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(57) ABSTRACT

An infrared (IR)-based gesture sensing and detection system
that includes at least one IR sensor for sensing micro
gestures of one or more heat-radiating bodies made within a
gesture-sensing region located proximate to the IR sensor.
Each unique micro gesture may be used as a control gesture
for controlling one or more controllable devices. Non-
limiting examples of controllable devices include smart
wearable device, handheld computing devices, and smart
appliances, among many others. In some embodiments, each
IR sensor is a passive IR sensor based on a pyroelectric
material, and the IR-based gesture sensing and detection
system is configured to consume minimal power to operate.




Patent Application Publication  Apr. 18,2019 Sheet 1 of 6 US 2019/0115916 A1
100~
Controllable Comm. Processor(s)
Device(s) Port 128
5- 156 {_ tm 112 104 116
1 ! - / / N
5 L A Q A
S 124 158 7 ~
Feat. Extract Alg. ADC R Sensor | 19A 429
144~
P Machine Executable
Gest. Det. ’%%, - \ Instructions
- 136
b
140
Indications
FIG. 1
200
AX
959 204 v’ Z
Voo
224
208(1 "o
{\,’, ~~~~~~ PEERTE P N
! i ’iﬁ ! Bandpass
han X L 216 T flter
e ] % \\ 990
a Mo AT
a0 » 1 10 > ,_,._Mf: 240\‘ |
248~ V. NoL -
<. VIR l Amplifier
. 208(2) N = |
e 978 l:%\
244

FIG. 2



Patent Application Publication  Apr. 18,2019 Sheet 2 of 6 US 2019/0115916 A1

FIG. 3




Patent Application Publication  Apr. 18,2019 Sheet 3 of 6 US 2019/0115916 A1

[ —E
504/

FIG. 6



Patent Application Publication

Apr. 18,2019 Sheet 4 of 6

Raw Sigmas E

'3 k3 i

Time foman Petwrss  §

‘ﬁfwwcy i}om ain Permzma

O ok i St s

I

1 i 5 3.

iﬂi&:ﬁ...&iﬁﬁiﬁﬁgﬁﬁﬁﬁl_..§i§gﬁ#ﬁﬁiﬁﬁﬁfﬁiﬁéﬁﬁﬁﬁﬂgﬁﬁﬂﬁﬁﬁﬁﬁﬁiﬁw”.h.ﬁiﬁiﬁﬁéﬁ. 3

i X, b3 3

.

715

1 s 3 3

s
&
3

ST T NP

1 i b3 x4

Cirole
Triangle
Rub %
Check | 442
Reotangle: 2.3

Cuestion 1.8 0.

2.5 14 2.5 05

US 2019/0115916 A1l

Mol zad Fraahire Yalus



Patent Application Publication

Cirgle -

Triangle

Thaok

Rectangle 9

Qrpustion

Apr. 18,2019 Sheet 5 of 6 US 2019/0115916 A1l

1t

Classification Accuracy (%)

85
80
85
&0
5
it
85
50
55
50

R Sz’*fﬁs‘! Wity Reeed}

Within-ilser

Without

cleck park & citgle

Z 7

3 o

Clossification Accurasy 1%
& &

&

# Randore Foyest

W {RBF Hormmd} |
Logistic Regrassion;
oW

Heprotucibility Universality

FIG. 10



Patent Application Publication  Apr. 18,2019 Sheet 6 of 6 US 2019/0115916 A1

R

e
R

R




US 2019/0115916 Al

INFRARED-BASED GESTURE SENSING AND
DETECTION SYSTEMS, AND
APPARATUSES, SOFTWARE, AND
METHODS RELATING TO SAME

RELATED APPLICATION DATA

[0001] This application claims the benefit of priority of
U.S. Provisional Patent Application Ser. No. 62/573,412,
filed Oct. 17, 2017, and titled “Gesture Recognition Using
Infrared Sensing,” which is incorporated by reference herein
in its entirety.

FIELD OF THE INVENTION

[0002] The present invention generally relates to the field
of human-machine interfaces. In particular, the present
invention is directed to infrared-based gesture sensing and
detection systems, and apparatuses, software, and methods
relating to same.

BACKGROUND

[0003] Contactless gesture-controlled devices recognize
and interpret movements of the human body in order to
interact with and control these devices without direct physi-
cal contact. Traditional gestural input methods, which often
require moving a finger, hand, or even an entire arm in
mid-air, may induce fatigue over time. Fine-grained, or
“micro-gestures,” may introduce relatively less fatigue over
time.

[0004] However, tracking fine-grained gestures, for
example, finger and thumb-tip gestures, remains very chal-
lenging due to the small magnitude of digit motions and
frequent occurrences of self-occlusion. Existing studies have
exploited magnetic sensing, which achieves a relatively high
tracking precision but requires fingers to be instrumented
with magnets and sensors. Another project, the Google Soli
project, explored the use of millimeter-wave radar to sense
subtle finger movement without instrumenting the user. The
energy consumption of the active sensor in such a system,
however, is a concern, especially for small wearable devices,
such as smartwatches and augmented reality glasses, among
others.

SUMMARY OF THE DISCLOSURE

[0005] In one implementation, the present disclosure is
directed to an apparatus. The apparatus includes at least one
passive infrared (PIR) sensor configured and positioned to
define a gesture-sensing region in free space proximate to
the at least one PIR sensor, wherein the at least one PIR
sensor includes circuitry that generates a gesture-response
signal in response to the at least one PIR sensor sensing a
micro gesture made with a heat-radiating object within the
gesture-sensing region; a processor designed and configured
to execute machine-executable instructions, wherein the
process is in communication with the circuitry so as to
receive the gesture-response signal; and memory in opera-
tive communication with the processor and containing
machine-executable instruction for execution by the proces-
sor, wherein the machine-executable instructions include
machine-executable instructions that: extract at least one
feature from the gesture-response signal; compare the at
least one feature to a model that models a control-gesture set
s0 as to determine whether or not the micro gesture matches
a control gesture of the control-gesture set; and when the
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micro gesture matches the control gesture, generate an
indication that corresponds uniquely the control gesture
matched.

[0006] In another implementation, the present disclosure
is directed to a method of controlling a controllable device
responsive to a micro gesture made by a user with at least
one heat-radiating object. The method includes sensing
occurrence of the micro gesture using at least one passive
infrared (PIR) sensor so as to generate a gesture-response
signal; extracting a plurality of features from the gesture-
response signal; comparing the plurality of features to a
model that models a control-gesture set so as to determine
whether or not the micro gesture matches a control gesture
of the control-gesture set; and when the micro gesture
matches the control gesture, generating an indication that
corresponds uniquely to the control gesture matched.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] For the purpose of illustrating the invention, the
drawings show aspects of one or more embodiments of the
invention. However, it should be understood that the present
invention is not limited to the precise arrangements and
instrumentalities shown in the drawings, wherein:

[0008] FIG. 1 is a high-level diagram of an infrared
(IR)-based gesture sensing and detection system made in
accordance with the present disclosure;

[0009] FIG. 2 is diagram of an example passive IR sensor
suitable for use in an IR-based gesture sensing and detection
system of the present disclosure, such as the IR-based
gesture sensing and detection system of FIG. 1;

[0010] FIG. 3 contains diagrams illustrating a set of six
example digit-tip-based micro gestures that can be used with
an IR-based gesture sensing and detection system of the
present disclosure, such as the IR-based gesture sensing and
detection system of FIG. 1;

[0011] FIG. 4 is a photograph illustrating a prototype
smartwatch arrangement in which the smartwatch includes
an IR-based gesture sensing and detection system of the
present disclosure, such as the IR-based gesture sensing and
detection system of FIG. 1;

[0012] FIG. 5is an elevational partial view of a peripheral
computer keyboard that incorporates components of an
IR-based gesture sensing and detection system of the present
disclosure, such as the IR-based gesture sensing and detec-
tion system of FIG. 1;

[0013] FIG. 6 is a photograph illustrating components of
an example instantiation of an IR-based gesture sensing and
detection system of the present disclosure;

[0014] FIG. 7 are diagrams illustrating the top 50 signal
features of the six digit-tip gestures illustrated in FIG. 3;
[0015] FIG. 8A is a confusion matrix of cross-validation
accuracies for the six digit-type gestures illustrated in FIG.
3 from test results performed using the example instantiation
of'the IR-based gesture sensing and detection system shown
in FIG. 6;

[0016] FIG. 8B is a confusion matrix of leave-one-ses-
sion-out accuracies for the six digit-type gestures illustrated
in FIG. 3 from test results performed using the example
instantiation of the IR-based gesture sensing and detection
system shown in FIG. 6;

[0017] FIG. 9A is a confusion matrix of cross-user accu-
racies for the six digit-type gestures illustrated in FIG. 3
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from test results performed using the example instantiation
of'the IR-based gesture sensing and detection system shown
in FIG. 6;

[0018] FIG. 9B is a graph of cross-user accuracy for
gestures sets of differing sizes based on the six digit-type
gestures illustrated in FIG. 3 from test results performed
using the example instantiation of the IR-based gesture
sensing and detection system shown in FIG. 6;

[0019] FIG. 10 is a graph illustrating recognition accuracy
under various prediction methods based on the six digit-type
gestures illustrated in FIG. 3 from test results performed
using the example instantiation of the IR-based gesture
sensing and detection shown illustrated in FIG. 6;

[0020] FIG. 11 is a photograph illustrating a user rubbing
their fingers together as a control micro gesture to play/
pause a video playing on a prototype smartwatch; and
[0021] FIG. 12 is a photograph illustrating a user drawing
a check-mark-type control micro gesture and touching a
touch-pad of a Google Glass headset so as to both take a
photograph and post the photograph on the FACEBOOK®
social media platform.

DETAILED DESCRIPTION

[0022] 1. Overview

[0023] In some aspects, the present disclosure is directed
to infrared (IR)-based gesture sensing and detection sys-
tems, such as IR-based gesture sensing and detection system
100 of FIG. 1, that are designed and configured to sense and
detect micro gestures made by a human (or, more generally,
a primate) user within a gesture-sensing region, such as
gesture-sensing region 104 of the IR-based gesture sensing
and detection system. Referring to FIG. 1 as an example,
IR-based gesture sensing and detection system 100 includes
at least one IR sensor 108 designed and configured to
generate an electrical signal 112 that varies based on move-
ment of one or more IR-radiating bodies, such as one or
more fingers and/or thumb, here finger 116 and thumb 120,
within sensing range of the IR sensor(s). For convenience,
this electrical signal is referred to herein and the appended
claims as a “gesture-response signal” 112. Examples of IR
sensor types that may be used for the one or more IR sensors
108 include pyroelectric types, thermopile types, and quan-
tum-well types, among others.

[0024] Passive IR (PIR) sensors based on pyroelectric
materials are well known in the field of presence detectors
that detect movement of humans, other animals, and/or other
IR-radiating bodies, within spaces covered by the sensors.
Such presence sensors are used for any of a variety of
reasons, including intruder detection and triggering of light-
ing or heating, ventilating, and air conditioning systems,
among other things. As described below in more detail,
some embodiments of IR-based gesture sensing and detec-
tion system 100 may utilize one or more commercial off-
the-shelf (COTS) PIR sensors and some embodiments may
utilize one or more custom-built PIR sensor, among any
other suitable IR sensor type.

[0025] Since pyroelectric-based PIR sensors are well-
known in other fields, are inexpensive, and consume little
power, basic components of these sensors are well-suited for
use in IR sensor(s) 108 in some embodiments of IR-based
gesture sensing and detection system 100. PIR sensors are
sensitive to thermal radiation emitted by the human body,
and they can detect tiny deviations from the thermal equi-
librium of the surrounding environment. FIG. 2 illustrates an
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example PIR sensor 200 having sensing circuitry 204 that
includes a pair of sensing elements 208 (1) and 208 (2)
composed of pyroelectric crystals, a material that generates
a surface electric charge when exposed to heat in the form
of IR radiation. In this example, sensing elements 208 (1)
and 208 (2) and supporting electronics, here a resistor 212,
two capacitors 216 and 220, and a transistor 224, of sensing
circuitry 204 are contained in an optional housing 228 that
can be conveniently mounted to a circuit board (not shown).
Other PIR sensors can have constructions different from the
construction of PIR sensor of FIG. 2. PIR sensor 200 may be
tuned for human detection by adding a bandpass filter
window 232 that passes only the IR wavelengths emitted by
a human body (e.g., 8 um to 14 um). In the presence of a
thermally radiating object (e.g., a finger), PIR sensor 200
converts the thermal radiation into an electrical current
proportional to the difference in temperature between the
object and its surrounding environment.

[0026] In this example, PIR sensor 200 has sensing ele-
ments 208 (1) and 208 (2) arranged side by side and
electrically connected to a bandpass filter 236 to filter
unwanted components of the output signal from sensing
circuitry 204. Sensing elements 208 (1) and 208 (2) are also
electrically connected to a differential amplifier 240 to
cancel common-mode noise caused by environmental tem-
perature change, vibration, and sunlight, since these simul-
taneously affect both sensing elements. The output of the
differential amplifier 240 is a gesture-response signal 244.

[0027] When an [R-radiating object (not shown) passes by
PIR sensor 200, it is observed by one of sensing elements
208 (1) and 208 (2) first and then by the other of the sensing
elements, causing a positive differential change between the
two crystals, thereby generating, for example, a sinusoidal
swing in gesture-response signal 244. When the IR-radiating
object passes by PIR sensor 200 in the opposite direction,
the IR radiation from it intercepts sensing elements 208 (1)
and 208 (2) in a reverse order, thus generating a negative
differential change, for example, a flip of the sinusoidal
swing within gesture-response signal 244. When the change
in the sensed thermal IR has stabilized between sensing
elements 208 (1) and 208 (2), gesture-response signal 244
returns to its baseline voltage. It is noted that some PIR
sensors, such as PIR sensor 200 of FIG. 2, are less respon-
sive to motion in directions towards and away from the front
(front 248 in FIG. 2) of the PIR sensor, since the motion
along z-axis causes a smaller difference in temperature
between sensing elements 208 (1) and 208 (2).

[0028] To improve the responsiveness of PIR sensor 200
to small movements of micro gestures, a lens 252, such as
the Fresnel lens shown in FIG. 2, can be added to concen-
trate incoming IR radiation 256 on sensing elements 208 (1)
and 208 (2). It is noted that while a Fresnel lens is depicted
in FIG. 2, lens 252 can be another type of lens, such as a
simple lens or a compound lens. Fresnel lenses can be
effective, though, because they are relatively low cost and
use less material that a corresponding simple lens having
similar optical parameters. It may be possible to further
improve sensitivity by splitting lens 252 into multiple zones,
each with its own sub-lens (not shown) focused on both
sensing elements 208 (1) and 208 (2). A possible downside
of using a multi-zone Fresnel lens, however, is that an
objects movement direction may not be able to be be reliably
detected due to the mixture of multiple signals coming from
differing zones. This situation can be exacerbated when a
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user does not make their gestures in precisely the same
location in the x-y plane every time, which allows for much
variability in which sub-lens(es) is/are dominating the sig-
nals and the attendant complications for the machine learn-
ing and feature extraction algorithms described below in
detail. To avoid these issues, a single-zone lens was used in
the example instantiation described below.

[0029] Lens 252 may be designed and configured to limit
the extent of the gesture-sensing region 260. For example,
the maximum focal distance of lens 252 may be selected so
that the maximum sensing distance, Dmax, as measured
from the front 252 A of lens 252 along a central sensing axis
264, is less than the minimum anticipated distance between
the front of the lens and a heat-radiating object, such as
another person, that might interfere with proper detection of
the micro gestures made within gesture-sensing region or
cause false positives. For example, lens 252 may be con-
figured so that Dmax is 100 cm or less, 40 cm or less, 30 cm
or less, 10 cm or less, or 5 cm or less, depending upon design
parameters, such as the type(s) of controllable device(s) with
which PIR sensor 200 is used and the anticipated environ-
ment of such device(s), among others. It is noted that while
this example is directed to a PIR type sensor, lenses for other
types of IR sensors can be similarly designed and configured
to limit the extent of the corresponding respective gesture-
sensing regions.

[0030] Referring again to FIG. 1, IR-based gesture sensing
and detection system 100 also includes an analog-to-digital
converter (ADC) 124 for converting analog gesture-re-
sponse signal 112 into a digitized version 112D. It is noted
that ADC may or may not be part of IR sensor 108,
depending on packaging. IR-based gesture sensing and
detection system 100 further includes one or more proces-
sors (collectively represented as processor 128 ) and
memory 132 in operative communication with the processor
and containing machine-executable instructions 136 for,
among other things, executing algorithms and associated
tasked for detecting the occurrence of each micro gesture
that a user performs within gesture-sensing region 104.
Processor 128 may comprise any one or more processing
devices, such as one or more microcontrollers, one or more
central processing units, one or more processing cores of a
system on a chip, one or more processing cores of an
application specific integrated circuit, and/or one or more
field programmable gate arrays, among others. Memory 132
can be any type(s) of suitable machine memory, such as
cache, RAM, ROM, PROM, EPROM, and/or EEPROM,
among others. Machine memory can also be another type of
machine memory, such as a static or removable storage disk,
static or removable solid-state memory, and/or any other
type of persistent hardware-based memory. Fundamentally,
there is no limitation on the type(s) of memory other than it
be embodied in hardware. Machine-executable instructions
136 compose the software (e.g., firmware and/or application
(s) or portion(s) thereof) that utilize IR sensor 108 to
determine occurrences of micro gestures within gesture-
sensing region 104 and to output indications 140 of such
occurrences for use.

[0031] Machine-executable instructions 136 include
machine-executable instruction for performing a feature-
extraction algorithm 144 that extracts one or more features
from gesture-response signal 112D that either singly or
collectively can be uniquely associated with a corresponding
occurrence of a micro gesture. Machine-executable instruc-
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tions 136 also include machine-executable instructions for
performing a gesture-detection algorithm 148 trained to
distinguish occurrences of differing micro gestures from one
another based on the feature(s) that feature-extraction algo-
rithm 144 extracts from gesture-response signal 112D.
Examples of feature-extraction algorithms and gesture-de-
tection algorithms suitable for use, respectively, as feature-
extraction algorithm 144 and gesture-detection algorithm
148 are discussed below in Sections 2.4, 2.5, and 3.3.4,
among others.

[0032] Generally, however, and in some embodiments,
gesture-detection algorithm 148 is configured to compare
features extracted from gesture-response signal 112D to a
model that models a set of control gestures that IR-based
sensing and detection system 100 is configured to detect.
Such a control-gesture set would typically represent at least
the micro gestures that will be used to control one or more
controllable devices (collective represented as controllable
device 152 ). Each controllable device 152 may be any
suitable device capable of being controlled via gestural
input.

[0033] During operation of IR-based sensing and detec-
tion system 100, gesture-detection algorithm 148 so config-
ured compares the features, extracted in real-time, from
gesture-response signal 112D to feature sets within the
model, with the goal of determining which, if any, micro
gesture a user has made within gesture-sensing region 104.
When gesture-detection algorithm 148 has found a match
between a user’s micro gesture and one of control gestures
within the model, IR-based sensing and detection system
100 outputs, in real-time, an indication 140 corresponding to
the matched control gesture. This indication 140 effectively
notifies controllable device(s) 152 that a user has made the
particular control gesture. Each controllable devices uses
that indication to respond to the control gesture in a pre-
determined manner. For example, if the particular control
gesture corresponds to pressing a virtual button, then each
controllable device 152 responds to the corresponding indi-
cation in the manner it has been programmed to respond to
a pressing of a virtual button. Those skilled in the art will
readily understand that there are many possible micro ges-
tures that can be used for control gestures and that the
response that each controllable device 152 can be pro-
grammed to make in response to each control gesture is
virtually limitless, since there are so many controllable
devices and software applications therefor that can be con-
trolled using control gestures detectable using an IR-based
sensing and detection system of the present disclosure, such
as IR-based sensing and detection system 100 of FIG. 1.

[0034] As will become apparent after reading this entire
disclosure, an IR-based gesture sensing and detection sys-
tem of the present disclosure, such as IR-based gesture
sensing and detection system 100 of FIG. 1, can be embod-
ied into any one of a wide variety of controllable devices
including, but not limited to, wearable “smart” devices (e.g.,
smartwatches, fitness trackers, smart jewelry, wearable com-
puters, augmented reality gear, virtual reality gear, etc.),
smart appliances (e.g., kitchen and other household and
commercial appliances, etc.), personal computers (e.g., lap-
top computers, tablet computers, and desktop computers)
smartphones, wireless security devices (e.g., cameras, smart
locks, etc.), and smart controls (e.g., smart thermostats,
smart lighting controllers, etc.), among many other devices.
Fundamentally, there is no limitation on the type of control-
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lable devices that can be controlled via gestural input sensed
and detected using an IR-based gesture sensing and detec-
tion system of the present disclosure other than that they are
suitable for controlling by such gestural input.

[0035] It is noted that some or all components of an
IR-based gesture sensing and detection system, such as
IR-based gesture sensing and detection system 100, may be
incorporated into a controllable device (e.g., controllable
device 152 ) that it is used for controlling. For example, the
entirety of IR-based gesture sensing and detection system
100 may be integrated into the controllable device. Taking a
smartphone as an example of controllable device 152 and
referring to FIG. 1, processor 128 and memory 132 may be
the processor and memory of the smartphone, with IR sensor
108 being internal to the smartphone and having its front
face (see, e.g., front face 252A of FIG. 2) facing outward
from the smartphone, such as alone a lateral side of the
smartphone. In other implementations, all of the components
of IR-based gesture sensing and detection system 100,
including processor 128 and memory 132, may be located
external to controllable device 152, with the IR-based ges-
ture sensing and detection system communicating indica-
tions 140 to the device via a suitable communication port
156, such as via a wired or wireless communications
between the IR-based gesture sensing and detection system
and the device. For example, IR-based gesture sensing and
detection system 100 may be embodied in a self-contained
user input device 160, such as in a manner similar to a mouse
or track pad, that can be used, for example, for controlling
a laptop or desktop computer. Such a user-input device could
be configured differently, with only IR sensor 108 and ADC
124 being contained in the user-input device, with gesture-
response signal 112 being communicated to the device being
controlled via communication port 156. In this deployment,
processor 128 and memory 132 may be the processor and
memory of the controllable device. Other arrangements and
deployments are possible.

[0036] Finger 116 and thumb 120 are included in FIG. 1
to illustrate one example of how a user can make certain
micro gestures for controlling controllable device 152. In
this example, the user makes any one or more of a plurality
of differing micro gestures by contacting thumb 120 with a
region of finger 116, such as the fingertip 116 A, and moving
the thumb relative to the finger, or vice versa, while the
thumb and finger remain in contact with one another, so as
to virtually “draw,” with the thumb, differing shapes or
patterns, i.e., making differing micro gestures, upon the
finger. Some non-limiting examples of such gestures are
illustrated in FIG. 3 in the context of virtually drawing on
fingertip 116 A. However, many other micro gestures are
possible, including micro gestures illustrated in connection
with the Project Soli (https://atap.google.com/soli/) by
Google LL.C, Mountain View, Calif. As seen from FIG. 3,
each micro gesture illustrated there involves moving thumb
120 largely within the confines of fingertip 116A such that
the range of movement is contained with a region of a plane
that is less than about 20 mmx20 mm (the average human
fingertip ranging from about 16 mm to about 20 mm). It is
noted that finger 116 can be any one of the fingers on the
same hand as thumb 120, though the index finger is typically
most convenient.

[0037] Micro digit gestures offer new opportunities for
natural, subtle, fast, and unobtrusive interactions in various
controllable devices and their software applications, includ-
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ing wearable, mobile, and ubiquitous computing devices and
applications. For example, gesturing a thumb-tip against the
tip of the index finger is a natural method of performing
input, requiring little effort from users because the index
finger serves as a stabilizing gesturing platform that natu-
rally provides haptic feedback. Generally, the user of two
digits, such as finger 116 and thumb 120 of the same hand,
allows the user to largely fix one of the digits in free-space
within gesture sensing region 104 to provide a stabilizing
gesturing platform for the micro gesturing and then use the
other digit to make the micro gestures. That said, two digits
are not required, especially if another stabilizing gesturing
platform is present within gesture-sensing region 104,
although having a stabilizing gesturing platform for making
micro gestures is not strictly required. Indeed, a micro
gesture can be made by a single object, such as a hand digit,
without contacting any stabilizing gesturing platform.

[0038] That said, as an example of having a stabilizing
gesturing platform other than a digit, envision the wrist-
mounted prototype smartwatch arrangement of FIG. 4 with
the gesture-sensing region 400 containing a portion of the
dorsal side 404 of the wearer’s left wrist 408 and/or hand
412. In such an arrangement, the wearer can use a finger,
such as the index finger 416, of their right hand to make one
or more suitable micro gestures with the tip of that finger in
contact with the wrist 408 and/or hand 412 on the portion of
dorsal side 404 that is within gesture-sensing region 400. In
this manner, dorsal side 404 of wrist 408 and/or hand 412
functions as a stabilizing gesturing platform.

[0039] As another example and referring to FIG. 5, and
also to FIG. 1, one or more components of IR-based gesture
sensing and detection system 100 (FIG. 1) are integrated into
a peripheral keyboard 500 for a desktop computer (not
shown). In this example, keyboard 500 is resting on a
surface 504 having an unobstructed region 508 adjacent to
the right-hand side of the keyboard. IR sensor 108 is
mounted within keyboard 500 on the right-hand side of the
keyboard and faces rightward so that gesture-sensing region
104 is on the right-hand side of the keyboard. In this
example, a user (not shown) can, for example, use a single
digit, for example, index finger, of their right hand to make
micro gestures within gesture-sensing region 104 (FIG. 5)
with the digit in contact with surface 504 as if the user were
drawing on the surface with that digit. In this manner, the
region of surface 504 within gesture-sensing region 104
functions as a stabilizing gesturing platform for the digit
used to make the micro gestures. It is noted that the user
need not necessarily have only a single digit of the gesturing
hand within gesture-sensing region 104. For example, the
user could hold their index and middle fingers together in an
extended manner, while also flexing their ring and pinky
fingers and contacting the tip of their middle finger with
surface 504. It is also noted that IR-based sensing and
detection system 100 as deployed in keyboard 500 could be
configured to additionally or alternatively, sense and detect
other micro gestures, such as multiple-digit gestures, includ-
ing micro gestures performed in midair. Of course, many
other stabilizing gesturing platforms can be used.

[0040] It is noted above that for digit-tip-based micro
gestures the gestures typically occur with the movement of
any given point on the moving digit staying within a
generally planar region of about 20 mmx20 mm. However,
micro gestures suitable for use with an IR-based sensing and
detection system of the present disclosure, such as IR-based
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sensing and detection system 100 of FIG. 1, need not be so
limited. For example, the micro gestures need not be con-
tained to being performed within a plane or nearly a plane.
Rather, they can be composed of movement in all three
dimension if recognition of such micro gestures is desired.
As another example, the spatial extent of micro gestures
need not be a bounding rectangle having maximum dimen-
sions of about 20 mmx20 mm. The bounding region may be
three-dimensional, a shape other than rectangular, and/or of
a different size. Practically speaking, the bounding region
(e.g., circular, spherical, rectangular, rectangular prismatic,
elliptical, ellipsoidal, etc.) for the extent of a micro gesture
may have a maximum diameter (i.e., distance between two
points on opposing portions, regardless of shape) of about
150 mm, although more typically the maximum diameter of
the bounding region for a given set of micro gestures will be
on the order of less than about 80 mm, less than about 50
mm, or less than about 30 mm.

[0041] In other aspects, the present disclosure is directed
to apparatuses, methods, and software relating to IR-based
gesture sensing and detection systems disclosed herein.
Such apparatuses include, but are not limited to, controllable
devices that integrate within them IR-based gesture sensing
and detection systems of the present disclosure, as well as
combinations of controllable and other devices when com-
ponents of the IR-based gesture sensing and detection sys-
tems are distributed throughout two or more devices, such as
in the context of a computer and a peripheral device.
Methods disclosed herein include methods of operating and
using an IR-based gesture sensing and detection device of
the present disclosure and methods of controlling one or
more controllable devices using an IR-based gesture sensing
and detection system of the present disclosure. Software
may include any of the machine-executable instructions that
perform any function unique to the operation of an IR-based
gesture sensing and detection system of the present disclo-
sure and/or machine-executable instructions directed to the
control of one or more controllable devices using gestural
input sensed and detected using an IR-based gesture sensing
and detection system of the present disclosure. Details of
such apparatuses, methods, and software are described
throughout the present disclosure, including the original
appended claims.

[0042] 2. Example IR-Based Gesture Sensing and Detec-
tion System
[0043] An instantiation of an IR-based gesture sensing and

detection system was created using customized hardware
and software. This section describes that instantiation.

[0044]

[0045] The example instantiation of an IR-based gesture
sensing and detection system was design and experimented
with using a set of micro thumb-tip gestures. In this
example, micro thumb-tip gestures are performed by mov-
ing the thumb tip against the tip of the index finger, which
is natural, subtle, fast, and unobtrusive. While the design
space of micro thumb-tip gestures is large, the present
example focused exploration on free-form shape gestures
carried out on the distal segment of the index finger, as it is
the most common and intuitive way to perform the gestures.
Since moving the thumb on the tip of the index finger on the
same hand resembles gesturing on a touchscreen, five ges-
tures were chosen from known unistroke gestures shown in

2.1 Example Gesture Set
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conventional touchscreen devices to be useful on touch-
screen devices, such as the smartwatch 400 illustrated in
FIG. 4.

[0046] To ensure diversity, unistroke gestures selected are
made with straight lines and corners of different degrees
(counter-clockwise triangle, check mark, and counter clock-
wise rectangle), one having a curved path (counter clock-
wise circle) and one mixing a curve, straight line, and corner
(question mark). A finger rub gesture known in the art was
also selected. Although this set of gestures is not exhaustive,
it appears to be, so far, the largest micro-gesture set that has
been used to validate a sensing technique.

[0047] 2.2 PIR Sensor and Fresnel Lens

[0048] The hardware of this example was optimized for
sensing finger motion close to the PIR sensor. For this, a
single-zone Fresnel lens (IML—from Murata Manufactur-
ing Co.) and a PIR sensor (IRA-E710 from Murata Manu-
facturing Co.) without a built-in amplifier and bandpass
filter were selected. In this example, a single-zone Fresnel
lens was chosen over a multiple-zone lens to preclude
interference from multiple monitoring zones. As illustrated
in FIG. 2 relative to PIR sensor 200, the horizontal and
vertical fields of view of the PIR sensor are both 90 degrees.
As noted above, FIG. 4 shows a smartwatch prototype
augmented with the present instantiation of IR-based gesture
sensing and detection system. A pilot study with three
participants suggested that the orientation of the pyroelectric
crystal elements of the PIR sensor does not affect gesture
recognition accuracy, so in the experiments the elements
were oriented parallel to the top of a table.

[0049] 2.3 Sensing and Detection Circuitry
[0050] A customized sensing and detection board (FIG. 6)
was built around a Cortex M4 microcontroller

(MK20DX256VLH7) running at 96 MHz, powered by
TEENSY® 3.2 firmware available from PJRC.COM LLC,
Sherwood, Oreg. The board had an LM324 based ADC
preamp, a power management circuit, and a BLU-
ETOOTH® radio module. To reduce the dominant noise (50
kHz-300 kHz) caused by powerline and fluorescent light
ballasts, a bandpass filter having cut-off frequencies of 1.59
Hz and 486.75 Hz was used. The relatively wide bandwidth
provided flexibility to explore sampling rates. After the
noise was removed, the input signal was amplified with a
gain of 33 and biased by AREF/2 (1.5 V) to preserve the
fidelity of the analog signal. The gain value was carefully
tuned to have an optimal sensing range of approximately 0.5
cm to 30 cm away from the PIR sensor. This design
mitigated the background thermal infrared signals from a
human body, minimizing the impact on the foreground
finger gesture signal.

[0051] Although existing literature suggests that the ges-
ture-response signals from the PIR sensor should be better
sampled at 10 Hz for detecting human body movement, it
was found that 20 Hz worked better in this example for the
micro finger gestures sensed in the experiments (see Section
3, below). This is because the frequency of PIR signals
generated by nearby-finger movement was between 2 Hz
and 10 Hz. The gesture-response signals were sent to a
laptop computer through a BLUETOOTH® radio link for
further computation. In total, the prototype IR-based gesture
sensing and detection system costed $24. It is noted that an
IR-based gesture sensing and detection system of the present
disclosure can be made smaller and less expensive in
high-volume commercial applications.
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[0052] 2.4 Machine Learning

[0053] In this example, machine learning was used to
classify thumb-tip gestures. While there are many options
for classification algorithms (such as Hidden Markov Mod-
els and Convolutional Neural Networks), many of them are
computationally expensive and therefore potentially unsuit-
able for real-time applications on low-power platforms such
as wearable smart devices, such as a smartwatch, among
others. The aim in the current example was to strike a
balance between recognition accuracy and computation effi-
ciency. As such, the candidate gesture recognition methods
were narrowed to Random Forest, Support Vector Machine,
and Logistic Regression. After comparing their recognition
accuracy (e.g., results shown in FIG. 10), it was decided to
use Random Forest in the example implementation.

[0054] 2.5 Feature Extraction

[0055] The extraction of relevant features from the ges-
ture-response signal from the PIR sensor is important to the
success of an IR-based gesture sensing and detection system
of'the present disclosure. The challenge, however, lies in the
fact that selecting the right feature set is not obvious.
Although features like Fast-Fourier Transformation (FFT),
peak amplitude, or first-order derivative are commonly used
in various applications, it was found in the context of the
present example that using these features directly to train a
Random Forest model led to a rather low accuracy, and none
of the existing research provided insights into suitable
features for characterizing micro thumb-tip gestures using
pyroelectric infrared signals. Consequently, it was decided
to use a COTS feature extraction toolbox to extract hundreds
of features from time and frequency domains. The gesture-
response signals were sampled, made equal length to one
another using zero padding, and normalized. Features were
then extracted and used to train and test the models. Results
are reported in the later sections, below. The Table, below,
shows the top-50 most effective and relevant features ranked
by Random Forest. Interestingly, half of the top-50 were
from the time domain and the remaining half were from the
frequency domain. This confirmed that data from both
domains are treated equally important by the Random Forest
algorithm. FIG. 7 presents the normalized values of the
top-50 features (same order as in the below Table) and raw
signals for the six thumb-tip gestures.

Time Statistical Functions (21): Sum, Mean, Median,
Domain Standard Deviation, Skewness, Quantiles (4), Kurtosis,
(26 features) Longest strike above/below mean, Count above/below
mean, mean autocorrelation, mean absolute change
quantiles (3), autocorrelation of lag, ratio of unique
values, Variance
Peak (1): Number of values between max and min
Entropy (3): Binned Entropy, Sample Entropy,
Approximate Entropy
Energy (1): Absolute energy

Frequency Continuous Wavelet Transform (21)
Domain Fast Fourier Transform (1)
(24 features) Autoregressive (1)
Welch (1)
[0056] 3. Experimental Results
[0057] A goal of an experimental study conducted using

the example IR-based gesture sensing and detection system
described in Section 2, above, was to evaluate the gesture-
recognition accuracy of that system as well as its robustness
against individual variance and among different users.
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[0058] 3.1 Participants

[0059] Ten right-handed participants (average age: 26.4,
two female) were recruited to participate in this study.
Participants’ finger temperatures measured between 24.1° C.
and 34.4° C. (SD=4.6). The room temperature was 24° C.
[0060] 3.2 Data Collection

[0061] Each participant was instructed to sit in front of the
PIR sensor placed on a desk. Before a session started,
participants were given several minutes to learn the six
unistroke micro figure gestures (triangle, rectangle, circle,
question mark, check mark, and finger rub) described above
in Section 2.1. After the short training session, each partici-
pant performed the gestures roughly 0.5 cm to 7 cm in front
of the PIR sensor using their right hand. Participants were
not given any instruction on how to perform the gestures
(e.g., magnitude or duration), except the direction in which
the gestures should be drawn. The start and end of each
gesture was indicated by clicking a computer mouse using
their left hand. Each gesture was repeated twenty times in
each session, which took about 15 minutes to complete. A
five-minute break was given between sessions, where par-
ticipants were asked to leave the desk and walk around the
lab. Data collection finished after three sessions. The study
took about an hour to complete for each participant. In total,
3600 samples (10 participantsx6 gesturesx20 repetitionsx3
sessions) were collected for analysis.

[0062] 3.3 Results

[0063] The experiment results are described below to
demonstrate the accuracy and reliability of the example
instantiation of the IR-based gesture sensing and detection
system describe above in Section 2.

[0064] 3.3.1 Within-User Accuracy

[0065] Within-user accuracy measures the prediction
accuracy where the training and testing data are from the
same user. For each participant, a twofold cross validation
was conducted, wherein half of the data was used for
training and the remaining half used for testing. The overall
within-user accuracy was calculated by averaging the results
from all the participants. The result yielded an accuracy of
93.9% (SD=0.9%). FIG. 8A shows the resulting confusion
matrix.

[0066] 3.3.2 Reproducibility

[0067] Reproducibility measures how stable and scalable
the system is against the data collected from a different
session. To measure the system reproducibility, the leave-
one-session-out accuracy was calculated for each participant
by training the model using the data from two sessions and
testing it using the remaining session. The average accuracy
for each participant was calculated by averaging all possible
combinations of training and test data. The overall accuracy
was then calculated by averaging the accuracy from all
participants. The result yields 84.9% accuracy (SD=3.5%).
Compared with cross-validation accuracy, this result reflects
a more realistic situation. FIG. 8B shows the resulting
confusion matrix. Rectangle received the highest accuracy
(i.e., 92%) among all six gestures. A potential reason is that
the rectangular trajectory has many sharp turns that make the
signal more distinguishable than others. The mix of curves
and a sharp turn in the question mark may also contribute to
the higher accuracy. Most gestures (except rectangle) are
more likely to be confused with circle, and vice versa (FIG.
8B). This can be attributed to many factors (e.g., gesture
geometry, how gestures were drawn, and recognition algo-
rithm) and requires further investigation. The trend is similar
between within-user accuracy and leave-one-session-out
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accuracy, where rectangle and question mark received
higher scores than others, while circle remained the most
confusing gesture. These results suggest that gestures with
higher accuracy were also drawn more consistently across
sessions.

[0068] 3.3.3 Universality

[0069] Universality measures whether an existing model
works across different users. To calculate the accuracy, data
from nine participants was used for training and data from
the remaining participant was used for testing. The overall
accuracy was then calculated by averaging the results from
all ten combinations of training and test data. The overall
accuracy is 69% (SD=11.2%), which indicates that different
users performed gestures differently even though the internal
consistency is quite high for each individual participant.
FIG. 9A shows the confusion matrix of all six gestures, from
which we found that check mark (48.2%) and circle (58.5%)
contributed the most to the error. The data for the check
mark and circle were then removed, and the accuracies using
the remaining data were calculated. The result yielded a
higher accuracy of 76.3% (SD=6.8%) without check mark
and 87.6% (SD=6.7%) without both (FIG. 9B).

[0070] 3.3.4 Prediction Methods

[0071] With the number of differing options available for
prediction methods, it was also of interested to measure how
well they perform on the data obtained from testing. The
collected data was process using four additional methods,
including Poly Kernel Support Vector Machine (SVM), RBF
Kernel Support Vector Machine, Logistic Regression, and
Dynamic Time Warping (DTW), each having different
strengths and weaknesses. Hidden Markov Models and
Convolutional Neural Networks were not tested, as they
require significant computational power, making them less
suitable for small computing devices. The prediction accu-
racy obtained from each method by showing the cross-
validation accuracy, leave-one-session-out accuracy, and
leave-one-subject-out accuracy are reported in FIG. 10. The
result shows that Random Forest outperformed all other
tested methods on all three metrics, followed by SVM with
a Poly Kernel.

[0072] 3.4 Environmental Noise

[0073] Micro gestures will typically be performed in noisy
and inconsistent environments. Thus, initial experiments
were conducted in a controlled lab environment to evaluate
how robust the example instantiation of the IR-based gesture
sensing and detection system is against common environ-
mental noises, such as ambient light and nearby hand
movements. Additionally, the impact of rapid changes in
hand temperature was also measured. This study was carried
out with a single participant (male, right-handed, 25 years
old).

[0074] 3.4.1 Data Collection

[0075] The data collection procedure was similar to the
user evaluation, except that only two sessions of data were
collected. Both sessions were used for training. Since no
ambient noise was presented, the prediction model was
created under a clean and controlled environment, which
was believed to be the easiest way to model in real practice.
A goal was to test the performance of this model under
varying noise conditions. In total, 240 (6 gesturesx20 rep-
etitionsx2 sessions) gestures were collected to train our
prediction model. Test data was collected in separate ses-
sions under different noise conditions. For both training and
testing, the participant performed the gestures roughly 0.5
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cm to 7 cm in front of the PIR sensor using his right hand.
Room and finger temperatures measured around 23° C. and
35° C. respectively prior to the experiment.

[0076] 3.4.2 Ambient Light

[0077] The PIR sensor used senses thermal infrared with
wavelengths ranging from 8 um to 14 pm, which is not
emitted by most indoor light sources (e.g., LED, fluorescent
lights) and yet is contained in sunlight. Thus, a focus was on
understanding how much sunlight affects the sensing per-
formance. Test data (6 gesturesx20 repetitionsx2 sessions)
was collected under two lighting conditions: dark (0 1x-20
Ix, a dark room without any sunlight) and bright (200 1x-300
Ix, under sunlight leaked through a window). Data for both
conditions were collected indoors to ensure the consistency
of the environmental temperature.

[0078] The result shows that the clean model achieves
82.5% and 84.2% accuracy in dark and bright condition
respectively. This is similar to the leave-one-session-out
accuracy in the study noted above, indicating that interfer-
ences from ambient thermal infrared have little effect on the
sensing performance in our set-up. This is expected because
the differential amplifier of the example PIR sensor used
canceled out any ambient interference that equally affected
both sensing elements.

[0079] 3.4.3 Nearby Hand Movement

[0080] The robustness of the example instantiation of the
IR-based gesture sensing and detection system was tested
against background hand movements. Another person
waved their hand in random trajectories behind the partici-
pant’s fingers in a distance no further than 30 cm away from
the sensor to create background noise. In total, 120 gesture
instances (6 gesturesx20 repetitionsx1 session) were col-
lected for testing. The result was 86.7% accuracy, which is
again similar to those found in the other conditions, indi-
cating that background hand movement does not have a
negative impact on sensing micro thumb-tip movement in
our settings. I t is believed this is because 1) the foreground
hand blocks background objects from the sensor’s viewing
angle and 2) the amplifier gain was adjusted to limit sensing
long-range motion.

[0081] 3.4.4 Hand Temperature

[0082] Hand temperature may change drastically after the
hand holds a hot or cold object (e.g., a cup of a hot or cold
drink). To understand whether a rapid, significant change in
finger temperature affects sensing performance, the tempera-
ture of the participants’ fingers was varied by asking the
participant to hold a cup of hot water or soak fingers in ice
water before performing gestures. In the hot condition, the
fingertips measured around 41° C. after holding a cup of hot
water for several minutes whereas in the cold condition, the
fingertips measured around 24° C. after soaking fingers in
ice water for several minutes. The participant started ges-
turing immediately after the temperature was set. The finger
temperature returned to around 36° C. at the end of the hot
finger session and 34° C. at the end of the cold finger
session.

[0083] It was observed that hot fingers did not introduce a
visible impact on the analog signal. The resulting 85.8%
accuracy further confirmed that a rapid increase in finger
temperature does not negatively affect recognition accuracy.
In contrast, when the hand was cold, the analog signal
became visually weaker. However, the signal quickly
returned to the normal scale after the hand temperature
reached to 27° C. (within roughly 3 seconds in a room
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temperature of 23° C.). Although it was found that the
overall prediction accuracy was not affected (i.e., 83.3%),
the hand temperature increased too quickly to allow us to
draw a conclusion. To extend understanding on the effect of
cold fingers, another set of gestural data was collected in
which the finger temperature was controlled within a range
between 24° C. and 26° C. The result yielded 53% accuracy,
which suggests that recognition accuracy was affected by the
significant drop of hand temperature. It is because a smaller
temperature difference between the finger and environment
causes weaker signals when hand temperature drops signifi-
cantly. Thus, the system performance will likely be affected
if the model is used in cold temperature conditions, but the
issue may go away quickly once the hand returns to a normal
temperature.

[0084] Overall, the results of this study are encouraging.
They provide insights into the pyroelectric infrared sensing
in varying usage conditions, and the robustness of our
system against tested noises.

[0085] 3.5 Example Demo Applications

[0086] Two example demo applications were imple-
mented to showcase the use of the example instantiation of
the IR-based gesture sensing and detection system on wear-
able devices. The first example application was a video
player on a smartwatch. A smartwatch prototype was built
using a 2" thin-film transistor (TFT) display, a 3D printed
case, and the example instantiation of the IR-based gesture
sensing and detection system describe above in Section 2. In
this example, the user could draw a circle on their index
finger with their thumb as a shortcut to launch the video
player app. This way, the user doing this did not need to
browse an app list on the smartwatch to find the video player
app. Unlike existing video players on smartwatches, wherein
the control panel can occlude the screen content, the present
example allows the user to using thumb-tip gestures to
control the video. For example, the user could rub their
finger with their thumb to play or pause the video (FIG. 11).
Drawing a question mark showed the information of the
video, such as title and year.

[0087] The second example application allowed the user
to interact with a head-worn display using the thumb-tip
gestures. We augmented a Google Glass headset using the
example instantiation of the IR-based gesture sensing and
detection system described above in section 2. The PIR
sensor of the IR-based gesture sensing and detection system
was placed beside the touchpad at the rear end of the
right-hand temple-piece of the Google Glass headset. The
IR-based gesture sensing and detection system provided a
new input channel on the Google Glass headset. Addition-
ally, the implementation also allowed the standard Google
Glass touchpad and thumb-tip input of the IR-based gesture
sensing and detection system to be used jointly. With this
new style of joint input, many novel interactions could be
performed. For example, thumb-tip gestures performed with
and without the index finger touching the touchpad can lead
to differing actions by the Google Glass headset. Touching
the touchpad in differing locations may also lead to differing
actions. In the example application, a check-mark gesture
was a shortcut for taking a photo while a check-mark gesture
with a finger touching the touchpad not only caused the
photo to be taken and but it also caused the photo to be
shared on the FACEBOOK® social media platform (FIG.
12). Alternatively, performing a thumb-tip gesture before or
after gesturing on the touchpad could trigger different
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actions. In the example application, rubbing the thumb and
index finger before swiping the touchpad zoomed the map in
or out whereas swiping without rubbing panned the map.

[0088] 3.6 Observations

[0089] This section presents observations gained from this
work.
[0090] Gesture delimiter. A focus of much of the foregoing

work was on the sensing technique. A gesture delimiter,
however, may be desirable in some embodiments to mini-
mize false positive. A number of options exist. For example,
distinguishable PIR sensor signals resulting from a hand
entering or leaving the PIR sensor’s gesture-sensing region
may be used as explicit delimiters relative to the control
gesture(s) that such hand will perform when the user desires.
To quickly validate this method, an informal study was
conducted, wherein three male participants (average age:
26.7) were recruited and a two-class classifier (6 micro
gestures vs hand-in/out) was trained using 120 samples for
each class. Overall, 720 samples (2 classx120 samplesx3
participants) were collected for analysis. A two-fold cross
validation yielded a 98.6% (SD=0.4%) mean accuracy. In
some implementations a hierarchical classifier can include a
first classification layer that determines the start or end of a
gesture, for example, by determining the entering and exit-
ing of a gesturing hand to and from the gesture-sensing
region of the PIR sensor, and a second layer that predicts
micro gestures that the user performs within the gesture-
sensing region.

[0091] False positives. Coarse-grained movements, such
as a person passing by a PIR sensor of an IR-based gesture
sensing and detection system of the present disclosure, may
generate signals similar to hand motions, and, so, an aug-
mentation to the detection algorithms may focus on reducing
false positives. Initial tests indicate that body movement
more than 40 cm away from the PIR sensor generates much
weaker signals that can be distinguished from movement of
a gesturing hand into and out of the gesture-sensing region
of the PIR sensor. This fact can be used to filter out many
ambient motion noise that can occur, for example, in public
settings. According to Edward Hall’s theory of interpersonal
spatial relationships, 40 cm is still within the distance
between people in a social environment, so body movements
from a nearby colleague or friend may accidently trigger the
delimiter. As described above in Section 1, one solution is to
limit the focal length and/or aperture of the lens, typically a
Fresnel lens, of the PIR sensor to control the extent of the
gesture-sensing region. For example, the focal length of the
lens can be chosen so that the object distance from the lens
is less than about 30 cm, such as to about 20 cm or less or
about 10 cm or less. Such short distances can filter out
motion noises in many social activities.

[0092] Additionally and for example, a smartwatch typi-
cally has a built-in mechanism to turn on the screen by
detecting the wearer’s intention to use the smartwatch. An
IR-based gesture sensing and detection system of the present
disclosure can, for example, leverage this mechanism and
only activate the IR-based gesture sensing and detection
system when the smartwatch has its screen turned on. As an
example, whirling of the wrist of the hand wearing the
smartwatch might introduce false positives. Activating the
IR-based gesture sensing and detection system only when
the touchscreen is on can reduce the error. Interacting with
the touchscreen might also cause false positives. However
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the smartwatch can deactivate the IR-based gesture sensing
and detection system if the smartwatch detects a touch event.
[0093] Cross-user model. The results of experimentation
show that people may perform the same gesture in different
ways. Consequently, a machine-learning model should be
trained for each user in order to make use of all six tested
gestures and to better deal with user diversity. Additional
and/or completely different micro gestures can be used
Other embodiments could focus on exploring alternative
micro gestures and understanding the parameters in which
gestures from different users may vary. Signal variance may
also appear between users with and without long fingernails.
Some embodiments may be particularly configured to
handle such diversity, and further analysis will help identify
and extract ad-hoc features to improve the cross-user accu-
racy.

[0094] Customizing PIR sensor. The example instantiation
presented in Section 2, above, included a COTS PIR sensor
with a pre-configured Fresnel lens. Other embodiments may
include customized PIR sensor particularly configured for
detecting micro thumb-tip gestures. Such customization can
include, but not be limited to, the design of the lens system
(e.g., to customize the configuration and extent of the
gesture-sensing region), the size(s) of the pyroelectric crys-
tals, as well as their shape, spacing, and orientations, among
other things, alternative IR sensor types (e.g., as thermopile
IR sensors and quantum sensors), and the electronic cir-
cuitry for generating and/or conditioning the gesture-re-
sponse signal generated by the PIR sensor.

[0095] Power. In conducting the present studies, the power
consumption of the example instantiation of Section 2,
above, was measured. Overall, the customized sensing and
detection board consumed 148.1 mW, excluding the BLU-
ETOOTH® radio (99 mW) used to transfer gesture-response
signal data to an external laptop computer for feature
extraction and gesture classification. The sensing circuitry,
i.e., the PR sensor and its analog frontend, alone consumed
2.6 mW.

[0096] The current power number is dominated by the
TEENSY® framework. In particular, the microcontroller in
the framework consumed the most power, as it contains two
analog-to-digital converter (ADC) components each oper-
ating at a 20-KHz sampling rate at a minimum. Given that
example instantiation of the IR-based gesture-sensing sys-
tem requires only 20-Hz sampling, the system can consume
significantly less power by using low-power ADC (for
example, the ADS7042 from Texas Instruments supports 1
kHz sampling rate with less than 1 microwatt). Furthermore,
the feature extraction and gesture classification algorithms
used in the example instantiation were lightweight. Thus, it
holds the potential to be run on lower-power microcon-
trollers.

[0097] The foregoing has been a detailed description of
illustrative embodiments of the invention. It is noted that in
the present specification and claims appended hereto, con-
junctive language such as is used in the phrases “at least one
of X, Y and Z” and “one or more of X, Y, and Z,” unless
specifically stated or indicated otherwise, shall be taken to
mean that each item in the conjunctive list can be present in
any number exclusive of every other item in the list or in any
number in combination with any or all other item(s) in the
conjunctive list, each of which may also be present in any
number. Applying this general rule, the conjunctive phrases
in the foregoing examples in which the conjunctive list
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consists of X, Y, and Z shall each encompass: one or more
of X; one or more of Y; one or more of Z; one or more of
X and one or more of Y; one or more of Y and one or more
of Z; one or more of X and one or more of Z; and one or
more of X, one or more of Y and one or more of Z.
[0098] Various modifications and additions can be made
without departing from the spirit and scope of this invention.
Features of each of the various embodiments described
above may be combined with features of other described
embodiments as appropriate in order to provide a multiplic-
ity of feature combinations in associated new embodiments.
Furthermore, while the foregoing describes a number of
separate embodiments, what has been described herein is
merely illustrative of the application of the principles of the
present invention. Additionally, although particular methods
herein may be illustrated and/or described as being per-
formed in a specific order, the ordering is highly variable
within ordinary skill to achieve aspects of the present
disclosure. Accordingly, this description is meant to be taken
only by way of example, and not to otherwise limit the scope
of this invention.

[0099] Exemplary embodiments have been disclosed
above and illustrated in the accompanying drawings. It will
be understood by those skilled in the art that various
changes, omissions and additions may be made to that which
is specifically disclosed herein without departing from the
spirit and scope of the present invention.

What is claimed is:

1. An apparatus, comprising:

at least one passive infrared (PR) sensor configured and
positioned to define a gesture-sensing region in free
space proximate to the at least one PIR sensor, wherein
the at least one PIR sensor includes circuitry that
generates a gesture-response signal in response to the at
least one PIR sensor sensing a micro gesture made with
a heat-radiating object within the gesture-sensing
region;

a processor designed and configured to execute machine-
executable instructions, wherein the process is in com-
munication with the circuitry so as to receive the
gesture-response signal; and

memory in operative communication with the processor
and containing machine-executable instruction for
execution by the processor, wherein the machine-ex-
ecutable instructions include machine-executable
instructions that:

extract at least one feature from the gesture-response
signal;
compare the at least one feature to a model that models
a control-gesture set so as to determine whether or
not the micro gesture matches a control gesture of
the control-gesture set; and
when the micro gesture matches the control gesture,
generate an indication that corresponds uniquely the
control gesture matched.
2. The apparatus according to claim 1, wherein the PIR
sensor comprises a pyroelectric material for sensing heat
from the heat-radiating object.

3. The apparatus according to claim 1, wherein the
heat-radiating object is a human digit, and the at least one PR
sensor is tuned to sense IR radiation emitted by the human
digit.
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4. The apparatus according to claim 1, further comprising
a controllable device responsive to the indication so that the
controllable device operates in a predetermined way in
response to the indication.

5. The apparatus according to claim 4, wherein the
controllable device comprises a visual display and the
indication controls the controllable device to effect what the
visual display displays.

6. The apparatus according to claim 5, wherein the
controllable device comprises a wearable electronic device
wearable by a person.

7. The apparatus according to claim 5, wherein the
controllable device comprises a computing device.

8. The apparatus according to claim 7, wherein the
computing device comprises a handheld computing device.

9. The apparatus according to claim 1, wherein the PIR
sensor has a central sensing axis, and the gesture-sensing
region extends no more than about 40 cm from the PIR
sensor along the central sensing axis.

10. The apparatus according to claim 9, wherein the
gesture-sensing region extends no more than about 30 cm
from the PIR sensor along the central sensing axis.

11. The apparatus according to claim 10, wherein the
gesture-sensing region extends no more than about 10 cm
from the PIR sensor along the central sensing axis.

12. The apparatus according to claim 9, wherein the PIR
sensor includes a lens having a focal length selected to limit
the gesture-sensing region to extend no more than the about
40 cm along the central axis.

13. The apparatus according to claim 1, wherein the
machine-executable instructions contained in the memory
include machine-executable instructions that perform a
machine-learning algorithm that classifies the micro gesture
among a plurality of predetermined control gestures.

14. The apparatus according to claim 13, wherein the
machine-learning algorithm comprises a Random Forest
algorithm.

15. The apparatus according to claims 13, wherein:

the machine-executable instructions contained in the

memory further include machine-executable instruc-
tions that perform a feature-extraction algorithm that
extracts a plurality of features from the gesture-re-
sponse signal to create a plurality of extracted features;
and

the machine-learning algorithm classifies the micro ges-

ture based on the plurality of extracted features.

16. The apparatus according to claim 15, wherein the
extracted features include time-domain features and fre-
quency-domain features.
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17. The apparatus according to claim 16, wherein the
feature-extraction algorithm extracts at least 20 time-domain
features and at least 20 frequency-domain features

18. The apparatus according to claim 1, wherein the PIR
sensor has only one lens and the lens is a single-zone lens.

19. A method of controlling a controllable device respon-
sive to a micro gesture made by a user with at least one
heat-radiating object, the method comprising:

sensing occurrence of the micro gesture using at least one

passive infrared (PIR) sensor so as to generate a
gesture-response signal;

extracting a plurality of features from the gesture-re-

sponse signal;

comparing the plurality of features to a model that models

a control-gesture set so as to determine whether or not
the micro gesture matches a control gesture of the
control-gesture set; and

when the micro gesture matches the control gesture,

generating an indication that corresponds uniquely to
the control gesture matched.

20. The method according to claim 19, further compris-
ing:

communicating the indication to the controllable device;

and

controlling the controllable device based on the indica-

tion.

21. The method according to claim 19, wherein the
sensing of the occurrence of the micro gesture occurs when
the micro gesture is performed within 40 cm of the PIR
sensor along a central sensing axis of the PIR sensor.

22. The method according to claim 21, wherein sensing
occurrence of the micro gesture occurs when the micro
gesture is performed within 20 cm of the PIR sensor along
the central sensing axis.

23. The method according to claim 22, wherein the
sensing of the occurrence of the micro gesture occurs when
the micro gesture is performed within 10 cm of the PIR
sensor along the central sensing axis.

24. The method according to claim 19, wherein extracting
a plurality of features includes extracting at least 10 time-
domain features and at least 10 frequency-domain features.

25. The method according to claim 19, wherein classify-
ing the type of the micro gesture includes classifying the
type of the micro gesture using a machine-learning algo-
rithm.

26. The method according to claim 25, wherein the
machine-learning algorithm includes a Random Forest algo-
rithm.



