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(57) ABSTRACT

Systems and methods are described herein for monitoring
and capturing information associated with target subjects,
such as babies. For example, the systems and methods
provide a capture device, such as a camera, that captures
capture time of flight (TOF) data from a target subject. Using
the TOF data, the systems and methods, via a display device
associated with (e.g., paired to) the capture device, present
information about the target subject, such as information
indicating movement of the target subject, information indi-
cating a breathing rate of the target subject, information
indicating a heart rate of the target subject, and so on.
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FIG. 2



US 2018/0053393 A1

Feb. 22,2018 Sheet 3 of 9

Patent Application Publication

fEC—

0VE ~

008~

¢ Ol

— (8¢
(2102130 ONIHLY3ud ”mz_vmu&w\\\v
Q103130 INSREAQI SNDIIYML

#102e5-50C

" GrRroL 90/ 10/ 9407 ,\\\\\am

0ce



Patent Application Publication  Feb. 22,2018 Sheet 4 of 9

400

US 2018/0053393 A1

ACCESS TIME OF FLIGHT (TOF} DATA
ASSOCIATED WITH A TARGET SUBJECT

410

:

DETERMINE PIXEL VELOCITIES FOR PIXELS OF
ONE OR MORE AREAS OF THE TARGET SUBIECT

420

¥

DETERMINE A MOVEMENT STATUS ANDIOR
BREATHING STATUS FOR THE TARGET SUBJECT
BASED ON THE DETERMINED PIXEL VELOGITIES

$

QUTPUT INFORMATION REPRESENTATIVE OF
THE DETERMINED MOVEMENT STATUSES

440

FIG. 4



US 2018/0053393 A1

Feb. 22,2018 Sheet 5 of 9

Patent Application Publication

as ol

9

=

[ Xa)

o>
posed

£
<=

(05
{ag
L

(08
000k
a0
0024 ¢
0ogi
(¥
oS4 -




Patent Application Publication  Feb. 22,2018 Sheet 6 of 9 US 2018/0053393 A1

400 450

350

250 306

FIG. 6B
150 300
FIG. 6D

<2
- =
2
» g R
EN )
Wy = O O\ e D e N O g WD Lo 4 N e D e O TR W N
T L -
R ¥
3 18 2
<> . E
- 4 L

0
955 300 350

20
FIG. BA

0 200
FIG. 6C

1

100
10

{

50
&

¢
5

3 s O o D e

2 H ) U L



US 2018/0053393 A1

Feb. 22,2018 Sheet 7 of 9

Patent Application Publication

66 S 0¥ & 0O

5 02

5l

td

AN

TN

jat—— g

.

(e}

L

e




Patent Application Publication  Feb. 22,2018 Sheet 8 of 9

800

N

US 2018/0053393 A1

PARSE RAW TIVE OF FLIGHT {TOF) DATATO EXTRACT PHASE
(DISTANGE) DATAAND AWPLITUDE {CONFIDENCE) DATA. 810
DETERMNE PAEL VELOCTY FROIDISTANCE DATA I_
DOWN-SELECT MIGH CONFIDENCE PIXELS LISING MASK
GENERATED FROM CONFIDENCE DATA 63
¥
APPLYNG TEMPORALAND SPATALLOWPASSFITERS |
¥
THRESHOLD HIGH CONFIDENCE PIXELS BASED
ON ADAPTIVE THRESHOLD VALUES 5
\
FOR EACH FRAME, PERFORM BLCE ANALYSIS TO DETERUINE
STATISTICS FOR FRANE (E.G, CENTROIDS) 860
DETERMINE SPATIAL CO-LOCATION BY CLUSTERING BLOB
CENTROIDS ACROSS TIVE-SERIES ™87
¥
DETERMINE STATISTICS FOR CLUSTERED BLOB CENTRODS | _
i
¥
CLASSFY BLOB CENTROIDS BY ANALYZING
DETERMINED STATISTICS 590

FIG. 8



US 2018/0053393 A1

6 Oid
$25 (s orgroze)
H344N8 YT NOUI0 FNVH 967 \
wonoreze [ NOLYICITICHSIEAL |
b1~ T
{EONIAENGD) 3anLINdY

M~ oy e

&
%ﬂ T emispm
Aw
mmww.ﬁc .ﬁwzwmq /,_ YO

Feb. 22,2018 Sheet 9 of 9

Patent Application Publication

L

o2

(3ONYLSIC) 357Hd

%m/m SISATYNY 8078
I 1% ]

0~ NDIovd FnLvas 1T LGS

Iveid 3SHYd |

W g |
¥ - ; (16 —
55 A0 e
O~ O vAIrOSIT B S AT | s BTV EN 3\ ENEEICEED
EETRens m
1 NOISOE A]lth.zxwm%._. SAILdaY T]L 506 v

0~ VIv0waIsn0 1nalno | i M




US 2018/0053393 Al

BABY MONITOR

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application No. 62/377,035 filed on Aug. 19, 2016,
entitled Baby Monitor, which is hereby incorporated by
reference in its entirety.

BACKGROUND

[0002] Conventional baby monitors are very simple in
operation—they capture sounds and/or images of a baby (or
other target subject), such as a baby sleeping in a crib, and
relay the captured sounds/images to a remote device, which
presents an audio or video feeds of the baby to a parent or
other user of the remote device. The parent, using the baby
monitor, is able to hear or view their baby, but receives little
more information regarding the health or physical state of
their child.

[0003] Recently, baby monitors have been developed that
attempt to capture and present more granular or specific data
about a monitored baby. For example, wearable sensors have
been configured to monitor the movement of the baby, the
heart rate of the baby, the breathing of the baby, and so on.
However, such sensors, which may be integrated into a
baby’s clothing or attached to the baby in wearable devices,
have various limitations. For example, additional devices
require additional management and care, and may irritate or
make a baby physically uncomfortable. Also, they often
capture false or inaccurate readings, providing unreliable
data regarding the characteristics they are deployed to
monitor. Most recently, image-processing based solutions
have emerged in the market that extract breathing and heart
rate from a video feed of the sleeping baby. These solutions
suffer in situations where video footage is non-ideal, erro-
neous, inconsistent, etc. These image-processing solutions
often require internet connectivity for cloud processing. This
is a limitation since the system will not work if Internet goes
down as well as adding additional latency.

SUMMARY

[0004] Example embodiments and implementations of the
inventions described herein are directed to systems and
methods of capturing and processing images to determine
various parameters and conditions associated with the sub-
ject or object captured by the imaging system.

[0005] In one example embodiment, an imaging system
comprises a capture device that monitors a subject, the
capture device includes: one or more infrared light compo-
nents; an infrared sensor that captures infrared measure-
ments for the monitored subject; a time of flight (TOF)
sensor that captures TOF data for the monitored subject; and
amovement determination module that determines a state of
movement of the monitored subject based on the TOF data
for the monitored subject that is captured by the TOF sensor.
[0006] In another example embodiment the imaging sys-
tem also comprises a display device that displays a visual
image of the monitored subject based on data received from
the capture device, the display device includes: an indication
module that causes the display device to: present a first
indicator associated with movement of the monitored sub-
ject; and present a second indicator associated with respi-
ration of the monitored subject.
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[0007] Further example embodiments of the present
invention may include one or more of the following features.
The TOF sensor captures depth images associated with the
monitored subject that include pixels representing distances
to one or more areas of the monitored subject. The TOF
sensor captures depth images associated with a torso of the
monitored subject. The TOF sensor captures depth images
associated with one or more limbs of the monitored subject.
The capture device includes a stand configured to position
the TOF sensor proximate to the monitored subject or a
mount configured to attach the capture device to furniture,
such as a crib, that is proximate to the monitored subject.
The capture device further includes an RGB camera con-
figured to capture RGB images of the monitored subject;
and/or a microphone configured to capture audio data asso-
ciated with the monitored baby.

[0008] In yet another example embodiment of the present
invention a system for presenting images of a monitored
subject, such as an infant, comprises a display module, a
movement determination module, and an indication module.
The display module causes a user interface associated with
the system to present a visual image of the monitored subject
based on RGB data and/or infrared data captured by one or
more image sensors proximate to the monitored subject. The
movement determination module determines a state of
movement of the monitored subject based on TOF data for
the monitored subject that is captured by a TOF sensor
proximate to the monitored subject. And an indication
module causes the user interface to present a first indicator
associated with movement of the monitored subject based on
the determined state of movement of the monitored subject
and present a second indicator associated with respiration or
heart rate of the monitored subject based on the determined
state of movement of the monitored subject.

[0009] Further example embodiments of the present
invention may include one or more of the following features.
The display module is part of a stand-alone display device
that is communicatively paired to a capture device that is
positioned proximate to the monitored subject and includes
the movement determination module. The display module is
part of a mobile device that receives data from a capture
device that is positioned proximate to the monitored subject
and includes the movement determination module. The TOF
data includes depth images associated with the monitored
subject that include pixels representing distances to one or
more areas of the monitored subject. The indication module
presents the first indicator associated with movement of the
monitored subject over an image of an area of the monitored
subject determined to be moving based on the determined
state of movement. The indication module presents the
second indicator associated with respiration or heart rate of
the monitored subject over an image of a torso of the
monitored subject when the monitored subject is determined
to be breathing based on the determined state of movement.
The indication module further presents a third indicator
associated with a heart rate of the monitored baby based on
the determined state of movement of the monitored baby.
The movement determination module determines the state of
movement of the monitored subject based on determining
pixel velocities for one or more areas of the monitored
subject that are based on the TOF data.

[0010] A further still example embodiment of the present
invention may also an alert module that invokes an alert
when the determined state of movement falls outside a
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threshold range of values associated with a suitable breath-
ing rate for the monitored subject. The alert module invokes
an alert when the determined state of movement falls outside
a threshold range of values associated with movement of the
monitored subject.

[0011] An additional example embodiment of the present
invention includes a method performed by a monitoring
system comprising the steps of: receiving depth image data
from a depth image sensor proximate to a target subject; and
determining a movement status, breathing status, and/or
heart rate of the target subject based on the received depth
image data.

[0012] Further example embodiments of the present
invention may include one or more of the following features,
steps, or functions. The received depth image data includes
time of flight (TOF) depth images associated with the target
subject that includes pixels representing distances to one or
more areas of the target subject. Determining a movement
status, breathing status, and/or heart rate of the target subject
based on the received depth image data includes determining
pixel velocities for pixels representing one or more areas of
the target subject that are based on the depth image data.
[0013] In yet another example embodiment of the present
invention a monitoring method, comprises the steps of:
receiving time of flight (TOF) data measured from a target
subject; parsing the TOF data to extract a phase frame and
an amplitude frame from the TOF data; determining pixel
velocities for pixels from distance data of the phase frame;
down-selecting high confidence pixels using a mask gener-
ated from confidence data of the amplitude frame; filtering
the high confidence pixels; thresholding the filtered high
confidence pixels; for each frame, performing blob analysis
to the frame to identify blob centroids within the frame;
determining spatial co-location between each frame by
clustering identified blob centroids across a time series of
frames; determining statistics for the clustered blob cen-
troids; aggregating the identified centroids into classes of
clusters based on an analysis of the determined statistics for
the clustered blob centroids; extracting one or more features
associated with the classes of clusters; and determining the
extracted one or more features represent movement or
breathing of the target subject.

[0014] Additional example embodiments if the present
invention may include one or more of the following features,
methods, or functions. The received TOF data is captured by
a TOF sensor proximate to the target subject. Parsing the
TOF data to extract a phase frame and an amplitude frame
from the TOF data includes extracting distance data from the
phase frame and confidence data from the amplitude frame.
Determining pixel velocities for pixels from distance data of
the phase frame includes subtracting distance data extracted
from a previous phase frame from distance data extracted
from the phase frame. Down-selecting high confidence
pixels using a mask generated from confidence data of the
amplitude frame includes: identifying pixels that do not
satisfy a threshold value for an associated amplitude; and/or
nullifying the identified pixels using the mask generated
from the confidence data. Filtering the high confidence
pixels includes: applying a Gaussian low-pass filter to the
high confidence pixels to spatially smooth the high confi-
dence pixels; and/or performing temporal smoothing to
select temporally correlated pixels of the high confidence
pixels. After thresholding the filtered high confidence pixels,
performing morphological erosion to identify relatively
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larger areas of movement within the frame. Performing blob
analysis to the frame to identify blob centroids within the
frame including: performing blob analysis to identify cen-
troids of morphologically connected regions between
frames; and aggregating the identified centroids of morpho-
logically connected regions across all frames. Aggregating
the identified centroids into classes of clusters based on an
analysis of the determined statistics for the clustered blob
centroids includes identifying the aggregated centroids
using an iterated k-means algorithm. Determining the
extracted one or more features represent movement or
breathing of the target subject including: processing the
extracted one or more features using a fuzzy controller;
and/or classifying truth values output by the fuzzy controller
using an artificial neural network to determine the extracted
one or more features are associated with movement of the
target subject or breathing of the target subject.

[0015] An additional example embodiment of the present
invention includes a non-transitory computer-readable
medium whose contents, when executed by a computing
system, cause the computing system to perform a method for
determining a movement status of a target subject, wherein
the method comprises: receiving time of flight (TOF) data
associated with a target subject; determining pixel velocities
for pixels associated with one or more areas of the target
subject; and determining whether the one or more areas of
the target subject are moving based on the determined pixel
velocities. The method may also comprise outputting a
movement status for the target subject based on determining
whether the one or more areas of the target subject are
moving, wherein the movement status includes a status of
movement of the target subject and a status of breathing of
the target subject. And the method may further comprise
receiving time of flight (TOF) data associated with a target
subject includes receiving 3D TOF data from a TOF sensor
that is proximate to the target subject and captures the 3D
TOF data from the target subject. The method may addi-
tionally comprise of determining pixel velocities for pixels
associated with one or more areas of the target subject
including determining, for each pixel in a depth image of the
target subject, a change in distance over time between depth
frames of the depth image. And the method may still further
comprise determining pixel velocities for pixels associated
with one or more areas of the target subject includes filtering
depth frames of a depth image of the target subject to
identify pixel velocities associated with movement of the
target subject.

[0016] In yet another example embodiment of the present
invention a baby monitor configured to display images of a
monitored baby comprises: a movement determination sys-
tem configured to: access depth image data captured from
images of the monitored baby; determine pixel velocities for
pixels associated with one or more areas of the monitored
baby; and determine whether the one or more areas of the
monitored baby are moving based on the determined pixel
velocities.

[0017] Further example embodiments of the present
invention may include one or more of the following features.
The movement determination system is further configured
to: output a movement status for the monitored baby based
on determining whether the one or more areas of the
monitored baby are moving, wherein the movement status
includes a status of movement of the monitored baby and a
status of breathing of the monitored baby. The accessed
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depth image data associated with a monitored baby includes
3D time of flight (TOF) data captured by a TOF sensor of a
capture device monitoring the baby and paired to a display
device that displays the images of the monitored baby. The
movement determination system determines pixel velocities
by calculating, for each pixel in a depth image of the target
subject, a change in distance over time between depth
frames of the depth image. The baby monitor includes a
capture device that captures the images of the monitored
baby and contains the movement determination system.
[0018] Embodiments of the present invention may include
one of the following advantages. A contactless method of
monitoring and reporting a baby’s well-being provides care
givers with a peace of mind and potentially saves lives
without the disadvantages of other sensor modalities such as
wearables that can cause skin irritation, interrupt sleep,
requires charging, and placing potentially hazard RF/batter-
ies in close proximity or contact with the child. By having
a wellness monitor integrated with a camera unit the instal-
lation is much easier then having to install and manage other
hardware such as motion pads. Additionally, motion pads are
of finite size and do not cover the entire sleeping surface
resulting in false alarms. By having the wellness monitor
integrated into the mounted camera, there is constant wall-
powered supplied and end-users will not have to worry
about the battery in a wearable dying. By integrating the
wellness monitor into a camera monitor that is used by
caregivers every day by default, the baby is monitored more
often. Since wearables often require charging and purchas-
ing additional clothing to house the sensor, they are quicker
to abandon the wearable after some time and not to use it as
frequently. By using a depth sensor such as TOF, RADAR
or Ultrasound, there is greater immunity to noise compared
to RGB-video processing based solutions which depend on
pixel colors/contrast and can be adversely affected due to
varying lighting conditions. Since the core signal processing
is done locally on the camera unit, the system does not
require expensive cloud hosting and processing which
means end-users are not forced to pay monthly subscription
fees. Monitoring breathing of a baby gives care-givers the
quickest alert as to when a baby stops breathing. When a
baby stops breathing, it takes time before the heart rate and
SP02 readings of a wearable would reflect something is
wrong. The topic invention alerts parents that something is
wrong sooner than traditional heart rate and SP02 monitor-
ing. In addition to apnea events, the system can also be used
to alert care-givers if a child leaves their designated sleep
area (e.g. gets out of bed/crib).

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Embodiments of the disclosed technology will be
described and explained through the use of the accompany-
ing drawings.

[0020] FIG. 1 is a block diagram illustrating a suitable
computing environment for monitoring a baby or other
target subject.

[0021] FIG. 2 is a diagram illustrating a capture device
that captures information from a target subject.

[0022] FIG. 3 is a diagram illustrating a display device that
displays information captured from a target subject.

[0023] FIG. 4 is a flow diagram illustrating a method for
displaying information captured from a monitored target
subject.
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[0024] FIGS. 5A-5D are images illustrating depth images
and associated pixel velocities for frames captured from a
target subject.

[0025] FIGS. 6A-6D are graphs illustrating pixel move-
ment within images captured for an area of a target subject.
[0026] FIG. 7 is a diagram illustrating a mapping of a
depth image to a binary motion matrix for a monitored target
subject.

[0027] FIG. 8 is a flow diagram illustrating a method for
determining movement and breathing for a monitored target
subject.

[0028] FIG. 9 is a flow diagram illustrating a method for
processing signals received from a capture device that is
monitoring a target subject.

[0029] The drawings have not necessarily been drawn to
scale. Similarly, some components and/or operations may be
separated into different blocks or combined into a single
block for the purposes of discussion of some of the embodi-
ments of the present technology. Moreover, while the tech-
nology is amenable to various modifications and alternative
forms, specific embodiments have been shown by way of
example in the drawings and are described in detail below.
The intention, however, is not to limit the technology to the
particular embodiments described. On the contrary, the
technology is intended to cover all modifications, equiva-
lents, and alternatives falling within the scope of the tech-
nology as defined by the appended claims.

DETAILED DESCRIPTION

Overview

[0030] Systems and methods are described herein for
monitoring and capturing information associated with target
subjects, such as babies. For example, the systems and
methods provide a capture device, such as a camera, that
captures time of flight (TOF) data and/or other depth data
(e.g., ultrasound) from a target subject. Using the depth data,
the systems and methods, via a display device associated
with (e.g., paired to) the capture device, present information
about the target subject, such as information indicating
movement of the target subject, information indicating a
breathing rate of the target subject, information indicating a
heart rate of the target subject, and so on.

[0031] Therefore, a baby monitor, which includes the
systems and methods described herein, may present a video
feed of a baby, captured by an associated camera, along with
information that indicates the baby is moving and/or breath-
ing at a certain rate. Using the information, the baby
monitor, in some cases, may generate various status indica-
tors and/or alerts that provide information regarding normal
(e.g., the baby is breathing at a normal rate) or abnormal
conditions (e.g., the baby has not moved in a specified time
window).

[0032] In some embodiments, the systems and methods
provide a capture device that monitors a baby, the capture
device including one or more infrared light emitting devices
(e.g. LEDs, IR laser with diffuser, and so on), an infrared
sensor that captures infrared measurements for the moni-
tored baby, and a time of flight (TOF) sensor that captures
TOF data for the monitored baby.

[0033] Further, the systems and methods may provide a
display device that displays a visual image of the monitored
baby based on the data received from the capture device, the
display device including a movement determination module
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that determines a state of movement of the monitored baby
based on the TOF data for the monitored baby that is
captured by the TOF sensor, and an indication module that
causes the display device to present a first indicator associ-
ated with movement of the monitored baby and present a
second indicator associated with breathing of the monitored
baby.

[0034] Forexample, the systems and methods receive time
of flight (TOF) data from a TOF sensor proximate to a target
subject (captured by the capture device), and determine a
movement status and breathing status of the target subject
based on the received TOF data.

[0035] In some embodiments, the systems and methods
determine a movement status of a target subject, by receiv-
ing time of flight (TOF) data associated with a target subject,
determining pixel velocities for pixels associated with one or
more areas of the target subject, and determining whether
the one or more areas of the target subject are moving based
on the determined pixel velocities.

[0036] For example, in order to extract the movement
information from other captured movement information, the
systems and methods receive time of flight (TOF) data
measured from a target subject, parse the TOF data to extract
a phase frame and an amplitude frame from the TOF data,
determine pixel velocities for pixels from distance data of
the phase frame, down-select high confidence pixels using a
mask generated from confidence data of the amplitude
frame, filter the high confidence pixels, threshold the filtered
high confidence pixels, for each frame, perform blob analy-
sis to the frame to identify blob centroids within the frame,
determine spatial co-location between each frame by clus-
tering identified blob centroids across a time series of
frames, determine statistics for the clustered blob centroids,
aggregate the identified centroids into classes of clusters
based on an analysis of the determined statistics for the
clustered blob centroids, extract one or more features asso-
ciated with the classes of clusters, and determine the
extracted one or more features represent movement or
breathing of the target subject.

[0037] The systems and methods, therefore, capture time
of flight (TOF) data from a target subject, such as a baby, in
order to identify and measure specific current conditions or
statuses of the baby, such as localized movement of the
baby’s body, breathing motions, heart rate, and so on. By
using TOF data (and associated pixel velocities within
images), which may be captured in low light or sunlit rooms
or locations, a baby monitor may consistently and accurately
track and capture vital information associated with the baby,
providing parents and other caregivers with a robust and
comprehensive view of their baby’s physical status, among
other benefits.

[0038] Various embodiments of the system will now be
described. The following description provides specific
details for a thorough understanding and an enabling
description of these embodiments. One skilled in the art will
understand, however, that the system may be practiced
without many of these details. Additionally, some well-
known structures or functions may not be shown or
described in detail, so as to avoid unnecessarily obscuring
the relevant description of the various embodiments. The
terminology used in the description presented below is
intended to be interpreted in its broadest reasonable manner,
even though it is being used in conjunction with a detailed
description of certain specific embodiments of the invention.
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Suitable Computing Environments

[0039] FIG. 1 is a block diagram illustrating a suitable
computing environment 100 configured to monitor a baby or
other target subject. A capture device 110 includes various
components configured to capture information from a target
subject 112, such as a baby sleeping or located in a crib,
and/or process the captured data to determine movement
information for the target subject 112.

[0040] The capture device 110 may include a video cam-
era that captures multiple images of the baby, an infrared
(IR) sensor that captures IR images of the baby, and a depth
sensor 115, such as a time of flight (TOF) sensor that
captures time of flight data from the baby, and so on. A
display device 130 receives the data captured and processed
by the capture device 110 over a network 120. The display
device 130, which may be a standalone display and/or part
of a computing device (such as a mobile device that run a
mobile application associated with the capture device 110),
communicates with the capture device 110 over various
different networks 120, such as the Internet. The display
device 130 and capture device 110 may also, in some
embodiments, exchange information over various direct or
peer-to-peer communication protocols (e.g., Wi-Fi, Blu-
etooth, and so on). Further, the display device 130 may
receive data from multiple capture devices 110, such as two
or more devices 110 that capture data associated with two or
more babies 112.

[0041] A cloud analytics system 140 may store and/or
perform analysis on various data captured by the capture
device 110. For example, the display device 130, in deter-
mining whether to alert a parent of an abnormal condition,
may utilize information provided by the capture device 110
along with previous information stored in the cloud system
140.

[0042] As described herein, in some embodiments, the
capture device 110 processes the captured data (e.g., TOF or
other depth data), in order to determine various movement
characteristics for the target subject 112. The capture device
110, therefore, includes a movement determination system
150, which is configured to determine, based on data cap-
tured for the baby, whether the baby is moving, whether the
baby is breathing (e.g., and associated rate of breathing), and
other physiological parameters or measurements, such as the
heart rate of the baby. The movement determination system
150 may include functional modules or systems that are
implemented with a combination of software (e.g., execut-
able instructions, or computer code) and hardware (e.g., at
least a memory and processor). Accordingly, as used herein,
in some examples a module or system is a processor-
implemented module, system, or set of code and represents
a computing device having a processor that is at least
temporarily configured and/or programmed by executable
instructions stored in memory to perform one or more of the
particular functions that are described herein.

[0043] The system 150, for example, may include a meta-
data module that generates and sends metadata to the display
device 110 that causes a user interface of the display device
130 to present a visual image of the monitored baby based
on RGB data or infrared data captured by one or more image
sensors of the capture device 110. For example, the system
150 may include a movement determination module that
determines a state of movement of the monitored baby based
on TOF data for the monitored baby that is captured by the
TOF sensor of the capture device 110.
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[0044] Although FIG. 1 depicts the movement determina-
tion system 150 as being part of the capture device 110, in
some embodiments (not shown), aspects of the system 150
may reside and/or be performed by the display device 130
and/or the cloud analytics component 140. Further details
regarding the capture device 110, the display device 130,
and the movement determination system 150 are described
herein.

[0045] FIGS. 1-3 and the discussion herein provide a brief,
general description of the components of the computing
environment 100, the capture device 110, and/or the display
device 130. Although not required, aspects of the computing
environment 100, device 110, and/or device 130 are
described in the general context of computer-executable
instructions, such as routines executed by a general-purpose
computer, e.g., mobile device, a server computer, or pet-
sonal computer. The system can be practiced with other
communications, data processing, or computer system con-
figurations, including: Internet appliances, hand-held
devices (including tablet computers and/or personal digital
assistants (PDAs)), all manner of cellular or mobile phones,
(e.g., smart phones), multi-processor systems, microproces-
sor-based or programmable consumer electronics, set-top
boxes, network PCs, mini-computers, mainframe comput-
ers, and the like. Indeed, the terms “computer,” “host,” and
“host computer,” and “mobile device” and “handset” are
generally used interchangeably herein, and refer to any of
the above devices and systems, as well as any data processor.

[0046] Aspects of the environment 100 or devices 110,
130 can be embodied in a special purpose computing device
or data processor that is specifically programmed, config-
ured, or constructed to perform one or more of the computer-
executable instructions explained in detail herein. Aspects of
the system may also be practiced in distributed computing
environments where tasks or modules are performed by
remote processing devices, which are linked through a
communications network, such as a Local Area Network
(LAN), Wide Area Network (WAN), or the Internet. In a
distributed computing environment, program modules may
be located in both local and remote memory storage devices.

[0047] Aspects of the environment 100 or devices 110,
130 may be stored or distributed on computer-readable
media (e.g., physical and/or tangible non-transitory com-
puter-readable storage media), including magnetically or
optically readable computer discs, hard-wired or prepro-
grammed chips (e.g.,, EEPROM semiconductor chips),
nanotechnology memory, or other data storage media.
Indeed, computer implemented instructions, data structures,
screen displays, and other data under aspects of the system
may be distributed over the Internet or over other networks
(including wireless networks), on a propagated signal on a
propagation medium (e.g., an electromagnetic wave(s), a
sound wave, etc.) over a period of time, or they may be
provided on any analog or digital network (packet switched,
circuit switched, or other scheme). Portions of the system
reside on a server computer, while corresponding portions
reside on a client computer such as a mobile or portable
device, and thus, while certain hardware platforms are
described herein, aspects of the system are equally appli-
cable to nodes on a network. In an alternative embodiment,
the mobile device or portable device may represent the
server portion, while the server may represent the client
portion.
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[0048] In some embodiments, the devices 110, 130 may
include network communication components that enable the
devices to communicate with remote servers or other por-
table electronic devices by transmitting and receiving wire-
less signals using a licensed, semi-licensed, or unlicensed
spectrum over communications network, such as the net-
work 120. In some cases, the communication network 120
may be comprised of multiple networks, even multiple
heterogeneous networks, such as one or more border net-
works, voice networks, broadband networks, service pro-
vider networks, Internet Service Provider (ISP) networks,
and/or Public Switched Telephone Networks (PSTNs), intet-
connected via gateways operable to facilitate communica-
tions between and among the various networks.

[0049] Those skilled in the art will appreciate that various
other components may be included in the devices 110, 130
to enable network communication. For example, the devices
110, 130 may be configured to communicate over a GSM or
newer mobile telecommunications network. As a result, the
devices 110, 130 may include a Subscriber Identity Module
(SIM) card that stores an International Mobile Subscriber
Identity (IMSI) number that is used to identify devices 110,
130 on the GSM mobile or other communications networks,
for example, those employing L'TE, 3G and/or 4G wireless
protocols. If the devices 110, 130 are configured to com-
municate over another communications network, the devices
110, 130 may include other components that enable it to be
identified on the other communications networks.

[0050] In some embodiments, the devices 110, 130 may
include components that enable them to connect to a com-
munications network using Generic Access Network
(GAN), Unlicensed Mobile Access (UMA), or LTE-U stan-
dards and protocols. For example, the mobile device 110
may include components that support Internet Protocol
(IP)-based communication over a Wireless Local Area Net-
work (WLAN) and components that enable communication
with the telecommunications network over the IP-based
WLAN.

[0051] The communications network 120 may also
include third-party communications networks such as a
Global System for Mobile (GSM) mobile communications
network, a code/time division multiple access (CDMA/
TDMA) mobile communications network, a 3rd or 4th
generation (3G/4G) mobile communications network (e.g.,
General Packet Radio Service (GPRS/EGPRS)), Enhanced
Data rates for GSM Evolution (EDGE), Universal Mobile
Telecommunications System (UMTS), Long Term Evolu-
tion (LTE) network), Voice over LTE (VOLTE) network, or
other communications network. Further, the communica-
tions network 120 may include or be part of a wireless
communications network, such as an Internet Multimedia
System (IMS) network or other wireless networks.

Examples of Moritoring a Baby or Other Target Subject

[0052] As described herein, in some embodiments, the
systems and methods capture TOF or other depth data from
a monitored subject, which is then utilized to identify
movement at various locations of the subject. FIG. 2 is a
diagram illustrating a capture device 200 that captures
information from a target subject and provides movement
information to an associated display device.

[0053] The capture device 200 includes an RGB camera
sensor 210 configured to capture RGB data (e.g., images and
video) of the target subject, an IR light source 220 config-
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ured to illuminate the target subject with IR light, and a TOF
camera sensor 230, which is configured to capture TOF data
from the target subject.

[0054] The TOF sensor 230, which may be a 3D TOF
camera sensor, operates by observing IR light (e.g., near-
infrared range (~850 nm)) that is pulsed or modulated by a
continuous-wave (CW), source (e.g., a sinusoid or square
wave), which illuminates the target subject source. The
target subject reflects the pulsed IR illumination. The TOF
sensor 230 measures a phase shift between the illumination
and the reflection, and translates the phase shift to a distance.
Using the distance information, the TOF sensor 230 gener-
ates one or more depth frames, where each pixel in a depth
frame represents the physical distance to various locations or
areas at the target subject (e.g., in millimeters).

[0055] The capture device 200, therefore, may be a wire-
less video camera base station that includes one or more
processors, a TOF depth sensor 230, an RGB camera 210, a
light sensor 240, IR illumination LED’s 220, mechanical IR
cut filter, thermometer, a microphone 250, a speaker, PAN/
TILT motors 260, an accelerometer, a proximity sensor, and
at least one wireless transceiver.

[0056] In some cases, the capture device 200 is positioned
to capture video and depth images from a sleeping area of a
baby, such as via a stand or other apparatus configured to
position the capture device 200 as a free-standing device, by
mounting the device 200 to a crib and/or to other structures
proximate to the crib, and so on.

[0057] As described herein, various different display
devices may receive data from the capture device 200, such
as TOF data, and present information that indicates various
measured parameters or conditions associated with a baby or
other target subject. FIG. 3 is a diagram illustrating a display
device 300 that displays information captured from a target
subject.

[0058] The display device 300, which may be a portable
receiver device, such as a smartphone, tablet, or other
custom receiving device, includes one or processors, a
display 310, a speaker 320, a microphone 325, a visual
indicator 340, various user controls 330, a battery, a wireless
transceiver, and/or other components configured to display
information, receive user input, present visual or audio
information (e.g., alerts), and so on.

[0059] Via the display, the device 300 presents informa-
tion 360 that is indicative of movement states of the target
subject, which is determined by the TOF data received by
the device 300. For example, the device 300 may display
information 350 (e.g., icons or other visual indicators) that
represents where a baby is moving, information that repre-
sents the baby is breathing, and so on.

[0060] Thus, in some embodiments, the capture device
200 uses the TOF sensor 230 to capture depth image data
from a target subject to determine a state of movement of the
monitored baby based on the depth image data for the
monitored baby, and outputs movement information (e.g.,
certain metadata) to be transmitted to the display device 300.
and

[0061] Upon receiving the movement information, the
display device 300 interprets the received metadata to
extract the states of movement of the target subject 112, and
presents various information representing the various states,
such as a first indicator associated with movement of the
monitored baby based on a determined state of movement of
the monitored baby, and a second indicator associated with
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breathing of the monitored baby based on a determined state
of movement of the monitored baby.

[0062] FIG. 4 is a flow diagram illustrating a method 400
for displaying information captured from a monitored target
subject. The method 400 may be performed by the move-
ment determination system 150 and, accordingly, is
described herein merely by way of reference thereto. It will
be appreciated that the method 400 may be performed on
any suitable hardware.

[0063] In operation 410, the system 150 receives time of
flight (TOF) data associated with a target subject. For
example, the system 150 may receive depth images (3D TOF
data) captured by the TOF sensor 230 of the capture device
200, which is proximate to the target subject (e.g., a baby in
a crib).

[0064] In operation 420, the system 150 determines pixel
velocities for pixels associated with one or more areas of the
target subject. For example, the system 150 determines, for
each pixel in a depth image of the target subject, a change
in distance over time between depth frames of the depth
image. Thus, pixel velocity (Pv) is the change in distance
(dR) over time between frames (dt) for each pixel in a depth
image, or Pv=dR/dt. When a depth frame is returned in
millimeters, the pixel velocity is calculated in units of
millimeters per second (mnys).

[0065] In operation 430, the system 150 determines
whether the one or more areas of the target subject are
moving based on the determined pixel velocities. FIGS.
5A-5D are images illustrating depth images (FIG. 5A) and
associated pixel velocities (FIGS. 5B-D) for frames captured
from a target subject.

[0066] As shown in FIG. 5A, a sleeping baby is present in
the lower right hand corner of the depth frame, and is about
900 mm (~3 feet) away from the camera. When looking at
a high-definition RGB video, or the depth video of the
sleeping baby, it will be difficult to detect the baby is
breathing. However, using the calculated pixel velocities,
the subtle breathing motions can be realized.

[0067] FIG. 5B shows the sleeping baby’s torso expanding
at around 5 mm per second, as the baby takes a breath in
(which is well above a surrounding noise floor). FIG. 5C
shows the sleeping baby’s torso contracting at around -5
mm per second as the baby breathes out (which is well
below the surrounding noise floor). Further, FIG. 5D shows
the baby moving and re-adjusting in the crib, where the arms
and legs of the baby are visible in the image (in addition to
the breathing motion of the torso).

[0068] As described herein, FIGS. SB-5D display a sur-
rounding noise floor, which can be eliminated using spatial
and temporal filtering. For example, the surrounding noise
pixel velocities are extremely high frequency as compared to
pixel velocities generated from a moving target, which
enables the system 150 to filter the unwanted pixel veloci-
ties. Therefore, in some cases, the system 150 filters the
depth frames of a depth image of the target subject to
identify pixel velocities associated with movement of the
target subject (described in greater detail herein).

[0069] FIGS. 6A-6D are graphs illustrating pixel move-
ment within images captured for an area of a target subject,
such as an analysis of single pixels over many pixel velocity
frames (over time). FIG. 6A shows a single pixel found over
a noisy region, where there is no motion by the baby. FIG.
6B shows a single pixel found over the torso of a sleeping
(and breathing) baby. FIG. 6C shows the same pixel in FIG.
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6A (no movement), after low-pass filtering has been applied.
As depicted, the noise floor is effectively zero.

[0070] FIG. 6D shows the same pixel as FIG. 6B, after
low-pass filtering has been applied. As depicted, the noise is
effectively removed and the result is a clean respiratory
signal. The system 150 may then calculate the respiration or
breathing rate by taking a Fourier transform of the respira-
tory signal. Although not shown, the system 150 may
perform a similar analysis to determine a heart rate, by
monitoring subtle movements of the skin of the baby, caused
by blood pumping in and out.

[0071] FIG. 7 is a diagram illustrating a mapping of a
depth image to a binary motion matrix for a monitored target
subject. Once low-pass filtering and spatial smoothing (aver-
aging) techniques are applied to every pixel in the pixel
velocity frame, along with dynamic thresholding, the system
150 may generate a Binary Motion Matrix. The Binary
Motion Matrix represents areas in the image with true
motion with a “1” and all background values to a “0”. FIG.
7 depicts an example Binary Motion Matrix frame. As
depicted, most of the areas represent zero motion, although
area 720, which relates to the baby’s movement 710 in the
depth image, represents motion. The matrix, therefore, pres-
ents areas that map to movements of the baby in the depth
image, such as breathing movements.

[0072] Referring back to FIG. 4, in operation 440, the
system 150 outputs a movement status for the target subject
based on determining whether the one or more areas of the
target subject are moving, the movement status includes a
status of movement of the target subject and a status of
breathing of the target subject.

[0073] Once motion signals are determined, the system
150 classifies the motion signals as movement, breathing
(rate) or no motion detected, and generates metadata asso-
ciated with the classifications. For example, the system 150
may generate a classification of the motion signals (e.g.,
breathing and/or moving) along with the coordinates of
where in the scene the motion is detected, among other
information. During classification, the system 150 performs
frequency analysis over several frames to reveal if the
motion is in a breathing range, uses clustering of motion
detections and spatial size to distinguish between motion
and breathing, and filters false signals (e.g., external factors)
to isolate and identify the signals that represent breathing or
other movement of the target subject.

[0074] As described herein, the display device 130, using
the metadata classifications, may display or otherwise pres-
ent the information in a variety of ways. The system 150
may present indicators on a visual image of the baby (e.g.,
icons or display elements that indicate areas in the image
that are moving), and/or may present text or other indicators
that present status information for the movement, breathing,
and/or other monitored conditions of the baby.

[0075] The display device 300, therefore, may present
information in a tracking mode. For example, parents may
activate the tracking mode by long pressing a button located
on the device 300, such as button 330. In tracking mode, the
TOF sensor 230 provides the raw depth Image data (de-
scribed herein) to a signal processor of the system 150 in the
capture device 110, which determines return motion coor-
dinate information (e.g., where in a scene the motion is
occurring) and classification or movement status (e.g., baby
breathing vs. baby moving).

Feb. 22,2018

[0076] Further, the system 150 may include alarm status
counters that monitor time elapsed time periods between
when moving/breathing events are detected. For example, if
no breathing or movement has been detected for 5 seconds,
the system 150 may set an “Alarm Status” as “Warning.” If
no breathing or movement has been detected for 15 seconds
the system 150 may set the “Alarm Status” as “Alert,” and
present an alarm. Once breathing or motion detection
resumes for 5 seconds, the system 150 may reset the “Alarm
Status” to “Clear.”

[0077] Thus, in tracking mode, a data payload is associ-
ated with RGB video frames. The data payload may include:
Motion Coordinates [(X,Y) or NULL], Classification
[Breathing, Moving or NULL], Alarm Status [Clear, Warn-
ing or Alert]. In presenting tracking information, the system
150 may display a marker overlaid over an image of a baby
that pulsates as the baby breathes. As the baby moves
around, a motion LED 340 provides status information. For
example, when the baby is sleeping (e.g., is still and breath-
ing) the motion LED 340 pulsates each time the baby takes
a breath, and turns solid blue if they start to move around.
If no motion (breathing or movement) is detected for 5
seconds, the motion LED 340 turns yellow. If no motion
(breathing or movement) is detected for 15 seconds, the
motion LED 340 turns red, and an audible alarms sounds
until motion is detected again. Of course, the system 150
may utilize other indicator configurations or components.
[0078] Thus, in some embodiments, the systems and
methods provides parents and other caregivers with various
levels of information for a monitored baby. As described
herein, the system 150 utilizes pixel velocity information
from captured TOF data to identify and classify movement
of the baby, which is output as various visual or multimedia
indicators.

[0079] Examples of the Signal Processing Algorithm
[0080] The signal processing algorithm, as described
herein, determines movement characteristics (e.g., subtle
breathing motions) for a target subject within a monitored
scene, such as a baby in a crib. Although the signal pro-
cessing techniques with reference to TOF data, similar
techniques may be employed with other depth data, such as
radar data, acoustic data, ultrasonic data, and so on.
[0081] FIG. 8 is a flow diagram illustrating a method for
determining movement and breathing for a monitored target
subject. The method 800 may be performed by the move-
ment determination system 150 and, accordingly, is
described herein merely by way of reference thereto. It will
be appreciated that the method 800 may be performed on
any suitable hardware.

[0082] In operation 810, the system 150 receives time of
flight (TOF) data measured from a target subject and parses
the TOF data to extract a phase frame and an amplitude
frame from the TOF data. For example, the system 150 may
receive raw TOF data captured by a TOF sensor proximate
to the target subject, and extract distance data from the phase
frame and confidence data from the amplitude frame.
[0083] 1In operation 820, the system 150 determines pixel
velocities for pixels from distance data of the phase frame.
For example, the system 150 subtracts distance data
extracted from a previous phase frame from distance data
extracted from the phase frame.

[0084] Inoperation 830, the system 150 down-selects high
confidence pixels using a mask generated from confidence
data of the amplitude frame. For example, the system 150
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identifies pixels that do not satisfy a threshold value for an
associated amplitude, and nullifies the identified pixels using
the mask generated from the confidence data.

[0085] In operation 840, the system 150 filters the high
confidence pixels by applying temporal and spatial low-pass
filters. For example, the system 150 applies a Gaussian
low-pass filter to the high confidence pixels to spatially
smooth the high confidence pixels, and performs temporal
smoothing to select temporally correlated pixels of the high
confidence pixels.

[0086] In operation 850, the system 150 thresholds the
filtered high confidence pixels. After thresholding, the sys-
tem 150 may perform morphological erosion to identify
relatively larger areas of movement within the frame.
[0087] In operation 860, the system 150, for each frame,
performs blob analysis to the frame to identify blob cen-
troids within the frame. For example, the system 150 per-
forms blob analysis to identify centroids of morphologically
connected regions between frames, and aggregates the iden-
tified centroids of morphologically connected regions across
all frames.

[0088] Inoperation 870, the system 150 determines spatial
co-location between each frame by clustering identified blob
centroids across a time series of frames, and, in operation
880, determines statistics for the clustered blob centroids.
[0089] In operation 890, the system 150 aggregates the
identified centroids into classes of clusters based on an
analysis of the determined statistics for the clustered blob
centroids, extracts one or more features associated with the
classes of clusters, and determines the extracted one or more
features represent movement or breathing of the target
subject. For example, the system 150 may identify the
aggregated centroids using an iterated k-means algorithm,
process the extracted one or more features using a fuzzy
controller, and classify truth values output by the fuzzy
controller using an artificial neural network to determine the
extracted one or more features are associated with move-
ment of the target subject or breathing of the target subject.
[0090] The system 150, therefore, applies various signal
processing and data analysis techniques to depth image data
to isolate and/or focus on pixel velocities derived from TOF
data that represent subtle motions of a baby. FIG. 9 is a flow
diagram illustrating a method 900 for processing signals
received from a capture device that is monitoring a target
subject. The method 900 may be performed by the move-
ment determination system 150 and, accordingly, is
described herein merely by way of reference thereto. It will
be appreciated that the method 900 may be performed on
any suitable hardware.

[0091] The system 150, in operation 905, receives raw
frame data, such as 320x240 depth frames in mm (16 bits of
resolution), 320x240 Confidence data grey scale (16 bits of
resolution), and associated time stamps. In operation 910,
the system 150 verifies the data, and in operation 915, parses
the data to extract phase frames 917 (e.g., distance) and
amplitude frames 919 (e.g., confidence), which are placed
into a next position of a circular buffer (256-frame circular
bufter).

[0092] In operation 920, using the distance frame 917, the
system 150 calculates pixel velocity by subtracting phase
information (distance) from frame N-N, from the current
frame 917. In operation 930, the system 150 applies masking
to the calculated pixel velocities. The system 150, in opera-
tion 925, sets a threshold value to discriminate low ampli-
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tude (e.g., low confidence) pixels, generates a mask, and
uses the mask to the calculated pixel velocities to nullify
phase (e.g., distance) pixels with low confidence measure-
ments.

[0093] In operation 935, the system 150 applies spatial
smoothing to the high confidence pixels. For example,
because multiple pixels of a target subject will exhibit
similar velocity characteristics, a spatial low-pass filter
attenuates otherwise high intensity noise. The system 150,
therefore, may apply one or more spatial low-pass filters to
realize spatial smoothing, using filter kernels such as Gauss-
ian, Uniform cony. Kernel, Median filter, and so on.

[0094] In operation 940, the system 150 performs tempo-
ral smoothing to the high confidence pixels. For example,
due to known oversampling (e.g., 30 Hz framerate vs 1 Hz
respiration), the system 150 may exhibit consistent velocity
characteristics over time. The system 150 may use temporal
smoothing to select only temporally correlated data from
uncorrelated noise, where a weighted filter places highest
priority on current frame (e.g., reduction in latency).

[0095] In operation 945, the system 150 calculates the
frame mean and standard deviation, which, in operation 950,
is utilized to dynamically threshold the pixel data. In opera-
tion 955, the system 955 applies morphological erosion,
which removes salt and pepper noise and locations of
movement with insufficient area (e.g., a twitching toe),
resulting in larger areas of motion (e.g., baby’s relatively
large torso) remaining.

[0096] In operation 960, the system 150 performs blob
analysis, where centroids of morphologically connected
regions are identified, and centroids are aggregated over all
frames in the buffer.

[0097] Using the 256-frame circular buffer of frames 965,
the system 150, in operation 970, clusters the frame cen-
troids, where aggregated centroids are identified using an
iterated k-means algorithm, which, in operation 975, deter-
mines whether the clusters are sufficient, and, in operation
980, adjusts the clusters.

[0098] In operation 985, the system 150 extracts features
from the clusters, and, in operation 990, analyzes the tem-
poral and spatial characteristics of clusters, using frequency
and area characteristics to discriminate classes of clusters.
For example, the system 150 utilizes the features to dis-
criminate classes of clusters using Neuro-Fuzzy control,
where inputs are processed by a fuzzy controller to map
statistical outputs to membership functions and truth values.

[0099] In operation 995, the system 150, inputs the truth
values as input to an artificial neural network (ANN), which
classifies the inputs as various movement states or statuses,
such as movement/breathing/no baby activity (e.g., along
with alarm status). For example, as described herein, the
system 150 may output the ANN status information as an
overlay onto a high resolution RGB video feed of baby in
real time.

[0100] Thus, in some embodiments, the system 150
applies various signal processing and data analysis tech-
niques to depth image data to isolate and/or focus on pixel
velocities derived from TOF data that represent subtle
motions of a baby, such as motions associated with a baby
breathing (e.g., motions of the baby’s torso), the baby’s
heart rate (e.g., motions of the baby’s skin), and so on.
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CONCLUSION

[0101] Unless the context clearly requires otherwise,
throughout the description and the claims, the words “com-
prise,” “comprising,” and the like are to be construed in an
inclusive sense, as opposed to an exclusive or exhaustive
sense; that is to say, in the sense of “including, but not
limited to.” As used herein, the terms “connected,”
“coupled,” or any variant thereof means any connection or
coupling, either direct or indirect, between two or more
elements; the coupling or connection between the elements
can be physical, logical, or a combination thereof. Addition-
ally, the words “herein,” “above,” “below,” and words of
similar import, when used in this application, refer to this
application as a whole and not to any particular portions of
this application. Where the context permits, words in the
above Detailed Description using the singular or plural
number may also include the plural or singular number
respectively. The word “or” in reference to a list of two or
more items covers all of the following interpretations of the
word: any of the items in the list, all of the items in the list,
and any combination of the items in the list.

[0102] The above Detailed Description of examples of the
invention is not intended to be exhaustive or to limit the
invention to the precise form disclosed above. While specific
examples for the invention are described above for illustra-
tive purposes, various equivalent modifications are possible
within the scope of the invention, as those skilled in the
relevant art will recognize. For example, while processes or
blocks are presented in a given order, alternative implemen-
tations may perform routines having steps, or employ sys-
tems having blocks, in a different order, and some processes
or blocks may be deleted, moved, added, subdivided, com-
bined, and/or modified to provide alternative or subcombi-
nations. Each of these processes or blocks may be imple-
mented in a variety of different ways. Also, while processes
or blocks are at times shown as being performed in series,
these processes or blocks may instead be performed or
implemented in parallel, or may be performed at different
times. Further any specific numbers noted herein are only
examples: alternative implementations may employ differ-
ing values or ranges.

[0103] The teachings of the invention provided herein can
be applied to other systems, not necessarily the system
described above. The elements and acts of the various
examples described above can be combined to provide
further implementations of the invention. Some alternative
implementations of the invention may include not only
additional elements to those implementations noted above,
but also may include fewer elements.

[0104] These and other changes can be made to the
invention in light of the above Detailed Description. While
the above description describes certain examples of the
invention, and describes the best mode contemplated, no
matter how detailed the above appears in text, the invention
can be practiced in many ways. Details of the system may
vary considerably in its specific implementation, while still
being encompassed by the invention disclosed herein. As
noted above, particular terminology used when describing
certain features or aspects of the invention should not be
taken to imply that the terminology is being redefined herein
to be restricted to any specific characteristics, features, or
aspects of the invention with which that terminology is
associated. In general, the terms used in the following claims
should not be construed to limit the invention to the specific
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examples disclosed in the specification, unless the above

Detailed Description section explicitly defines such terms.

Accordingly, the actual scope of the invention encompasses

not only the disclosed examples, but also all equivalent ways

of practicing or implementing the invention under the claims
/We claim:

1. A method, comprising:

receiving time of flight (TOF) data measured from a target

subject;

parsing the TOF data to extract a phase frame and an

amplitude frame from the TOF data;

determining pixel velocities for pixels from distance data

of the phase frame;

down-selecting high confidence pixels using a mask gen-

erated from confidence data of the amplitude frame;
filtering the high confidence pixels;

thresholding the filtered high confidence pixels;

for each frame, performing blob analysis to the frame to

identify blob centroids within the frame;

determining spatial co-location between each frame by

clustering identified blob centroids across a time series
of frames;

determining statistics for the clustered blob centroids;

aggregating the identified centroids into classes of clusters

based on an analysis of the determined statistics for the
clustered blob centroids;

extracting one or more features associated with the classes

of clusters; and

determining the extracted one or more features represent

movement or breathing of the target subject.

2. The method of claim 1, wherein the received TOF data
is captured by a TOF sensor proximate to the target subject.

3. The method of claim 1, wherein parsing the TOF data
to extract a phase frame and an amplitude frame from the
TOF data includes extracting distance data from the phase
frame and confidence data from the amplitude frame.

4. The method of claim 1, wherein determining pixel
velocities for pixels from distance data of the phase frame
includes subtracting distance data extracted from a previous
phase frame from distance data extracted from the phase
frame.

5. The method of claim 1, wherein down-selecting high
confidence pixels using a mask generated from confidence
data of the amplitude frame includes:

identifying pixels that do not satisfy a threshold value for

an associated amplitude; and

nullifying the identified pixels using the mask generated

from the confidence data.

6. The method of claim 1, wherein filtering the high
confidence pixels includes:

applying a Gaussian low-pass filter to the high confidence

pixels to spatially smooth the high confidence pixels;
and

performing temporal smoothing to select temporally cor-

related pixels of the high confidence pixels.

7. The method of claim 1, further comprising:

after thresholding the filtered high confidence pixels,

performing morphological erosion to identify relatively
larger areas of movement within the frame.

8. The method of claim 1, wherein performing blob
analysis to the frame to identify blob centroids within the
frame includes:

performing blob analysis to identify centroids of morpho-

logically connected regions between frames; and
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aggregating the identified centroids of morphologically

connected regions across all frames.

9. The method of claim 1, wherein aggregating the
identified centroids into classes of clusters based on an
analysis of the determined statistics for the clustered blob
centroids includes identifying the aggregated centroids
using an iterated k-means algorithm.

10. The method of claim 1, wherein determining the
extracted one or more features represent movement or
breathing of the target subject includes:

processing the extracted one or more features using a

fuzzy controller; and

classifying truth values output by the fuzzy controller

using an artificial neural network to determine the
extracted one or more features are associated with
movement of the target subject or breathing of the
target subject.

11. A non-transitory computer-readable medium whose
contents, when executed by a computing system, cause the
computing system to perform a method for determining a
movement status of a target subject, the method comprising:

receiving time of flight (TOF) data associated with a

target subject;

determining pixel velocities for pixels associated with one

or more areas of the target subject; and

determining whether the one or more areas of the target

subject are moving based on the determined pixel
velocities.

12. The non-transitory computer-readable medium of
claim 11, further comprising:

outputting a movement status for the target subject based

on determining whether the one or more areas of the
target subject are moving, wherein the movement status
includes a status of movement of the target subject and
a status of breathing of the target subject.

13. The non-transitory computer-readable medium of
claim 11, wherein receiving time of flight (TOF) data
associated with a target subject includes receiving 3D TOF
data from a TOF sensor that is proximate to the target subject
and captures the 3D TOF data from the target subject.

14. The non-transitory computer-readable medium of
claim 11, wherein determining pixel velocities for pixels
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associated with one or more areas of the target subject
includes determining, for each pixel in a depth image of the
target subject, a change in distance over time between depth
frames of the depth image.

15. The non-transitory computer-readable medium of
claim 11, wherein determining pixel velocities for pixels
associated with one or more areas of the target subject
includes filtering depth frames of a depth image of the target
subject to identify pixel velocities associated with move-
ment of the target subject.

16. A baby monitor configured to display images of a
monitored baby, the baby monitor comprising:

a movement determination system configured to:

access depth image data captured from images of the
monitored baby;

determine pixel velocities for pixels associated with
one or more areas of the monitored baby; and

determine whether the one or more areas of the moni-
tored baby are moving based on the determined pixel
velocities.

17. The baby monitor of claim 16, wherein the movement
determination system is further configured to:

output a movement status for the monitored baby based

on determining whether the one or more areas of the
monitored baby are moving, wherein the movement
status includes a status of movement of the monitored
baby and a status of breathing of the monitored baby.

18. The baby monitor of claim 16, wherein the accessed
depth image data associated with a monitored baby includes
3D time of flight (TOF) data captured by a TOF sensor of a
capture device monitoring the baby and paired to a display
device that displays the images of the monitored baby.

19. The baby monitor of claim 16, wherein the movement
determination system determines pixel velocities by calcu-
lating, for each pixel in a depth image of the target subject,
a change in distance over time between depth frames of the
depth image.

20. The baby monitor of claim 16, wherein the baby
monitor includes a capture device that captures the images
of the monitored baby and contains the movement determi-
nation system.
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