method And Apparatus For Monitoring A Subject For Atrial
Fibrillation”, U.S. patent application Ser. No. 13/937,740,
by Mestha et al.
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2

“System And Method For Determining Video-Based Pulse
Transit Time With Time-Series Signals”, U.S. patent appli-
cation Ser. No. 14/026,739, by Mestha et al.

BRIEF SUMMARY

What is disclosed is a system and method for estimating
cardiac pulse rate from a video of a subject being monitored
for cardiac function. One embodiment of the present method
involves performing the following. First, batches of time-
sequential image frames of video of a subject being moni-
tored for cardiac function are continuously received. The
batches of image frames are captured by a video imaging
device in real-time for continuous processing. Temporally
suiccessive batches may partially overlap. Batches of image
frames are processed as follows. A) For the current batch, at
least two regions of exposed skin of the subject are isolated in
the image frames comprising that batch. The isolated regions
are areas of the subject’s body where a physiological (pho-
toplethysmographic) signal corresponding to the subject’s
cardiac function was registered by one or more imaging chan-
nels of the video imaging device being used to capture that
video. Regions of exposed skin may partially overlap. B) For
each of the isolated regions in the image frames of the current
batch, the following are performed: (i) pixels of the isolated
region are processed to obtain a time-series signal for this
region; (i1) a physiological signal corresponding to the sub-
ject’s cardiac function is extracted from the time-series sig-
nal; (iii) the physiological signal is processed to obtain a
cardiac pulse rate associated with this region; (iv) the cardiac
pulse rate is compared to a last good cardiac pulse rate for the
subject determined by having processed a previous batch.
This comparison generates a difference (delta) between last
good cardiac pulse rate and different region’s cardiac pulse
for the current batch. On a first iteration, the comparison is
performed using an initial or default cardiac pulse rate; and
(iv)inresponse to the delta exceeding a pre-defined threshold
level, this region’s cardiac pulse rate is discarded. Otherwise,
this region’s cardiac pulse rate is retained. Once all regions
for the current batch have been processed accordingly, the
retained cardiac pulse rate with a minimum delta is deter-
mined to be the next good cardiac pulse rate for the current
batch. If there are more than one region with small delta
values within a cluster one could take an average of all
selected region’s cardiac pulserate to determineto be the next
good cardiac pulse. This next good cardiac pulse rate is used
for comparison purposes on a next iteration. Various embodi-
ments are disclosed.

Features and advantages of the above-described method
will become readily apparent from the following detailed
description and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantages of the
subject matter disclosed herein will be made apparent from
the following detailed description taken in conjunction with
the accompanying drawings, in which:

FIG. 1 shows a video image device capturing real-time
video of a subject;

FIG. 2 shows a batch of image frames of the video acquired
by the video imaging device of FIG. 1,

FIG. 3 shows one of the image frames of the batch of FIG.
2 with various regions of exposed skin having been identified
for processing;
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FIG. 4 illustrates an example video image camera captur-
ing a multi-channel video signal of an infant in a neonatal
intensive care unit;

FIG. 5 shows one image of the infant of FIG. 4 with four
regions of exposed skin have been identified for processing;

FIG. 6 is a flow diagram which illustrates one example
embodiment of the present method for continuous estimation
of cardiac pulse rate from video of a subject being monitored
for cardiac function in a non-contact, remote sensing envi-
ronment;

FIG. 7 is a continuation of the flow diagram of FIG. 6 with
flow processing continuing with respect to node A; and

FIG. 8 is a block diagram of an example batch processing
system for performing various aspects of the teachings hereof
as described with respect to the flow diagram of FIGS. 6-7.

DETAILED DESCRIPTION

What is disclosed is a system and method for estimating
cardiac pulse rate from a video of a subject being monitored
for cardiac function.

Non-Limiting Definitions

“Photoplethysmography” refers to the study of signals
containing relative blood volume changes in the blood vessels
close to the skin surface. A photoplethysmographic (PPG)
signal contains important information about the subject’s
cardiac function.

“Cardiac function” refers to the function ofthe heart and, to
a larger extent, to the entire cardio-vascular system. In most
species, a heart muscle repeatedly contracts to push a volume
of blood into the body’s vascular network. Cardiac function
can be impacted by factors including: age, stress, disease,
cardiac health, and the like. Cardiac function can be affected
by environmental conditions such as: altitude and pressure.

“Cardiac pulse rate” or “cardiac pulse frequency” refers to
the rate of heart beats per minute (bpm). In humans, the
cardiac pulse frequency range is about 50 bpm to about 240
bpm. Each species has their own normal cardiac pulse fre-
quency. For an adult athlete, the resting heart rate will be 40 to
60 bpm. The frequency range of the cardiac pulse for animals
also varies in a similar manner. For example, a cat has a
cardiac pulse of 120 to 140 bpm, a mouse has a cardiac pulse
0f 450-750 bpm and an elephant has a cardiac pulse of 25-35
bpm. Each species has its own cardiac pulse frequency range
and thus its own “normal” heart rate. A normal resting heart
rate for a healthy adult can range from 60 to 100 bpm but may
drop to as low as 40 bpm during sleep and may go as high as
240 bpm during vigorous exercise.

A “subject” refers to a living person with a cardiac func-
tion. Although the terms “person” or “patient” may be used
throughout this disclosure, it should be appreciated that the
subject may not be human. As such, use of the terms
“human”, “person” or “patient” is not to be viewed as limiting
the scope of the appended claims strictly to human beings.

A “video”, as is generally understood, is a time-varying
sequence of image frames captured using a video imaging
device. The video may contain other components such as,
audio, time reference signals, frame rate, and the like.

A “video imaging device” refers to a single-channel or
multi-channel video camera for acquiring a video. The video
imaging device is capable of registering a photoplethysmo-
graphic signal on at least one imaging channel. FIG. 1 shows
avideo imaging device 102 actively capturing video 101 of a
subject 100. The video is communicated to a remote device
via a wireless element 103, shown as an antenna. Video imag-
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4

ing devices include: a color video camera, a monochrome
video camera, an infrared video camera, a multispectral video
camera, a hyperspectral video camera, and a hybrid camera
comprising any combination hereof. The video imaging
device may have a plurality of outputs from which the video
can be retrieved or otherwise received on a per-channel basis
and may incorporate memory and a storage device. Multi-
channel video imaging systems comprising standard video
cameras and those with spectral sensors are available from
different vendors in various streams of commerce. Video
imaging devices may incorporate one or more processors
executing machine readable program instructions for analyz-
ing batches of image frames in real-time, in accordance with
the teachings hereof.

“Receiving image frames” is intended to be widely con-
strued and includes: retrieving, capturing, acquiring, or oth-
erwise obtaining image frames for processing. The image
frames can be retrieved from a memory or storage device of
the video imaging device or retrieved from a media such as a
CDROM or DVD. Video image frames can be obtained from
a remote device over a network or downloaded from a web-
based system or application which makes image frames avail-
able for processing. Video image frames can also be retrieved
using an application such as those which are widely available
for handheld wireless cellular devices and processed on the
user’s smartphone or other handheld computing device such
as an iPad or tablet device.

A “batch of image frames” refers to a plurality of time-
sequential image frames of a video of the subject. FIG. 2
shows an example batch of 13 image frames (collectively at
200) of the subject acquired by the video imaging device of
FIG. 1. Batches of image frames do not have to be the same
size and may vary dynamically during processing. A size ofa
given batch of video image frames should at least be of a
duration which captures one cardiac cycle of the subject.
Batches of image frames can be defined for processing uti-
lizing a sliding window. In one example, the sliding window
defines each successive batch with 1 second of new image
frames and 29 seconds of image frames from the previous
batch, (i.e., a 96% overlap). A size of a batch can be pre-
defined as needed. Batches of image frames are processed to
isolate regions of exposed skin.

A “region of exposed skin” refers to an unobstructed view
of the subject’s skin as seen through the lens of the video
imaging device. Regions of exposed skin are isolated in the
image frames of the batch where a physiological signal cor-
responding to the subject’s cardiac function was registered by
one or more imaging channels of the video imaging device
used to capture that video. FIG. 3 shows one of the image
frames of the batch of FIG. 2 with a rubber-band box having
been drawn around various isolated regions of exposed skin
(at 301, 302, 303 and 304). It should be appreciated that the
isolated regions of FIG. 3 are illustrative for explanatory
purposes. Other regions may be identified. As such, FIG. 3
should not be viewed as limiting the scope of the appended
claims solely to the identified regions of exposed skin shown.
A region of exposed skin has a minimum size. Regions do not
have to be the same size. The size of a given region of exposed
skin will vary depending on the application and thus a dis-
cussion as to a specific size of a region is omitted. Since a
premature baby in a neonatal intensive care unit (NICU) has
less skin surface than an adult, the video camera should
preferably be zoomed-in on the baby to capture larger regions
of exposed skin and thus obtain larger numbers of pixels of
skin surface for processing.

“Isolating a region of exposed skin” in the image frames of
a given batch can be effectuated using image processing
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techniques which include, for instance object identification,
pattern recognition, face detection and facial recognition
methods. Regions can be identified in image frames using a
pixel classification method. Methods for classifying pixels in
an image are disclosed in: “Determining A Total Number Of
People In An IR Image Obtained Via An IR Imaging System”,
U.S. Pat. No. 8,520,074, by Wang et al., which discloses a
ratio method for classifying pixels in an image; “Determining
A Number Of Objects In An IR Image”, U.S. Pat. No. 8,587,
657, by Wang et al., which discloses a correlation method and
a best fitting reflectance method for classifying pixels in an
image; and “Determining A Pixel Classification Threshold
For Vehicle Occupancy Detection”, U.S. patent application
Ser.No. 13/324,308, by Wang et al., which discloses a method
for determining a threshold used for pixel classification.
Other methods include color and texture identification, analy-
sis of spatial features, spectral information, and a user input.
A user or technician may use a mouse or a touchscreen dis-
play to identify regions ofexposed skin in the image frames of
the video (as shown in FIG. §). Pixels in each isolated region
are processed to obtain a time-series signal for each region.
A “time-series signal” is a signal which contains frequency
components related to the subject’s cardiac pulse frequency.
A time series signal is generated by processing pixels in each
of the isolated regions of batches of video image frames. One
method for obtaining a time-series signal for a given region of
isolated pixels involves averaging pixel values within the
isolated regions across all the image frames in the batch. An
average is then computed of all pixel values to obtain a chan-
nel average per frame. A global channel average can be com-
puted, for each channel, by adding the channel averages
across multiple frames and dividing by the total number of
frames. The channel average is subtracted from the global
channel average and the result is divided by a global channel
standard deviation to obtain a Zero-mean unit variance time-
series signal for each isolated region in each batch of image
frames. The time-series signal contains frequency compo-
nents. The time-series signals may be normalized and are then
subjected to a pre-filtering to remove undesirable frequen-
cies. Segments of the time-series signal can be weighted, as
desired. Such a weighting may be applied over one or more
segments while other signal segments are not weighted.
Methods for weighting signal segments are widely under-
stood in the signal processing arts. It should be appreciated
that the time-series signal may be received or retrieved from
a remote device such as a computer workstation over a wired
or wireless network with the captured video having been
communicated directly to the remote device for generation of
the time-series signal on a continuous basis. The time-series
signals are generated in real-time from a streaming video for
continuous cardiac function monitoring and assessment. A
time-series signal can be identified using a measure of close-
ness determined with respect to a reference signal such as an
ECG signal obtained using non-invasive electro-optic tech-
niques. The reference signal facilitates the identification of a
time-series signal in the source video utilizing a measure of
closeness. Methods for processing video image frames to
identify a time-series signal and for enhancing that signal are
disclosed in: “Processing Source Video For Real-Time
Enhancement Of A Signal Of Interest”, U.S. patent applica-
tion Ser. No. 13/745,283, by Tanaka et al. The video image
frames may be processed to remove undesirable periodic
signals and background noise as disclosed in: “Removing
Environment Factors From Signals Generated From Video
Images Captured For Biomedical Measurements”, U.S.
patent application Ser. No. 13/401,207, by Mestha et al. The
time-series signal obtained for each region is processed to
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obtain a physiological signal. The physiological signal is, in
turn, processed to extract a cardiac pulse rate. The obtained
cardiac pulse rate is then compared, on a per-region basis, to
a last good cardiac pulse rate obtained for the subject by
having processed a previous batch of image frames. As
batches of image frames are processed in real-time, a “good”
cardiac pulse rate is determined for each batch.

A “good cardiac pulse rate” means a retained cardiac pulse
rate from a current batch which has a minimum difference
(i.e., a smallest delta) between several regions selected to
monitor cardiac pulse when compared to the last good cardiac
pulse rate obtained from a previous batch of image frames.
Note that, if all of the cardiac pulse rates for each region of a
given batch of image frames are discarded, (i.e., none are
retained) due to, for instance, excessive movement having
occurred during video acquisition of those image frames or
none of the determined deltas is less than the threshold level,
then there would be no “good” cardiac pulse rate for the
current batch. In this instance, on a next iteration of process-
ing a next batch of image frames, retained cardiac pulse rates
would be compared to the last known “good” cardiac pulse
rate. In various embodiments hereof, if none of the cardiac
pulse rates are retained for a given batch, an alert signal is
initiated which provides an indication that all the cardiac
pulse rates for the current batch were discarded.

Example Image Capturing System

Reference is now being made to FIG. 4 which illustrates an
example video image camera 400 capturing a multi-channel
signal of a baby in a neonatal intensive care unit (NICU)
shown resting her head on a cloth while parts of her body are
partially covered.

InFIG. 4, the video camera is rotatably fixed to a mounting
arm 401 such that the video camera’s field of view can be
directed by a nurse (not shown) onto an area of exposed skin
of the premature infant for continuous monitoring of cardiac
fanction. Support arm 401 is preferably mounted on wheels
so that the video system can be moved from bed to bed and
room to room throughout the facility. Although the premature
infant patient is shown in a supine position, it should be
appreciated that video images of a subject can be captured
while the subject is seated in wheelchair, standing, walking or
running on a treadmill, or pedaling a cycle. The embodiment
of FIG. 4 is not to be viewed as limiting the scope of the
appended claims in any respect.

Video imaging device 400 is zooming-in on the premature
infant such that images are captured thereof will have larger
regions of exposed skin and thus contain more pixels. The
captured video image frames of FIG. 4 comprise multi-chan-
nel source data. FIG. 5 shows one image frame from the batch
of image frame of FIG. 4.

Video camera 400 has imaging sensors which may be a
single sensor or a sensor array including a plurality of indi-
vidual or separate sensor units. The imaging sensors may take
a variety of forms each having the capability of detecting
changes in the status of sensors and outputting an alarm,
notice, report, and the like if a change in any hardware or
software of the camera has been detected. A central processor,
internal to the video imaging device, is in communication
with an internal memory. Antenna 402 communicates the
video image frames to one or more remote devices via net-
work 403 by a wired or wireless connection. A remote device
may be a workstation with a graphical display device, or a
handheld device such as an iPhone, iPad, or notebook. Tech-
niques for placing devices in networked communication are
well established. Therefore, a further discussion as to specific
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techniques for networking is omitted for brevity. Video imag-
ing device 400 may be connected via other means such as
cable, or any other communication means.

In accordance with the methods disclosed herein, image
frames are processed to isolate regions of exposed skin of the
subject in the video being monitored for cardiac function.
FIG. 5 is a close-up image of the baby of FIG. 4 wherein four
regions of exposed skin (501, 502, 503, 504) have been iso-
lated.

Flow Diagram of One Example Embodiment

Reference is now being made to the flow diagram of FIG.
6 which illustrates one embodiment of the present method for
continuous estimation of cardiac pulse rate from a video of a
subject being monitored for cardiac function in anon-contact,
remote sensing environment. Flow processing begins at step
600 and immediately proceeds to step 602.

At step 602, receive a batch of time-sequential image
frames for processing. The batch of image frames are a por-
tion ofthe video acquired in a continuous manner with avideo
imaging device. One example video imaging device is shown
and discussed with respect to FIGS. 1 and 4.

At step 604, isolate, in the image frames of this batch, at
least two regions of exposed skin of the subject’s body. FIG.
3 shows various isolated regions of exposed skin. FIG. 5
shows various isolated regions of exposed skin on the prema-
ture baby.

At step 606, select a first region for processing. The selec-
tion can be performed manually by a technician viewing the
batch of image frames as they are being received for process-
ing or by an algorithm which identifies regions of exposed
skin in the image frames using image processing techniques.

At step 608, process pixels of this region to obtain a time-
series signal.

At step 610, extract, from the time-series signal, a physi-
ological signal which corresponds to the subject’s cardiac
function.

At step 612, process the physiological signal to obtain a
cardiac pulse rate.

Reference is now being made to the flow diagram of FIG.
7 which is a continuation of the flow diagram of FIG. 6 with
flow processing continuing with respect to node A;

At step 614, compare the cardiac pulse rate for this region
to alast good cardiac pulse rate for the subject from a previous
batch of image frames to determine a difference (or delta)
therebetween. On a first iteration, this comparison is per-
formed using an initial cardiac pulse rate pre-set for the sub-
ject.

At step 616, a determination is made whether the differ-
ence exceeds a threshold. If so, then, at step 618, discard this
region’s cardiac pulse rate. Otherwise, at step 620, retain this
region’s cardiac pulse rate.

Atstep 622, a determination is made whether more isolated
regions remain to be processed. If so, then processing repeats
with respect to node B wherein, at step 606, a next isolated
region is selected or otherwise identified for processing. Pro-
cessing repeats in a similar manner for each region isolated in
the image frames of the current batch.

At step 624, compare each of the retained cardiac pulse
rates with a last good cardiac pulse rate to determine which
had a minimum difference.

At step 626, identify the cardiac pulse rate with the mini-
mum difference (smallest delta) within a pre-defined range to
be the next good cardiac pulse rate for the current batch. The
next good cardiac pulse rate will then be used for comparison
purposes on a next iteration. Thereafter, in this embodiment
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of continuous processing, flow continues with respect to node
C wherein, at step 602, a next batch of image frames is
processed. In this embodiment, processing repeats in a con-
tinuous manner until the system is turned OFF or video acqui-
sition otherwise ceases. In other embodiments, video of a
desired duration such as, for example, 30 minutes is acquired
and processed in real-time. A timer can be pre-set to a desired
length of time with video acquisition and further processing
terminating upon expiration of the limit set by the timer.

In another embodiment, the cardiac pulse rate is continu-
ously analyzed to determine whether an alert condition exists.
Such a determination can be made using, for example, one or
more threshold levels which may be retrieved from a memory,
storage device, or data base, or which may be set or pre-set by
a technician or medical professional. The alert condition can
be determined by a visual examination of the cardiac pulse
rate, or by an algorithm monitoring these signals or by ana-
lyzing any of the intermediate results obtained from process-
ing the image frames of a given batch. If it is determined that
an alert condition exists then an alert signal is initiated. The
alert signal can be sent to a technician, nurse, medical prac-
titioner, and the like. Such an alert signal may take the form of
a tone or bell, or a visual or audible message being activated
atanurse’s station. The alert may be a message such as a text,
audio, and/or video. The alert may take the form of a blinking
light on a control panel or display device associated with the
present system.

It should also be appreciated that the flow diagrams
depicted herein are illustrative. One or more of the operations
may be performed in a differing order. Other operations may
be added, modified, enhanced, or consolidated. Variations
thereof are intended to fall within the scope of the appended
claims.

Example Networked System

Reference is now being made to FIG. 8 which illustrates a
block diagram of one example batch processing system 800
for performing various aspects of the teachings hereof as
discussed with respect to the flow diagrams of FIGS. 6 and 7.

In FIG. 8, batch processing system 800 receives at least a
batch of image frames into Buffer 802 which may be further
configured to also store data, mathematical formulas and
other representations to facilitate processing of the image in
accordance with the teachings hereof. Such data can be stored
to storage media 803. Region Analyzer 804 processes the
image frames of the batch to identify a plurality of skin
surface regions. Pixel Processor Module 805 processes the
pixels in each of the identified regions to obtain a time-series
signal for each region. Extraction Module 806 receives the
time-series signals and extracts a physiological signal there-
from which corresponds to the subject’s cardiac function.
Processor 807 and memory 808 process the physiological
signals to obtain, for each region, a cardiac pulse rate. Pro-
cessor 807 further executes machine readable program
instructions which determine which of the cardiac pulse rates
should be retained or discarded based on a result of the dif-
ferences determined as a result of having compared each of
the cardiac pulse rates to the last good cardiac pulse rate. In
other embodiments, processor 807 further determines
whether any movement occurred which is likely to have
skewed any of the obtained cardiac pulse rates. Further, the
processor and memory support the processing requirements
of the modules and processing units of the batch processing
system 800. System 800 is shown in communication with a
workstation.
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Workstation 810 has a computer case 12 which houses a
motherboard with a processor and memory, a communica-
tions link such as a network card, graphics card, and the like.
The workstation has hardware which reads/writes to a com-
puter readable media 811 such as a floppy disk, CD-ROM,
DVD, USB-Drive, etc. The workstation further includes a
display device 812 such as a CRT, LCD, touch screen, etc., a
keyboard 813 and a mouse 814. The workstation is shown
implementing a database 816 wherein patient records are
stored, manipulated. and retrieved in response to a query.
Such records, in various embodiments, take the form of
patient medical history stored in association with information
identifying the patient along with information regarding the
regions processed, camera settings, mathematical represen-
tations and data values used to process the batch of image
frames, medical diagnosis, and the like. Although the data-
base is shown as an external device, the database may be
internal to the workstation mounted, for example, on a hard
disk therein. The workstation is placed in communication
with one or more remote devices over a network 816, which
may comptise a wired or wireless connection. Any of the
values, images, results, and the like, which are obtained or
produced by the system of FIG. 8 may be communicated to
one or more remote devices over the network. It should be
appreciated that the workstation has an operating system and
other specialized software configured to display a wide vari-
ety of numeric values, text, scroll bars, pull-down menus with
user selectable options, and the like, for entering, selecting, or
modifying information displayed on the display device. The
embodiment shown is illustrative. Although shown as a desk-
top computer, it should be appreciated that the workstation
can be a smartphone, laptop, mainframe, client/server, or a
special purpose computer such as an ASIC, circuit board,
dedicated processor, or the like.

Each module of the batch processing system of FIG. 8 may
have aspecialized processor executing machine readable pro-
gram instructions for performing their intended functions. A
module may comprise an ASIC, an electronic circuit, a spe-
cial purpose processor, and the like. A plurality of modules
may be executed by a single special purpose computer system
or a plurality of computer systems operating in parallel. Mod-
ules may include software/hardware which may further com-
prise an operating system, drivers, controllers, and other
apparatuses some or all of which may be connected via a
network. Various modules may designate one or more com-
ponents. A plurality of modules may collectively perform a
single function.

Various aspects of the systems and methods described
herein are intended to be incorporated in an article of manu-
facture which may be shipped, sold, leased, or otherwise
provided separately either alone or as part of a product suite.
The above-disclosed features and functions or alternatives
thereof, may be combined into other systems and applica-
tions. Presently unforeseen or unanticipated alternatives,
modifications, variations, or improvements may become
apparent and/or subsequently made by those skilled in the art
and, further, may be desirably combined into other different
systems or applications. Changes to the above-described
embodiments may be made without departing from the spirit
and scope of the invention.

The teachings of any printed publications including patents
and patent applications, are each separately hereby incorpo-
rated by reference in their entirety.
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What is claimed is:

1. A method for continuous estimation of cardiac pulse rate
from video of a subject being monitored for cardiac function
in a non-contact, remote sensing environment, the method
comprising:

repeatedly receiving batches of time-sequential image
frames captured by at least one video imaging device of
a subject being monitored for cardiac function: and

processing successive batches of image frames, compris-
ing:

A) isolating, in said image frames, at least two regions of
exposed skin of said subject where a signal correspond-
ingtosaid subject’s cardiac function was registered by at
least one imaging channel of said video imaging device;

B) for each of said isolated regions, performing:

(1) processing pixels of said isolated region to obtain a
time-series signal for this region;

(ii) extracting, from said time-series signals, a physi-
ological signal corresponding to said subject’s car-
diac function;

(ii1) processing said physiological signal to obtain a
cardiac pulse rate for this region;

(iv) comparing said cardiac pulse rate for this region to a
last good cardiac pulse rate for said subject deter-
mined by having processed a previous batch to obtain
a difference therebetween, on a first iteration said
comparison being performed using an initial cardiac
pulse rate determined for said subject; and

(v) in response to said difference exceeding a threshold
level, discarding this region’s cardiac pulse rate, oth-
erwise retaining this region’s cardiac pulse rate; and

C) in response to having performed steps A and B, deter-
mining that a retained cardiac pulse rate with a minimum
difference between a last good cardiac pulse rate for a
previous batch to be a next good cardiac pulse rate fora
current batch, said next good cardiac pulse rate being
used for comparison purposes on a next iteration.

2. The method of claim 1, wherein said video imaging
device is any of: a color video camera, a monochrome video
camera, an infrared video camera, a multispectral video
imaging device, a hyperspectral video camera, and a hybrid
camera comprising any combination hereof.

3. The method of claim 1, wherein pixels associated with
said regions of exposed skin are isolated in said image frames
using any of: pixel classification, object identification, tho-
racic region recognition, color, texture, spatial features, spec-
tral information, pattern recognition, face detection, facial
recognition, and a user input.

4. The method of claim 1, wherein said regions of exposed
skin may or may not partially overlap.

5. The method of claim 1, wherein said batch of image
frames partially temporally overlaps with the image frames of
a previous batch.

6. The method of claim 1, wherein said threshold used for
determining whether a difference between this region’s car-
diac pulse rate and the last good cardiac pulse rate for said
subject is a function of any of: an age of said subject, a health
of said subject, and a state of the subject’s cardiac function.

7. The method of claim 1, further comprising filtering said
time-series signal with a low and high cutoff frequency
defined as a function of said subject’s cardiac pulse fre-
quency.

8. The method of claim 7, further comprising any of:

performing a non-parametric spectral density estimation
on said filtered signal,

performing a parametric spectral density estimation on
said filtered signal; and
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performing automatic peak detection on said filtered sig-
nal.

9. The method of claim 1, further comprising detrending
said time-series signal to remove low frequency and non-
stationary components.

10. The method of claim 1, further comprising determining
whether a movement occurred during video acquisition of the
current batch of image frames which is likely to have skewed
said cardiac pulse rate obtained for this region, and in
response to said movement exceeding a threshold level of
movement, discarding this region’s cardiac pulse rate, other-
wise retaining this region’s cardiac pulse rate.

11. The method of claim 10, wherein determining whether
amovement occurred during video acquisition comprises any
of:

analyzing pixels of said isolated region to determine
whether a movement occurred;

using a motion detector to determine when a movement
occurred; and

visually observing said subject.

12. The method of claim 11, wherein analyzing pixels of
said isolated region to identify movement comprises any of:

achange in a location of a center pixel within said isolated
region;

a change in a size of said isolated region;

achange in a shape of said isolated region;

a change in a color of said isolated region; and

aresidual from frame differencing.

13. The method of claim 1, further comprising analyzing
said physiological signal to determine an occurrence of any
of: Cardiac Arrhythmia, Cardiac Stress, Cardiac Failure, and
Heart Disease.

14. The method of claim 1, further comprising communi-
cating said cardiac pulse rate to any of: a memory, a storage
device, a display device, and a remote device over a network.

15. A system for continuous estimation of cardiac pulse
rate from video of a subject being monitored for cardiac
function in a non-contact, remote sensing environment, the
system comprising:

aprocessor in communication with a memory, said proces-
sor receiving batches of time-sequential image frames
captured by at least one video imaging device of a sub-
ject being monitored for cardiac function and executing
machine readable instructions for processing successive
batches of image frames, comprising:

A) isolating, in said image frames, at least two regions of
exposed skin of said subject where a signal correspond-
ingtosaid subject’s cardiac function was registered by at
least one imaging channel of said video imaging device;

B) for each of said isolated regions, performing:

(1) processing pixels of said isolated region to obtain a
time-series signal for this region;,

(i1) extracting, from said time-series signals, a physi-
ological signal corresponding to said subject’s car-
diac function; (ii1) processing said physiological sig-
nal to obtain a cardiac pulse rate for this region;

(iv) comparing said cardiac pulse rate for this region to a
last good cardiac pulse rate for said subject deter-
mined by having processed a previous batch to obtain
a difference therebetween, on a first iteration said
comparison being performed using an initial cardiac
pulse rate determined for said subject; and

(v) in response to said difference exceeding a threshold
level, discarding this region’s cardiac pulse rate, oth-
erwise retaining this region’s cardiac pulse rate;

C) in response to having performed steps A and B, deter-
mining that a retained cardiac pulse rate with a minimum
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difference between a last good cardiac pulse rate for a
previous batch to be a next good cardiac pulse rate fora
current batch, said next good cardiac pulse rate being
used for comparison purposes on a next iteration; and

D) communicating said next good cardiac pulse rate to a

display device.

16. The system of claim 15, wherein said video imaging
device is any of: a color video camera, a monochrome video
camera, an infrared video camera, a multispectral video
imaging device, a hyperspectral video camera, and a hybrid
camera comprising any combination hereof.

17. The system of claim 15, wherein pixels associated with
said regions of exposed skin are isolated in said image frames
using any of: pixel classification, object identification, tho-
racic region recognition, color, texture, spatial features, spec-
tral information, pattern recognition, face detection, facial
recognition, and a user input.

18. The system of claim 15, wherein said regions of
exposed skin partially overlap.

19. The system of claim 15, wherein said batch of image
frames partially temporally overlaps with the image frames of
a previous batch.

20. The system of claim 15, wherein said threshold used for
determining whether a difference between this region’s car-
diac pulse rate and the last good cardiac pulse rate for said
subject is a function of any of: an age of said subject, a health
of said subject, and a state of the subject’s cardiac function.

21. The system of claim 15, further comprising filtering
said time-series signal with a low and high cutoff frequency
defined as a function of said subject’s cardiac pulse fre-
quency.

22. The system of claim 21, further comprising any of:

performing a non-parametric spectral density estimation

on said filtered signal,

performing a parametric spectral density estimation on

said filtered signal; and

performing automatic peak detection on said filtered sig-

nal.

23. The system of claim 15, further comprising detrending
said time-series signal to remove low frequency and non-
stationary components.

24. The system of claim 15, further comprising determin-
ing whether amovement occurred during video acquisition of
the current batch of image frames which is likely to have
skewed said cardiac pulse rate obtained for this region, and in
response to said movement exceeding a threshold level of
movement, discarding this region’s cardiac pulse rate, other-
wise retaining this region’s cardiac pulse rate.

25. The system of claim 24, wherein determining whether
amovement occurred during video acquisition comprises any
of:

analyzing pixels of said isolated region to determine

whether a movement occurred;

using a motion detector to determine when a movement

occurred; and

visually observing said subject.

26. The system of claim 25, wherein analyzing pixels of
said isolated region to identify movement comprises any of:

a change in a location of a center pixel within said isolated

region;

a change in a size of said isolated region;

a change in a shape of said isolated region;

a change in a color of said isolated region; and

a residual from frame differencing.
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27. The system of claim 15, further comprising analyzing
said physiological signal to determine an occurrence of any
of: Cardiac Arrhythmia, Cardiac Stress, Cardiac Failure, and
Heart Disease.
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