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(57) ABSTRACT

What is disclosed 1s a novel system and method for extracting
photoplethysmographic (PPG) signals (i.e., cardiac signals)
on a continuous basis from signals generated from video
images captured of a subject being monitored for cardiac
function in a non-contact remote sensing environment. [n one
embodiment, a time-series signal is received. The time-series
signal is generated from video images captured of a region of
exposed skin where a PPG signal of a subject of interest can
be registered. The time-series signal is then divided into
batches for processing, with successive batches having at
least a 95% overlap with a previous batch. Each of the batches
of time-series signals is processed to obtaina PPG signal from
each batch. A mid-point of each of these PPG-signals is
stitched together to obtain a continuous PPG signal for the
subject. The continuous PPG signal for the subject can then
viewed on a display device.
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CONTINUOUS CARDIAC PULSE RATE
ESTIMATION FROM MULTI-CHANNEL
SOURCE VIDEO DATA WITH MID-POINT
STITCHING

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This patent application is a continuation-in-part of
commonly owned U.S. patent application Ser. No. 13/528,
307, “Continuous Cardiac Pulse Rate Estimation From
Multi-Channel Source Video Data”, by Kyal et al,, filed Jun.
20, 2012, which is incorporated herein in its entirety by ref-
erence.

TECHNICAL FIELD

[0002] The present invention is directed to systems and
methods for processing a time-series signal generated from
video captured of a subject being monitored for cardiac func-
tion.

BACKGROUND

[0003] Our previous U.S. patent application Ser. No.
13/528,307, entitled: “Continuous Cardiac Pulse Rate Esti-
mation From Multi-Channel Source Video Data”, by Kyal et
al., wherein a time-series signal 100 is processed to extract
successive overlapping cardiac signals at 101A-H of FIG. 1.
Previous segments of signals 101 A-E are not shown because
they run off the sheet. Each signal 101 A-H has an endpoint or
end-segment at 102A-H, respectively. To obtain continuous
cardiac signal 103 for the subject of interest, these end-seg-
ments are stitched together. However, this method of endpoint
stitching introduces artifacts, collectively at 104. The teach-
ings hereof are specifically directed to resolving this particu-
lar issue.

BRIEF SUMMARY

[0004] What is disclosed is a novel system and method for
extracting photoplethysmographic (PPG) signals (i.e., car-
diac signals) on a continuous basis from signals generated
from video images captured of a subject being monitored for
cardiac function in a non-contact remote sensing environ-
ment. In one embodiment, a time-series signal is received.
The time-series signal is generated from video images cap-
tured of a region of exposed skin where a PPG signal of a
subject of interest can be registered. The time-series signal is
then divided into batches for processing, with successive
batches having at least a 95% overlap with a previous batch.
Each of the batches of time-series signals is processed to
obtain a PPG signal from each batch. A mid-point of each of
these PPG-signals is stitched together to obtain a continuous
PPG signal for the subject. The continuous PPG signal for the
subject can then viewed on a display device.

[0005] Many features and advantages of the above-de-
scribed method will become readily apparent from the fol-
lowing detailed description and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] 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:
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[0007] FIG. 1illustrates an example prior art method which
generates a continuous cardiac signal using endpoint stitch-
ing;

[0008] FIG. 2 illustrates the present method which gener-

ates a continuous cardiac signal using mid-point or mid-
section stitching;

[0009] FIG. 3 illustrates an example system for capturing a
multi-channel video signal of a subject of interest;

[0010] FIG. 4 is a block diagram of one embodiment of a
signal processing system for performing various aspects of
the present system and method,

[0011] FIG. 5 is a flow diagram which illustrates one
embodiment of the present method for continuous cardiac
pulse rate estimation;

[0012] FIG. 6 is a continuation of the flow diagram of FIG.
5 with flow processing continuing with respect to node A;
[0013] FIG. 7is a continuation of the flow diagram of FIG.
6 with flow processing continuing with respect to node C;
[0014] FIG. 8 illustrates a sliding window which is repeat-
edly shifted to define overlapping successive time-series sig-
nal segments for processing in accordance with various
embodiments hereof;

[0015] FIG. 9 shows an example block diagram of one
embodiment of the present method for continuous pulse rate
monitoring with computational blocks for a video stream
comprised of n number of batches, the functional steps being
repeated as new video streams arrive;

[0016] FIG. 10 illustrates a block diagram of one example
signal processing system for performing various aspects of
the present method as shown and described with respect to the
flow diagrams of FIGS. 5-7,

[0017] FIG. 11 shows an image of an infant in a neonatal
intensive care unit (NICU) with a region of interest of
exposed skin being identified using custom software;

[0018] FIG. 12 shows pulse signals extracted from a video
of the infant of FIG. 11 via successive overlapping batch
processing in accordance with the present method; and
[0019] FIG. 13 illustrates a block diagram of one example
special purpose computer for implementing one or more
aspects of the present method as described with respect to the
flow diagrams of FIGS. 5-7, and the block diagrams of FIGS.
4and9.

DETAILED DESCRIPTION

[0020] Whatis disclosed is a computationally efficient sys-
tem and method for estimating a subject’s cardiac pulse rate
from multi-channel source video data that can be used in a
continuous monitoring mode with a high degree of measure-
ment accuracy.

NON-LIMITING DEFINITIONS

[0021] A “subject of interest”, as used herein, refers to a
human having a cardiac function. Although the term
“human”, “person”, or “patient” may be used throughout this
text, it should be appreciated that the subject of interest may
be something other than a human being such as, for instance,
an animal. Use of “person” or “patient” is not to be viewed as
limiting the appended claims strictly to humans.

[0022] A “video” is a time-varying sequence of images
captured using a video camera capable of acquiring video
data over multiple data acquisition channels. The video may
also contain other components such as, audio, time reference
signals, and the like.
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[0023] A “time-series signal” refers to a time varying signal
generated from images of the captured video. The time-series
signal generated from the captured video images can be RGB
signals, IR signals, a combination of RGB and IR signals,
multi-spectral signals, or hyperspectral signals. Time-series
signals may be generated in real-time from a streaming video
as in the case of continuous patient monitoring.

[0024] “Receiving a time-series signal” is intended to be
widely construed and means to retrieve, receive, capture with
a video capture device, or otherwise obtain a time-series
signal for processing in accordance with the teachings hereof.
In various embodiments, the time-series signal is retrieved
from a remote device such as a computer workstation over a
wired or wireless network or obtained on a continuous basis
from a video stream.

[0025] A “sliding window” refers to a window of size win_
size that identifies successive segments of a time-series signal
for processing in accordance with the teachings hereof. The
window has a size which can be different for one or more
time-series signal segments. The window size can also be
based on a performance characteristic of the blind source
separation method used for constrained source separation. A
cardiac signal is extracted from each batch of time-series
signal. Each successive batch has at least a 95% overlap with
a previous batch. The overlap must be significant enough to
ensure consistency in signal recovery estimation.

[0026] A “seed reference signal” is a reference signal used
to perform constrained source separation on a particular time-
series signal segment. On each iteration of running con-
strained source separation, an estimated output signal is gen-
erated. If, as determined by a measure of closeness, the
estimated output signal produced on the current iteration is
not within a threshold level then the seed reference signal is
updated to obtain an updated reference signal. In a manner as
more fully described herein, the updated reference signal is
used on a next iteration of constrained source separation
performed on the current time-series signal segment to obtain
another estimated source signal. On each iteration, a close-
ness measure is determined and, in response to the measure of
closeness not being within a pre-defined threshold, the refer-
ence signal is again updated and constrained source separa-
tion is performed yet again. The process repeats until the
estimated source signal is within a threshold limit or a pre-
determined number of iterations have occurred. It should be
appreciated that, on the first iteration, the seed reference
signal is used for cICA processing of the current time-series
signal segment, with the reference signal being updated for
each successive iteration of cICA processing until a termina-
tion criteria is reached.

[0027] “Updating the reference signal” means changing at
least one aspect of the reference signal. The reference signal
may be updated by, for example, changing a frequency of the
signal, or by changing an amplitude or phase of the signal.
The reference signal may be updated by altering a waveform
of the signal. The waveform can be, for example, a sine wave,
asquare wave, a user defined shape such as that obtained from
an ECG signal, or a cardiac pulse waveform derived from
apriori knowledge of the subject’s cardiac history.

[0028] “Stitching via mid-points” means, according to the
present method, connecting together mid-sections of
extracted signals to obtain a continuous cardiac signal. Ref-
erence is now being made to FIG. 2 wherein the time-series
signal 110 is processed by a sliding window of win_size
which divides each of the extracted signals 201A-H into five
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segments. As previously discussed with respect to FIG. 1,
continuous cardiac signal 103 was generated by stitching
together the endpoints of each of the overlapping cardiac
signals extracted from the time-series signal 103. The present
method stitches together the mid-sections of each successive
signal to obtain a continuous cardiac signal 203 that does not
have artifacts.

[0029] “Conditioning the signal” means processing the
estimated source signal to remove artifacts. Artifacts include
undesirable periodic signals, background noise and other
unwanted environmental factors. As disclosed herein, the
conditioned signal becomes the seed reference signal used for
to perform constrained source separation on the next time-
series signal segment defined by the sliding window.

[0030] “Cardiac function” refers to the function ofthe heart
and, to a large extent, to the cardio-vascular system. In most
species, the heart comprises muscle which repeatedly con-
tracts to pump blood throughout the vascular network. Car-
diac function can be impacted by a variety of factors includ-
ing age, stress, disease, overall health, and the like. Cardiac
function can also be affected by environmental conditions
such as altitude and pressure.

[0031] A “cardiac pulse” is a pressure wave that is gener-
ated by the subject’s heart (in systole) as the heart pushes a
volume of blood into the arterial pathway. Arterial movement,
as a result of this pressure wave, can be sensed by tactile and
electronic methods. A frequency of the cardiac pulse is the
pulse rate measured over time, typically recorded in beats per
minute (bpm). A resting adult human has a cardiac pulse rate
of about 72 bpm. The frequency range of the human cardiac
pulse is between about 50 bpm to 240 bpm. Each species have
their own “normal” heart rate and thus their own cardiac pulse
frequency range. Heart rate is proportional to the cardiac
output, i.e., the volume of blood the heart can pump expressed
in I/min (~5 L/min in an adult human). Cardio Qutput is often
defined as: CO=SV-HR, where SV is stroke volume and HR
is heart rate (in bpm). Stroke volume can be affected by
valvular dysfunction and ventricular geometric form.

[0032] “Blind Source Separation™ is a technique for the
recovery of unobserved signals from a mixed set of observed
signals without any prior information being known about how
the signals were mixed. Typically, the observed signals are
acquired as output from sensors where each sensor receives or
otherwise detects a different proportion of mixture of source
signals. Blind source separation is a method for separating the
source signals. One form of blind source separation is inde-
pendent component analysis.

[0033] “Independent Component Analysis” (ICA) is a
decomposition technique used for uncovering independent
source signal components from a set of observations that are
composed of linear mixtures of underlying sources, i.e., inde-
pendent components of the observed data. These independent
components (ICs), also called sources or factors, can be found
by ICA methods. ICA is superficially related to principal
component analysis. ICA is a powerful technique which is
often capable of identifying underlying sources when classic
methods have failed. Data analyzed by ICA can originate
from many different kinds of applications including source
signals comprising time-series signals. In practice, the order-
ing of the ICs is quite important to separate non-stationary
signals or signals of interest with significant statistical char-
acteristics. Constraints can be placed on this technique.
[0034] “Constrained source separation” is an independent
component analysis method for separating time-series signals



US 2013/0342670 A1l

into additive sub-components using a reference signal as a
constraint. Not all constraints can be used for constrained
independent component analysis (cICA) because some con-
straints infringe classical ICA equivariant properties. Con-
straints that define or restrict the properties of the independent
components should not infringe the independence criteria.
Additional conditions can be incorporated using, for
example, sparse decomposition of signals or fourth-order
cumulants into the contrast function, to help locate the global
optimum separating the components.

[0035] CcICA is essentially a constraint minimization prob-
lem, i.e., minimize function C(y) subject to constraints: g(y:
W)<0 and/or h(y:W)=0, where C(y) is a contrast function,
where constraints:

SOW=lg, W)W, - g T

and

@ W=[h, 0 0) (e ), .. BT

define vectors of u (inequality ) and v (equality), respectively.
Statistical properties (e.g., consistency, asymptotic variance,
robustness) of ¢cICA depend on the choice of the contrast
function C(y) and the constraints in the objective function.
[0036] More formally, let the time-varying observed signal
be: x=(X,, X,, . . . , X,)7, where X is a linear mixture of ICs c,
of signal c=(c,, Cs. . . ., ¢,,)". Therefore, x=Ac where matrix
A (of size nxm) represents the linearly mixed channels
observing x. Demixing matrix W recovers components ¢, C,,
..., ¢, of signal x which, in turn, produces signal y=Wx,
given by: y=(Y,, ¥s, - - » ¥,,)"» With minimal knowledge of A
and c. Reference signal r=(r .15, . . ., ;)" carries traces of
information of desired signal ¢ and need not be exact to the
original sources. A measure of closeness is estimated between
signal y, and reference signal r, by the norm €(y,r,). The
components of output signal y are mutually independent and
correspond to 1 original sources mixed in observed signal x.
[0037] The matrix A is an mxm square matrix when there
are m number of observed signals and m number of sources.
Demixing matrix W is Ixm (I<m). The minimum norm €(y,.r,)
of all outputs y indicates that signal y, is closest to reference
signal r,. If this component is closest to the reference signal
then E(y,* r,)<e(y,’.r,), where y,=y,* is the output signal pro-
ducing the desired IC closest to r,, and y,° is the next closest
output signal. cICA recovers the closest IC if the closeness
measure and threshold are properly selected. Success
depends on the selection of threshold parameter &;:e(y,*r,)-
E,=0. None of the other m-1 sources will correspond to ref-
erence signalr, if €, is in the scalar range of [e(y,* 1,),e(V,”,1,)]-
The reader is directed to the following texts: “Independent
Component Analysis”, 1SBN-13: 978-0471405405, and
“Independent Component Analysis: Principles and Prac-
tice”, ISBN-13: 978-0521792981, which are incorporated
herein in their entirety by reference.

Example Image Capturing System

[0038] Reference is now being made to FIG. 3 which illus-
trates an example imaging system for capturing a multi-chan-
nel signal of a subject of interest.

[0039] Examination room 300 has an example image cap-
turing system 302 being operated by technician 303 standing
at the bedside 304 of subject of interest 305 shown resting his
head on a pillow while most of his body is partially covered by
sheet 307. Camera system 302 is rotatably fixed to support
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arm 308 such that the camera’s field of view 309 can be
directed by nurse 303 onto an area of exposed skin of a chest
area 306 of patient 305 for continuous monitoring of cardiac
function. Support arm 308 is on a set of wheels so that the
image capture system can be moved from bed to bed and room
to room. Although patient 305 is shown in a prone position
lying in a bed, it should be appreciated that images of the
subject of interest being monitored for cardiac function can
be captured while the subject is positioned in other supporting
devices such as, for example, a chair or wheelchair, standing
up, including walking or moving. The embodiment of FIG. 3
is not intended to be viewed as limiting the scope of the
appended claims in any respect. Camera system 302 captures
video images of the subject of interest to be monitored for
cardiac function. The captured video images comprises
multi-channel source data such as RGB and/or multi-spectral
acquired over time. Camera 302 comprises imaging sensors
which may be a single sensor or a sensor array including a
plurality of individual or separate sensor units. A central
processor integral to camera 302 and in communication with
a memory (not shown) and the imaging sensor 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. Other sensors con-
templated are capable of sensing a change of position or status
of patient 305 and issue an alarm or notification via transmis-
sion element 310 to a nurse, doctor, or technician in the event
that the cardiac function of the patient falls outside a set of
pre-defined parameters. Antenna 310 is used to communicate
the captured images to various remote devices. Transmitter
310 may be a wired (e.g., Ethernet) connection utilizing an
Ethernet network consisting of Ethernet cables and an Ether-
net hub that is in communication with a network 301. Camera
system 302 may include both wireless and wired elements
and may be connected via other means such as coaxial cable,
radio frequency, Bluetooth, or any other manner for commu-
nicating data. Network 301 receives the transmitted video
signals and wirelessly communicates the received signal data
to devices such as, for instance, a workstation with a graphical
display device, or a handheld device such as an iPhone, iPad,
notebook, and the like. Data is transferred in the form of
signals which may be, for example, electronic, electromag-
netic, optical, light, or other signals. These signals are pro-
vided to a communications device such as a server which
transmits and receives data packets by means ofa wire, cable,
fiber optic, phone line, cellular link, RF, satellite, or other
medium or communications pathway. Techniques for placing
devices in networked communication are well established.
Therefore, a further discussion as to specific techniques for
networking devices has been omitted. Any of the networked
devices may include a network interface card or system.

Example Block Diagram

[0040] Reference is now being made to FIG. 4 which is a
block diagram of one embodiment of a signal processing
system for performing various aspects of the present system
and method for continuous cardiac pulse rate estimation.

[0041] Received time-series signal 402 is provided to slid-
ing window module 404 which defines a sliding window of
size win_size and, on each iteration, uses that sliding window
to identify overlapping segments of the time-series signal for
processing. The received time-series signal is generated from
video images captured of a subject of interest being moni-
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tored for cardiac function in accordance herewith. On a first
iteration, sliding window module 404 defines a first time-
series segment 405 for processing. With each successive
iterations, sliding window module 404 identifies a successive
time-series signal segment 405 for processing. Between suc-
cessive iterations, the overlap in data frames is significant
enough to ensure consistency in signal recovery estimation.
Reference signal generator 408 generates, on a first iteration,
a seed reference signal 409 which has a frequency range that
approximates a frequency range of the subject’s cardiac
pulse. On successive iterations, the reference signal generator
conditions signal 416 to obtain a next reference signal foruse
in the next iteration. On each iteration, updated reference
signal 409 is provided to cICA algorithm 406 which produces
a next estimated source signal 407. Each of the produced
estimated source signals 407 are provided to storage device
403. On each iterations, reference signal 409 is provided to
comparator 410 wherein it is compared against the produced
estimated source signal 407 such that a difference 411 ther-
ebetween can be determined. Closeness test module 412
determines whether the difference 411 between reference
signal 409 and estimated source signal 407 are with a pre-
defined threshold (or if a pre-determined number of iterations
have occurred). If it is determined that closeness has not
occurred then signal 413 is sent to reference signal generator
408 to update reference signal 409 by changing the reference
signal frequency, amplitude, phase, and/or waveform. The
updated reference signal is then again provided to cICA 406
which, on this iteration, produces a next estimated source
signal 407. The next estimated source signal 407 produced by
cICA 406 is again compared to reference signal 409 and a
difference 411 therebetween determined. New difference 411
is provided to closeness tester 412 which again determines
whether closeness has occurred to within a pre-defined
threshold level (or if a pre-determined number of iterations
have occurred). If closeness has not occurred then the process
repeats. One of ordinary skill will recognize the iterative
nature of the signal processing system of FIG. 4. Upon close-
ness (which terminates the current cycle of iterations), signal
414 is provided to minimum error frequency determinator
416 which retrieves the estimated source signals (collectively
at 415) produced for the current time-series segment by cICA
406 and identifies which of the estimated source signals (307)
had a minimum error, .., was closest to the reference signal.
The frequency of the estimated source signal which achieved
a minimum error is determined to be the estimated cardiac
pulse rate 418 for the current time-series signal segment 405.
In this embodiment, estimated cardiac pulse rate 418 is pro-
vided to display device 419. In other embodiments, the esti-
mated cardiac pulse rate is provided to a processor to deter-
mine whether the pulse rate is within acceptable parameters
set for the subject, and an alert signal is transmitted to a
monitoring device in the event that the estimated cardiac
pulse rate, for any given segment, is outside an acceptable
limit or range. For the next time series segment 405, the
closest estimated output signal 418, as determined by the
previous iteration, is provided to signal conditioner 420
wherein signal 418 is conditioned by removing artifacts. One
method for conditioning a time-series signal may involve
constructing a square wave or a sine wave or a user defined
shape such as that obtained from an ECG signal or a PPG
signal and is disclosed in U.S. patent application entitled:
“Estimating Cardiac Pulse Recovery From Multi-Channel
Source Data Via Constrained Source Separation”, U.S. patent
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application Ser. No. 13/247,683, by Mestha et al, which is
incorporated herein in its entirety by reference. The condi-
tioned signal is provided to reference signal generator 408
and is used as seed reference signal to initiate processing of
the next time-series segment until closeness is determined (or
a pre-determined number of iterations have occurred). The
frequency ofthe closest estimated source signal is determined
to be the subject’s estimated cardiac pulse rate, for this par-
ticular time-series signal segment. The process repeats for
each time-series signal segment defined by the sliding win-
dow until all signal segments have been processed or until a
termination criteria is met.

[0042] Although the block diagram of FIG. 4 shows an
embodiment wherein current result 418 is conditioned and
used as a seed reference signal for the next successive time-
series segment, it should also be appreciated that any of the
resulting signals 418 obtained as a result of having processed
any of the previous segments 405 can be used as a seed
reference signal to initiate processing of the current time-
series signal segment.

Flow Diagram of One Embodiment

[0043] Reference is now being made to the flow diagram of
FIG. 5 which illustrates one embodiment of the present
method for continuous cardiac pulse rate estimation. Flow
processing starts at step 500 and immediately proceeds to step
502.

[0044] At step 502, receive a time-series signal generated
from video images captured of a subject of interest intended
to be monitored for cardiac function. The received time-series
signal can be RGB signals, IR signals, RGB and IR signals,
multi-spectral signals, or hyperspectral signals.

[0045] At step 504, overlay the time-series signal with a
sliding window of size win_size to define a first time-series
signal segment for processing.

[0046] At step 506, generate a seed reference signal which
has a frequency range which approximates a frequency range
of the subject’s cardiac pulse. The reference signal can be
received from a remote device over a network or retrieved
from a memory, storage device, or obtained from a database
of reference signals.

[0047] At step 508, perform constrained source separation
on the time-series signal segment using a reference signal.
Each iteration of the constrained source separation method
produces an estimated source signal.

[0048] At step 510, compare the estimated source signal to
the reference signal (used in step 508) to determine an amount
of a difference therebetween. This difference is the error
between the estimated source signal produced as a result of
having performed step 508, and the reference signal.

[0049] Reference is now being made to the flow diagram of
FIG. 6 which is a continuation of the flow diagram of FIG. 5
with flow processing continuing with respect to node A.
[0050] At step 512, a determination is made whether the
difference (of step 510) is within a pre-determined threshold
value. If not then processing continues with respect to step
514 wherein a determination is made whether a pre-defined
number of iterations have occurred. If not then processing
continues with respect to step 516 wherein the reference
signal is updated. As discussed, the reference signal may be
updated by changing any a frequency, an amplitude, a phase,
shape and a waveform of the reference signal. Changing the
waveform may comprise changing any of: a sine wave, a
square wave, a user-defined shape obtained from an ECG
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signal, and/or a cardiac pulse waveform derived from the
subject. Upon having updated the reference signal in step 516,
processing repeats with respect to node B wherein, at step
508. constrained source separation is again performed on the
current time-series signal segment using the updated refer-
ence signal. Constrained source separation produces a next
estimated source signal which, at step 510, is compared to the
updated reference signal to determine an amount of an error
therebetween. If, at step 512, the difference is not less than a
pre-defined threshold and, at step 512, a pre-determined num-
ber of iterations have not yet occurred then, at step 516, the
reference signal is again updated. Processing repeats in such
amanner until the occurrence of either the difference (of step
512) is less than the pre-defined threshold or a pre-determined
number of iterations have occurred (of step 514). If, at step
512, the difference produced as a result of the comparison of
step 510 is less than the pre-defined threshold then processing
continues with respect to node C. If, at step 514, the pre-
defined number of iterations has occurred then processing
continues also with respect to node C.

[0051] 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 C.
[0052] At step 518, the frequency at which a minimum
error was achieved (between the estimated source signal and
the reference signal of step 510) is determined for the current
time-series signal segment being processed. This frequency is
determined to be the subject’s estimated cardiac pulse rate for
the current time-series segment (of step 504).

[0053] Atstep 520, theresult (of step 518) is communicated
to a display device. The results may be further processed for
a determination as to whether the subject’s estimated cardiac
pulse rate is within acceptable limits. If not then a signal can
be generated to notify, for example, the patient’s cardiac
physician or a nurse.

[0054] At step 522, a determination is made whether more
time-series signal segments remain to be processed. If not
then, in this embodiment, further processing stops. Other-
wise, processing continues with respect to step 524.

[0055] At step 524, condition the estimated source signal
with the minimum error (of step 518) to produce a next
reference signal to be used by the constrained source separa-
tion algorithm to processed the next time-series signal seg-
ment.

[0056] At step 526, shift the sliding window such that it
defines a next successive time-series signal for processing.
Each successive shifting of the sliding window at least par-
tially overlapping the previous time-series signal segment.
The overlap in data frames is preferably significant enough to
ensure consistency in signal recovery estimation. This will
depend, to a large extent, on the time-series signals being
processed and may be determined by trial and error or based
upon past experience in processing such signals. Once a next
time-series signal segment has been identified, processing
repeats with respect to node B wherein constrained source
separation is performed on this signal segment using the next
reference signal (of step 524). Processing continues in such a
manner until, at step 522, it is determined that no more time-
series signal segments remain to be processed, and further
processing stops.

[0057] It should be appreciated that the flow diagrams
hereof are illustrative. One or more of the operative steps
illustrated in any of the flow diagrams may be performed in a
differing order. Other operations, for example, may be added,
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modified, enhanced, condensed, integrated, or consolidated
with the steps thereof. Such variations are intended to fall
within the scope of the appended claims. All or portions of the
flow diagrams may be implemented partially or fully in hard-
ware in conjunction with machine executable instructions.

Example Sliding Window Defining Overlapping Signal
Segments

[0058] Reference is now being made to FIG. 8 which illus-
trates a sliding window which is repeatedly shifted to define
overlapping successive time-series signal segments for pro-
cessing in accordance with various embodiments hereof.
[0059] Video frames are spatially averaged over all pixels
per frame to obtain RGB time varying signals or raw traces.
Batches are created by sliding a window of length 30 seconds
with 95% overlap between consecutive batches which means
using only 1 second of new frames and retaining 29 seconds
of frames from previous batch. However, the window length
and the overlap length are resizable depending on rate of
change of patient’s pulse rate.

Functional Block Diagram for Continuous Cardiac Pulse
Rate Monitoring

[0060] Reference is now being made to FIG. 9 which illus-
trates an example functional block diagram 900 of an embodi-
ment for continuous pulse rate monitoring with computa-
tional blocks for a video stream comprised of n number of
batches, the functional steps being repeated as new video
streams arrive. In block 901, the video stream is captured and
provided to video pre-processing block 902 wherein regions
of interest of the subject being monitored are identified or
otherwise selected. In block 903, parameters are extracted
from the video such as video length, frame speed, and the like.
In block 904, the user enters various parameters such as
window size, threshold level, max number of iterations, and
the like. In block 905, the number of batches n is computed
based upon the length of the time-series signal and the size of
the user-defined window. Batch counter i is initialized to 1.
On the first iteration, a determination is made (in decision
block 906) whether batches remain to be processed. If so then,
in block 907, the current batch is pre-processed which
includes continuous time band pass filtering (with an adjust-
able bandwidth depending on patient’s pulse rate), whitening
and normalizing. The pre-processed R,G,B signals associated
with the time-series signal segment defined by the current
window. The batch counter is incremented. In block 908,
constrained source separation is performed on the time-series
signal segment using, on a first iteration, the seed reference
signal 912. A result of having performed constrained source
separation is output signal y(i) corresponding to batch(i).
Constrained source separation is performed on processed
signals with the PPG signal measured from a Biopac system
(or a square wave generated by incorporating prior knowl-
edge about the patient’s pulse rate) is used as reference Ref;,
to batch #1. cICA is based on constrained optimization using
Newton-like learning to separate underlying source which is
not identical but close to the reference signal (to within a
measure of closeness). The output signal 909 resembles a
PPG signal and pulse rate, and is computed by taking the Fast
Fourier Transform (FFT) of this signal. On successive itera-
tions, each output signal 909 corresponding to the previous
batch is used by Conditional Learning Block 910 to learn the
next reference signal 911 for the next batch such that pulse
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signals can be extracted for the next successive batch. If the
pulse rate generated from the current batch exceeds the pulse
rate generated from the previous batch (as measured by a
pre-defined threshold value such as, for example, 13 bpm) the
current estimated pulse rate is rejected and the previous pulse
rate is retained in order to avoid an undesired jump in pulse
rate caused by certain artifacts. This loop continues until all
batches are processed and a continuous pulse rate achieved
for the subject over time.

Example Functional Block Diagram

[0061] Reference is now being made to FIG. 10 which
illustrates a block diagram of one example processing system
1000 for implementing various aspects of the present method
described with respect to the flow diagrams of FIGS. 5-7.
[0062] The system of FIG. 10 receives a sequence of video
images captured of a subject of interest intended to be moni-
tored for cardiac function. The captured video images are
either a plurality of multi-spectral images 1002 captured
using a multi-spectral camera or a plurality of RBG images
1003. The sequence of images 1002 or 1003 collectively
comprises multi-channel source data acquired over time. Sig-
nal processing system 1004 receives the multi-channel source
data into source signal recovery module 1006 which performs
all the functionality as described in embodiment of FIG. 4.
Memory 1008 and CPU 1010 facilitate the processing and
output an estimated cardiac pulse rate 418. Estimated cardiac
pulse rate 418 is communicated to workstation 1013 and
multi-function print system device 1015 for further process-
ing or for rendering. The estimated cardiac pulse rate may
further be communicated to remote devices over network
1011. Many aspects of network 1011 are commonly known
and a further discussion as to the construction and/or opera-
tion of a specific network configuration has been omitted.
Suffice it to say, data is transmitted in packets between net-
worked devices via a plurality of communication devices and
links using established protocols. Data is transferred in the
form of signals which may be, for example, electronic, elec-
tromagnetic, optical, light, or other signals. These signals are
provided to a communications device such as a server which
transmits and receives data packets by means ofa wire, cable,
fiber optic, phone line, cellular link, RF, satellite, or other
medium or communications pathway. Computer workstation
1013 is shown comprising a computer case 1018 housing a
motherboard, CPU, memory, interface, storage device, and a
communications link such as a network card. The computer
workstation is also shown having a display device 1019 such
as a CRT, LCD, or touchscreen display. An alphanumeric
keyboard 1020 and a mouse (not shown) effectuate a user
input. In the embodiment of FIG. 10, computer system 1013
implements database 1022 wherein various records are
stored, manipulated, and retrieved in response to a query.
Although the database is shown as an external device, the
database may be internal to computer case 1018 mounted on
a hard disk housed therein. A record refers to any data struc-
ture capable of containing information which can be indexed,
stored, searched, and retrieved in response to a query. Patient
information can be stored and/or retrieved to any of the
records in database 1022. It should be appreciated that the
workstation has an operating system and other specialized
software configured to display a variety 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.
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[0063] Any of the modules and processing units of FIG. 10
are in communication with workstation 1013 via pathways
(not shown) and may further be in communication with one or
more remote devices over network 1011. It should be appre-
ciated that some or all of the functionality for any of the
modules of system 1004 may be performed, in whole or in
part, by components internal to workstation 1013 or by a
special purpose computer system. It should also be appreci-
ated that various modules may designate one or more com-
ponents which may, in turn, comprise software and/or hard-
ware designed to perform the intended function. A plurality of
modules may collectively perform a single function. Each
module may have a specialized processor capable of execut-
ing machine readable program instructions. A module may
comprise a single piece of hardware such as an ASIC, elec-
tronic circuit, or special purpose processor. A plurality of
modules may be executed by either a single special purpose
computer system or a plurality of special purpose computer
systems in parallel. Connections between modules include
both physical and logical connections. Modules may further
include one or more software/hardware modules which may
further comprise an operating system, drivers, device control-
lers, and other apparatuses some or all of which may be
connected via a network. It is also contemplated that one or
more aspects of the present method may be implemented on
a dedicated computer system and may also be practiced in
distributed computing environments where tasks are per-
formed by remote devices that are linked through network
1011.

Performance Results

[0064] In order to illustrate the effect of continuous pulse
monitoring, video recordings were produced using a standard
RGB digital camera at 30 frames per second (fps) with pixel
resolution of 1280x720 and saved in AVI format. Each video
was of length two minutes and was captured on infants in a
neonatal ICU environment. A custom algorithm was used to
detect a region of interest (ROI) comprising human skin in
video frames, FIG. 11 shows an image 1101 of an infant in a
neonatal intensive care unit (NICU) with a region of interest
1102 of exposed skin being identified in the video stream
using custom software. The frames of the video were reduced
to raw traces (RGB channels) with respect to time by spatially
averaging all pixels in the ROl in each frame. The RGB traces
were pre-processed, which included bandpass filtering to the
expected pulse rate range of the infant, whitening followed by
normalizing to yield traces of zero-mean unit-variance signal.
The processed traces were fed to the one-unit cICA (908 of
FIG. 9) with the conditioned PPG signal obtained from a
Biopac system from the same infant. The frames were batch
processed using a 30 second sliding window with 1 second
increments. For each batch, the output from a previous batch
was incorporated as prior knowledge to the cICA. FIG. 12
shows pulse signals extracted from a video of the infant of
FIG. 11 via successive overlapped batch processing in accor-
dance with the present method. Pulse computation for the first
batch is shown in FIG. 12 at plot (A) where the seed reference
signal Ref;, is used to perform constrained source separation
on the first time-series signal segment defined by the window
of size win_size=30 to obtain estimated output signal (y,) on
the first iteration. The obtained estimated output signal y,
serves as reference Ref, for the one-unit cICA to obtain next
estimated source signal y, and so on in a sequential manner
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for successive batches (B) through (F), until all the time-
series signal segments have been processed accordingly.

Example Special Purpose Computer

[0065] Reference is now being made to FIG. 13 which
illustrates a block diagram of one example special purpose
computer 1300 for implementing one or more aspects of the
present method as described with respect to the flow diagrams
of FIGS. 5-7, and the block diagrams of FIGS. 4 and 9. Such
a special purpose processor is capable of executing machine
executable program instructions and may comprise any of a
micro-processor, micro-controller, ASIC, electronic circuit,
or any combination thereof.

[0066] InFIG. 13, communications bus 1302 is in commu-
nication with a central processing unit (CPU) 1304 capable of
executing machine readable program instructions for per-
forming any of the calculations, comparisons, logical opera-
tions, and other program instructions for performing any of
the steps described above with respect to the flow diagrams
and the block diagrams hereof. Processor 1304 is in commu-
nication with memory (ROM) 1306 and memory (RAM)
1308 which, collectively, constitute example storage devices.
Such memory may be used to store machine readable pro-
gram instructions and other program data and results to suf-
ficient to carry out any of the functionality described herein.
Disk controller 1310 interfaces with one or more storage
devices 1314 which may comprise external memory, Zip
drives, flash memory, USB drives, or other devices such as
CD-ROM drive 1312 and floppy drive 1316. Storage device
stores machine executable program instructions for executing
the methods hereof. Such storage devices may be used to
implement a database wherein various records are stored.
Display interface 1318 effectuates the display of information
on display 1320 in various formats such as, for instance,
audio, graphic, text, and the like. Interface 1324 effectuates a
communication via keyboard 1326 and mouse 1328, collec-
tively a graphical user interface. Such a graphical user inter-
face 1s useful for a user to enter information about any of the
displayed information in accordance with various embodi-
ments hereof. Communication with external devices may
occur using example communication port(s) 1322. Such ports
may be placed in communication with any of the example
networks shown and described herein, such as the Internet or
an intranet, either by direct (wired) link or wireless link.
Example communication ports include modems, network
cards such as an Ethernet card, routers, a PCMCIA slot and
card, USB ports, and the like, capable of transferring data
from one device to another. Software and data is transferred
via the communication ports in the form of signals which may
be any of digital, analog, electromagnetic, optical, infrared, or
other signals capable of being transmitted and/or received by
the communications interface. Such signals may be imple-
mented using, for example, a wire, cable, fiber optic, phone
line, cellular link, RF, or other signal transmission means
presently known in the arts or which have been subsequently
developed.

[0067] It will be appreciated that the above-disclosed and
other features and functions, or alternatives thereof, may be
desirably combined into many other different systems or
applications. Various presently unforeseen or unanticipated
alternatives, modifications, variations, or improvements
therein may become apparent and/or subsequently made by
those skilled in the art which are also intended to be encom-
passed by the following claims. Various changes to the above-
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described embodiments may be made without departing from
the spiritand scope of the invention. The teachings hereof can
be implemented in hardware or software using any known or
later developed systems, structures, devices, and/or software
by those skilled in the applicable art without undue experi-
mentation from the functional description provided herein
with a general knowledge of the relevant arts. Furthermore,
the teachings hereof may be partially or fully implemented in
software using object or object-oriented software develop-
ment environments that provide portable source code that can
be used on a variety of computer, workstation, server, net-
work, or other hardware platforms. One or more of the capa-
bilities hereof can be emulated in a virtual environment as
provided by an operating system, specialized programs or
leverage off-the-shelf computer graphics software such as
thatin Windows, Java, or from a server or hardware accelera-
tor or other image processing devices.

[0068] One or more aspects of the methods described
herein are intended to be incorporated in an article of manu-
facture, including one or more computer program products,
having computer usable or machine readable media. The
article of manufacture may be included on at least one storage
device readable by amachine architecture embodying execut-
able program instructions capable of performing the method-
ology described herein. The article of manufacture may be
included as part of an operating system, a plug-in, or may be
shipped, sold, leased, or otherwise provided separately either
alone or as part of an add-on, update, upgrade, or product
suite. It will be appreciated that various of the above-dis-
closed and other features and functions, or alternatives
thereof, may be combined into other systems or applications.
Various presently unforeseen or unanticipated alternatives,
modifications, variations, or improvements therein may
become apparent and/or subsequently made by those skilled
in the art which are also intended to be encompassed by the
following claims. Accordingly, the embodiments set forth
above are considered to be illustrative and not limiting, Vari-
ous 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 includ-
ing patents and patent applications, are each separately
hereby incorporated by reference in their entirety.

What is claimed is:

1. A method for extracting photoplethysmographic (PPG)
signals (i.e., cardiac signals) on a continuous basis from sig-
nals generated from batches of video images captured of a
subject being monitored for cardiac function in a non-contact
remote sensing environment, the method comprising:

receiving a time-series signal generated from video images

captured of a region of exposed skin where a photopl-
ethysmographic (PPG) signal of a subject of interest can
be registered,

dividing said time-series signal into batches for processing,

with successive batches having at least a 95% overlap
with a previous batch;

processing each of said batches of time-series signals to

obtain a PPG signal from each batch; and

stitching together a continuous PPG signal using mid-point

stitching.

2. The method of claim 1, wherein said video images are
captured using a video imaging device capturing any combi-
nation of: NIR images, RGB images, RGB with NIR images,
multispectral images, and hyperspectral video images.
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3. The method of claim 1, wherein, in advance of obtaining
said time-series signal, pre-processing said video to compen-
sate for any of: a motion induced blur, an imaging blur, and
slow illuminant variation.

4. The method of claim 1, further comprising:

using said continuous PPG signal for detecting peak-to-

peak pulse points in said continuous cardiac signal;
analyzing said pulse points to obtain peak-to-peak pulse
dynamics; and

determining an occurrence of a cardiac arrhythmia based

on said pulse dynamics.

5. The method of claim 1, wherein said PPG signal is
filtered using a moving average comprising:

where N is the number of frames in a moving window of
said video, x is an unfiltered PPG signal, y is a filtered
PPG signal, n is a current frame and 1 is an index desig-
nating a moving frame.

6. The method of claim 1, wherein said video is captured
over two imaging channels, further comprising using a con-
strained source separation algorithm with a reference signal
that has a frequency range which approximates a frequency
range of said subject’s cardiac pulse.

7. The method of claim 4, wherein said peak-to-peak pulse
points are detected in said continuous PPG signal using an
adaptive threshold technique with successive thresholds
being based on variations detected in previous magnitudes of
said pulse peaks.

8. The method of claim 7, further comprising using a
Poincare diagram of said peak-to-peak pulse dynamics, said
Poincare diagram showing a relationship between consecu-
tive beats.

9. The method of claim 7, further comprising normalizing
said peak-to-peak pulse points to a frequency of 70 bpm to
reduce pulse variations.

10. The method of claim 7, further comprising determining
whether a time interval between consecutive peaks in said
signal is outside an acceptable limit for said subject.

11. The method of claim 7, further comprising comparing
said peak-to-peak pulse dynamics across different patients.

12. The method of claim 7, further comprising communi-
cating said peak-to-peak pulse dynamics to a display device.

13. The method of claim 1, wherein said time-series signal
comprises one of: stored values, and values generated from a
streaming video.

14. A system for extracting photoplethysmographic (PPG)
signals (i.e., cardiac signals) on a continuous basis from sig-
nals generated from batches of video images captured of a
subject being monitored for cardiac function in a non-contact
remote sensing environment, the system comprising:

amemory; and

aprocessor in communication with a memory, said proces-

sor executing machine readable instructions for pet-

forming;

receiving a time-series signal generated from video
images captured of a region of exposed skin where a
photoplethysmographic (PPG) signal of a subject of
interest can be registered;
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dividing said time-series signal into batches for process-
ing, with successive batches having at least a 95%
overlap with a previous batch;

processing each of said batches of time-series signals to
obtain a PPG signal from each batch; and

stitching together a continuous PPG signal using mid-
point stitching.

15. The system of claim 14, wherein said video images are
captured using a video imaging device capturing any combi-
nation of: NIR images, RGB images, RGB with NIR images,
multispectral images, and hyperspectral video images.

16. The system of claim 14, wherein, in advance of obtain-
ing said time-series signal, pre-processing said video to com-
pensate for any of: a motion induced blur, an imaging blur,
and slow illuminant variation.

17. The system of claim 14, further comprising:

using said continuous PPG signal for detecting peak-to-

peak pulse points in said continuous cardiac signal;
analyzing said pulse points to obtain peak-to-peak pulse
dynamics; and

determining an occurrence of a cardiac arrhythmia based

on said pulse dynamics.

18. The system of claim 14, wherein said PPG signal is
filtered using a moving average comprising:

where N is the number of frames in a moving window of
said video, x is an unfiltered PPG signal, y is a filtered
PPG signal, n is a current frame and 1 is an index desig-
nating a moving frame.

19. The system of claim 14, wherein said video is captured
over two imaging channels, further comprising using a con-
strained source separation algorithm with a reference signal
that has a frequency range which approximates a frequency
range of said subject’s cardiac pulse.

20. The system of claim 17, wherein said peak-to-peak
pulse points are detected in said continuous PPG signal using
an adaptive threshold technique with successive thresholds
being based on variations detected in previous magnitudes of
said pulse peaks.

21. The system of claim 20, further comprising using a
Poincare diagram of said peak-to-peak pulse dynamics, said
Poincare diagram showing a relationship between consecu-
tive beats.

22. The system of claim 20, further comprising determin-
ing whether a time interval between consecutive peaks in said
signal is outside an acceptable limit for said subject.

23. The system of claim 20, further comprising comparing
said peak-to-peak pulse dynamics across different patients.

24. The system of claim 20, further comprising normaliz-
ing said peak-to-peak pulse points to a frequency of 70 bpm to
reduce pulse variations.

25. The system of claim 14, wherein said time-series signal

comprises one of: stored values, and values generated from a
streaming video.
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