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(57) ABSTRACT

Described herein are systems and methods for detecting a
physiological response based on facial skin color changes
(FSCC) recognizable in images taken with an inward-facing
head-mounted visible-light camera (VCAM,,). Some
examples of physiological responses whose manifestation
involves FSCC include emotional responses (which at times
may be hidden to the naked eye), and physiological signals
such as a heart rate, heart rate variability, and/or a breathing
rate. In one embodiment, a system that detects a physiologi-
cal response based on FSCC includes VCAM,, that takes
images of a region of interest (IM,,,,) on a user’s face,
which is illuminated by ambient light, and a computer that
detects the physiological response based on FSCC recog-
nizable in IMy,, Optionally, the system includes an out-
ward-facing head-mounted visible-light camera (VCAM,,,))
that takes images of the environment (IMg,,), and the
computer detects the physiological response also based on
IMENV'
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BACKGROUND

[0009] Various biological processes cause facial skin color
changes (FSCC). FSCC are typically a result of changes in
the concentration levels of hemoglobin and blood oxygen-
ation under a user’s facial skin due to a physiological
response that involves changes in the user’s emotional state
and/or changes in the user’s physical state, and/or due to
normal biological processes. These changes in the concen-
tration levels of hemoglobin and blood oxygenation can
cause subtle changes in the hue and saturation components
of the user’s facial skin color.

[0010] There are well known methods to infer the emo-
tional state and various physiological parameters (such as
heart rate and breathing rate) of a person based on FSCC.
For example, US patent application 20160098592 describes
extracting emotions based on hemoglobin concentration
changes (HCC) from red, green and blue (RGB) video. As
another example, U.S. Pat. Nos. 8,768,438, 8,977,347,
8,855,384, 9,020,183, 8,617,081 and US patent application
number 20130215244 describe extracting heart rate and
related parameters from RGB video, near-IR video, and
multi-spectral video streams. As still another example, the
following three publications explain how FSCC (resulting
from concentration changes of hemoglobin and/or oxygen-
ation) are related to emotions: (i) Ramirez, Geovany A., et
al. “Color analysis of facial skin: Detection of emotional
state” in Proceedings of the IEEE Conference on Computer
Vision and Pattern Recognition Workshops, 2014 (ii) Wang,
Su-Jing, et al. “Micro-expression recognition using color
spaces”, in IEEE Transactions on Image Processing 24.12
(2015): 6034-6047; and (iii) Jimenez, Jorge, et al. “A
practical appearance model for dynamic facial color”, in
ACM Transactions on Graphics (TOG). Vol. 29. No. 6.
ACM, 2010.

[0011] All the prior art methods for detecting physiologi-
cal responses based on FSCC analyze video of the face taken
from a camera that is remote of the user, and thus these
methods typically face challenges involving face tracking
and image registration. Additionally, the prior art methods
do not utilize measurements of illumination interferences
(such as variations in ambient light), which may, in some
cases, affect the accuracy of detections of physiological
responses based on FSCC. Consequently, accuracy of the
prior art may be susceptible to etrors that degrade the
performance of detections of physiological responses based
on FSCC, especially in real world, less controlled settings
where the user moves and the ambient light varies.

SUMMARY

[0012] Some aspects of this disclosure involve detection
of a physiological response based on facial skin color
changes (FSCC) recognizable in images taken with an
inward-facing  head-mounted  visible-light  camera
(VCAM,,). Some examples of physiological responses
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whose manifestation involves FSCC include emotional
responses (which at times may be hidden to the naked eye),
and physiological signals such as a heart rate, heart rate
variability, and/or a breathing rate.

[0013] In some embodiments, a system configured to
detect a physiological response based on FSCC includes
VCAM,, and a computer. VCAM,, is worn on a user’s head
and takes images of region of interest (IM,,,) on the user’s
face. The computer detects the physiological response based
on FSCC recognizable in IMy,,;. Optionally, the system may
include an outward-facing head-mounted visible-light cam-
era (VCAM,,,) that is worn on the user’s head and takes
images of the environment (IMy,;,). Optionally, the com-
puter detects the physiological response also based on
Mg~ Optionally, the computer utilizes a model in the
detection of the physiological response based on IM,; and
IMgap- Optionally, IMg,, is indicative of illumination
towards the face, IM,, is indicative of reflections from the
face, and utilizing IM,,,- in the detection accounts, at least
in part, for variations in ambient light that may cause errors
in detections of the physiological response based on FSCC
recognizable in Mz

[0014] The prior art approaches mentioned above receive
images from visible-light cameras that are not head-
mounted, which means that they must use extensive image
registration (in order to align the images) and are affected by
non-uniformity of the visible-light sensor (because the same
point on the target may be measured in consecutive images
by different pixels). The image stability obtained from
VCAM,, is better than the image stability obtained from a
visible-light camera that is not head-mounted. Mounting the
camera to the face reduces the systematic error and enables
better filtering of random errors, such as by averaging
multiple measurements of the same pixel or group of pixels,
and/or summing multiple measurements of the same pixel
(or group of pixels) to improve the signal to noise ratio.
Additionally, if there is a need to perform image registration
on images obtained from VCAM,, the transformation
model (to relate one image to another) may be restricted to
the maximum possible relative movement between VCAM,,
and the ROI, which is confined as a result of coupling the
camera to the frame. This restricted transformation model is
much less computational intensive than a full transformation
model as in the prior art configurations where the camera is
not head-mounted.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The embodiments are herein described by way of
example only, with reference to the following drawings:
[0016] FIG. 1a and FIG. 15 illustrate various inward-
facing head-mounted cameras coupled to an eyeglasses
frame;

[0017] FIG. 2 illustrates inward-facing head-mounted
cameras coupled to an augmented reality device;

[0018] FIG. 3 illustrates head-mounted cameras coupled
to a virtual reality device;

[0019] FIG. 4 illustrates a side view of head-mounted
cameras coupled to an augmented reality device;

[0020] FIG. 5 illustrates a side view of head-mounted
cameras coupled to a sunglasses frame;

[0021] FIG. 6, FIG. 7, FIG. 8 and FIG. 9 illustrate head-
mounted systems (HMSs) configured to measure various
ROIs relevant to some of the embodiments describes herein;
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[0022] FIG. 10, FIG. 11, FIG. 12 and FIG. 13 illustrate
various embodiments of systems that include inward-facing
head-mounted cameras having multi-pixel sensors (FPA
Sensors);

[0023] FIG. 14a, FIG. 14b, and FIG. 14c illustrate
embodiments of two right and left clip-on devices that are
configured to attached/detached from an eyeglasses frame;
[0024] FIG. 15a and FIG. 155 illustrate an embodiment of
a clip-on device that includes inward-facing head-mounted
cameras pointed at the lower part of the face and the
forehead;

[0025] FIG. 16¢ and FIG. 165 illustrate embodiments of
right and left clip-on devices that are configured to be
attached behind an eyeglasses frame;

[0026] FIG. 17a and F1G. 175 illustrate an embodiment of
a single-unit clip-on device that is configured to be attached
behind an eyeglasses frame;

[0027] FIG. 18 illustrates embodiments of right and left
clip-on devices, which are configured to be attached/de-
tached from an eyeglasses frame, and have protruding arms
to hold inward-facing head-mounted cameras;

[0028] FIG. 19 illustrates a scenario in which an alert
regarding a possible stroke is issued,;

[0029] FIG. 20a is a schematic illustration of an inward-
facing head-mounted camera embedded in an eyeglasses
frame, which utilizes the Scheimpflug principle;

[0030] FIG. 204 is a schematic illustration of a camera that
is able to change the relative tilt between its lens and sensor
planes according to the Scheimpflug principle;

[0031] FIG. 21a and FIG. 215 illustrate the making of
different detections of emotional response based on thermal
measurements compared to the emotional response that is
visible in a facial expression;

[0032] FIG. 22 illustrates an embodiment of a smartphone
app that provides a user with feedback about how he/she
looks to others;

[0033] FIG. 23 illustrates one embodiment of a tablet app
that provides the user a feedback about how he/she felt
during a certain period,

[0034] FIG. 24 illustrates an embodiment of the system
configured to detect a physiological response based on facial
skin color changes (FSCC),

[0035] FIG. 25a and FIG. 255 illustrate heating of a ROI
for different reasons: sinusitis (which is detected), and acne
(which is not detected as sinusitis);

[0036] FIG. 26a and FIG. 265 illustrate an embodiment of
a system that provides indications when the user touches
his/her face;

[0037] FIG. 274 illustrates a first case where a user’s hair
does not occlude the forehead;

[0038] FIG. 275 illustrates a second case where a user’s
hair occludes the forehead and the system requests the user
to move the hair in order to enable correct measurements of
the forehead;

[0039] FIG. 28a illustrates an embodiment of a system
that detects a physiological response based on measurements
taken by an inward-facing head-mounted thermal camera
and an outward-facing head-mounted thermal camera;
[0040] FIG. 2856 illustrates a scenario in which a user
receives an indication on a GUI that the user is not moni-
tored in direct sunlight;

[0041] FIG. 29 illustrates a case in which a user receives
an indication that she is not being monitored in a windy
environment;
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[0042] FIG. 30 illustrates an elderly person whose facial
temperature increases as a result of bending over;

[0043] FIG. 31 illustrates the effect of consuming alcohol
on values of thermal measurements;

[0044] FIG. 32 illustrates an increase in the thermal mea-
surements due to smoking;

[0045] FIG. 33 illustrates a decrease in the thermal mea-
surements due to taking medication; and

[0046] FIG. 34a and FIG. 345 are schematic illustrations
of possible embodiments for computers.

DETAILED DESCRIPTION

[0047] A “thermal camera” refers herein to a non-contact
device that measures electromagnetic radiation having
wavelengths longer than 2500 nanometer (nm) and does not
touch its region of interest (ROI). A thermal camera may
include one sensing element (pixel), or multiple sensing
elements that are also referred to herein as “sensing pixels”,
“pixels”, and/or focal-plane array (FPA). A thermal camera
may be based on an uncooled thermal sensor, such as a
thermopile sensor, a microbolometer sensor (where
microbolometer refers to any type of a bolometer sensor and
its equivalents), a pyroelectric sensor, or a ferroelectric
sensot.

[0048] Sentences in the form of “thermal measurements of
an ROI” (usually denoted TH, or some variant thereof)
refer to at least one of: (i) temperature measurements of the
ROI (Tgq,), such as when using thermopile or microbolom-
eter sensors, and (i) temperature change measurements of
the ROI (AT, ), such as when using a pyroelectric sensor
or when deriving the temperature changes from temperature
measurements taken at different times by a thermopile
sensor or a microbolometer sensor.

[0049] In some embodiments, a device, such as a thermal
camera, may be positioned such that it occludes an ROI on
the user’s face, while in other embodiments, the device may
be positioned such that it does not occlude the ROI. Sen-
tences in the form of “the system/camera does not occlude
the ROI” indicate that the ROI can be observed by a third
person located in front of the user and looking at the ROI,
such as illustrated by all the ROIs in FIG. 7, FIG. 11 and
FIG. 19. Sentences in the form of “the system/camera
occludes the ROI” indicate that some of the ROIs cannot be
observed directly by that third person, such as ROIs 19 and
37 that are occluded by the lenses in FIG. 1a, and ROIs 97
and 102 that are occluded by cameras 91 and 96, respec-
tively, in FIG. 9.

[0050] Although many of the disclosed embodiments can
use occluding thermal cameras successfully, in certain sce-
narios, such as when using an HMS on a daily basis and/or
in a normal day-to-day setting, using thermal cameras that
do not occlude their ROIs on the face may provide one or
more advantages to the user, to the HMS, and/or to the
thermal cameras, which may relate to one or more of the
following: esthetics, better ventilation of the face, reduced
weight, simplicity to wear, and reduced likelihood to being
tarnished.

[0051] A “Visible-light camera” refers to a non-contact
device designed to detect at least some of the visible
spectrum, such as a camera with optical lenses and CMOS
or CCD sensor.

[0052] The term “inward-facing head-mounted camera”
refers to a camera configured to be worn on a user’s head and
to remain pointed at its ROI, which is on the user’s face, also
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when the user’s head makes angular and lateral movements
(such as movements with an angular velocity above 0.1
rad/sec, above 0.5 rad/sec, and/or above 1 rad/sec). A
head-mounted camera (which may be inward-facing and/or
outward-facing) may be physically coupled to a frame worn
on the user’s head, may be attached to eveglass using a
clip-on mechanism (configured to be attached to and
detached from the eyeglasses), or may be mounted to the
user’s head using any other known device that keeps the
camera in a fixed position relative to the user’s head also
when the head moves. Sentences in the form of “camera
physically coupled to the frame” mean that the camera
moves with the frame, such as when the camera is fixed to
(or integrated into) the frame, or when the camera is fixed to
(or integrated into) an element that is physically coupled to
the frame. The abbreviation “CAM” denotes “inward-facing
head-mounted thermal camera”, the abbreviation “CAM, "
denotes “outward-facing head-mounted thermal camera”,
the abbreviation “VCAM” denotes “inward-facing head-
mounted visible-light camera”, and the abbreviation
“VCAM,,,” denotes “outward-facing head-mounted vis-
ible-light camera”.

[0053] Sentences in the form of “a frame configured to be
worn on a user’s head” or “a frame worn on a user’s head”
refer to a mechanical structure that loads more than 50% of
its weight on the user’s head. For example, an eyeglasses
frame may include two temples connected to two rims
connected by a bridge; the frame in Oculus Rift™ includes
the foam placed on the user’s face and the straps; and the
frames in Google Glass™ and Spectacles by Snap Inc. are
similar to eyeglasses frames. Additionally or alternatively,
the frame may connect to, be affixed within, and/or be
integrated with, a helmet (e.g., sports, motorcycle, bicycle,
and/or combat helmets) and/or a brainwave-measuring
headset.

[0054] When a thermal camera is inward-facing and head-
mounted, challenges faced by systems known in the art that
are used to acquire thermal measurements, which include
non-head-mounted thermal cameras, may be simplified and
even eliminated with some of the embodiments described
herein. Some of these challenges may involve dealing with
complications caused by movements of the user, image
registration, ROI alignment, tracking based on hot spots or
markers, and motion compensation in the IR domain.
[0055] In various embodiments, cameras are located close
to auser’s face, such as at most 2 cm, 5 cm, 10 cm, 15 cm,
or 20 cm from the face (herein “cm” denotes to centimeters).
The distance from the face/head in sentences such as “a
camera located less than 15 cm from the face/head” refers to
the shortest possible distance between the camera and the
face/head. The head-mounted cameras used in various
embodiments may be lightweight, such that each camera
weighs below 10 g, 5 g, 1 g, and/or 0.5 g (herein “g” denotes
to grams).

[0056] The following figures show various examples of
HMSs equipped with head-mounted cameras. FIG. 1a illus-
trates various inward-facing head-mounted cameras coupled
to an eyeglasses frame 15. Cameras 10 and 12 measure
regions 11 and 13 on the forehead, respectively. Cameras 18
and 36 measure regions on the periorbital areas 19 and 37,
respectively. The HMS further includes an optional com-
puter 16, which may include a processor, memory, a battery
and/or a communication module. FIG. 15 illustrates a simi-
lar HMS in which inward-facing head-mounted cameras 48
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and 49 measure regions 41 and 41, respectively. Cameras 22
and 24 measure regions 23 and 25, respectively. Camera 28
measures region 29. And cameras 26 and 43 measure regions
38 and 39, respectively.

[0057] FIG. 2 illustrates inward-facing head-mounted
cameras coupled to an augmented reality device such as
Microsoft HoloLens™. FIG. 3 illustrates head-mounted
cameras coupled to a virtual reality device such as Face-
book’s Oculus Rift™. FIG. 4 is a side view illustration of
head-mounted cameras coupled to an augmented reality
device such as Google Glass™. FIG. 5 is another side view
illustration of head-mounted cameras coupled to a sun-
glasses frame.

[0058] FIG. 6 to FIG. 9 illustrate HMSs configured to
measure various ROIs relevant to some of the embodiments
describes herein. FIG. 6 illustrates a frame 35 that mounts
inward-facing head-mounted cameras 30 and 31 that mea-
sure regions 32 and 33 on the forehead, respectively. FIG. 7
illustrates a frame 75 that mounts inward-facing head-
mounted cameras 70 and 71 that measure regions 72 and 73
on the forehead, respectively, and inward-facing head-
mounted cameras 76 and 77 that measure regions 78 and 79
on the upper lip, respectively. FIG. 8 illustrates a frame 84
that mounts inward-facing head-mounted cameras 80 and 81
that measure regions 82 and 83 on the sides of the nose,
respectively. And FIG. 9 illustrates a frame 90 that includes
(1) inward-facing head-mounted cameras 91 and 92 that are
mounted to protruding arms and measure regions 97 and 98
on the forehead, respectively, (ii) inward-facing head-
mounted cameras 95 and 96, which are also mounted to
protruding arms, which measure regions 101 and 102 on the
lower part of the face, respectively, and (iii) head-mounted
cameras 93 and 94 that measure regions on the periorbital
areas 99 and 100, respectively.

[0059] FIG. 10 to FIG. 13 illustrate various inward-facing
head-mounted cameras having multi-pixel sensors (FPA
sensors), configured to measure various ROIs relevant to
some of the embodiments describes herein. FIG. 10 illus-
trates head-mounted cameras 120 and 122 that measure
regions 121 and 123 on the forehead, respectively, and
mounts head-mounted camera 124 that measure region 125
on the nose. FIG. 11 illustrates head-mounted cameras 126
and 128 that measure regions 127 and 129 on the upper lip,
respectively, in addition to the head-mounted cameras
already described in FIG. 10. FIG. 12 illustrates head-
mounted cameras 130 and 132 that measure larger regions
131 and 133 on the upper lip and the sides of the nose,
respectively. And FIG. 13 illustrates head-mounted cameras
134 and 137 that measure regions 135 and 138 on the right
and left cheeks and right and left sides of the mouth,
respectively, in addition to the head-mounted cameras
already described in FIG. 12.

[0060] In some embodiments, the head-mounted cameras
may be physically coupled to the frame using a clip-on
device configured to be attached/detached from a pair of
eyeglasses in order to secure/release the device to/from the
eyeglasses, multiple times. The clip-on device holds at least
an inward-facing camera, a processor, a battery, and a
wireless communication module. Most of the clip-on device
may be located in front of the frame (as illustrated in FIG.
14b, FI1G. 155, and FIG. 18), or alternatively, most of the
clip-on device may be located behind the frame, as illus-
trated in FIG. 165 and FIG. 175.
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[0061] FIG. 14a, FIG. 145, and FIG. 14c illustrate two
right and left clip-on devices 141 and 142, respectively,
configured to attached/detached from an eyeglasses frame
140. The clip-on device 142 includes an inward-facing
head-mounted camera 143 pointed at a region on the lower
part of the face (such as the upper lip, mouth, nose, and/or
cheek), an inward-facing head-mounted camera 144 pointed
at the forehead, and other electronics 145 (such as a pro-
cessor, a battery, and/or a wireless communication module).
The clip-on devices 141 and 142 may include additional
cameras illustrated in the drawings as black circles.

[0062] FIG. 15¢ and FIG. 155 illustrate a clip-on device
147 that includes an inward-facing head-mounted camera
148 pointed at a region on the lower part of the face (such
as the nose), and an inward-facing head-mounted camera
149 pointed at the forehead. The other electronics (such as
a processor, a battery, and/or a wireless communication
module) is located inside the box 150, which also holds the
cameras 148 and 149.

[0063] FIG. 16a and F1G. 1654 illustrate two right and left
clip-on devices 160 and 161, respectively, configured to be
attached behind an eyeglasses frame 165. The clip-on device
160 includes an inward-facing head-mounted camera 162
pointed at a region on the lower part of the face (such as the
upper lip, mouth, nose, and/or cheek), an inward-facing
head-mounted camera 163 pointed at the forehead, and other
electronics 164 (such as a processor, a battery, and/or a
wireless communication module). The clip-on devices 160
and 161 may include additional cameras illustrated in the
drawings as black circles.

[0064] FIG. 17a and FIG. 175 illustrate a single-unit
clip-on device 170, configured to be attached behind an
eyeglasses frame 176. The single-unit clip-on device 170
includes inward-facing head-mounted cameras 171 and 172
pointed at regions on the lower part of the face (such as the
upper lip, mouth, nose, and/or cheek), inward-facing head-
mounted cameras 173 and 174 pointed at the forehead, a
spring 175 configured to apply force that holds the clip-on
device 170 to the frame 176, and other electronics 177 (such
as a processor, a battery, and/or a wireless communication
module). The clip-on device 170 may include additional
cameras illustrated in the drawings as black circles.

[0065] FIG. 18 illustrates two right and left clip-on
devices 153 and 154, respectively, configured to attached/
detached from an eyeglasses frame, and having protruding
arms to hold the inward-facing head-mounted cameras.
Head-mounted camera 155 measures a region on the lower
part of the face, head-mounted camera 156 measures regions
on the forehead, and the left clip-on device 154 further
includes other electronics 157 (such as a processor, a battery,
and/or a wireless communication module). The clip-on
devices 153 and 154 may include additional cameras illus-
trated in the drawings as black circles.

[0066] It is noted that the elliptic and other shapes of the
ROIs in some of the drawings are just for illustration
purposes, and the actual shapes of the ROIs are usually not
as illustrated. It is possible to calculate the accurate shape of
an ROI using various methods, such as a computerized
simulation using a 3D model of the face and a model of a
head-mounted system (HMS) to which a thermal camera is
physically coupled, or by placing a LED instead of the
sensor (while maintaining the same field of view) and
observing the illumination pattern on the face. Furthermore,
illustrations and discussions of a camera represent one or
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more cameras, where each camera may have the same FOV
and/or different FOVs. Unless indicated to the contrary, the
cameras may include one or more sensing elements (pixels),
even when multiple sensing elements do not explicitly
appear in the figures; when a camera includes multiple
sensing elements then the illustrated ROl usually refers to
the total ROI captured by the camera, which is made of
multiple regions that are respectively captured by the dif-
ferent sensing elements. The positions of the cameras in the
figures are just for illustration, and the cameras may be
placed at other positions on the HMS.

[0067] Sentences in the form of an “ROI on an area”, such
as ROI on the forehead or an ROI on the nose, refer to at
least a portion of the area. Depending on the context, and
especially when using a CAM having just one pixel or a
small number of pixels, the ROI may cover another area (in
addition to the area). For example, a sentence in the form of
“an ROI on the nose” may refer to either: 100% of the ROI
is on the nose, or some of the ROI is on the nose and some
of the ROI is on the upper lip.

[0068] Various embodiments described herein involve
detections of physiological responses based on user mea-
surements. Some examples of physiological responses
include stress, an allergic reaction, an asthma attack, a
stroke, dehydration, intoxication, or a headache (which
includes a migraine). Other examples of physiological
responses include manifestations of fear, startle, sexual
arousal, anxiety, joy, pain or guilt. Still other examples of
physiological responses include physiological signals such
as a heart rate or a value of a respiratory parameter of the
user. Optionally, detecting a physiological response may
involve one or more of the following: determining whether
the user has/had the physiological response, identifying an
imminent attack associated with the physiological response,
and/or calculating the extent of the physiological response.
[0069] In some embodiments, detection of the physiologi-
cal response is done by processing thermal measurements
that fall within a certain window of time that characterizes
the physiological response. For example, depending on the
physiological response, the window may be five seconds
long, thirty seconds long, two minutes long, five minutes
long, fifteen minutes long, or one hour long. Detecting the
physiological response may involve analysis of thermal
measurements taken during multiple of the above-described
windows, such as measurements taken during different days.
In some embodiments, a computer may receive a stream of
thermal measurements, taken while the user wears an HMS
with coupled thermal cameras during the day, and periodi-
cally evaluate measurements that fall within a sliding win-
dow of a certain size.

[0070] In some embodiments, models are generated based
on measurements taken over long periods. Sentences of the
form of “measurements taken during different days” or
“measurements taken over more than a week™ are not
limited to continuous measurements spanning the different
days or over the week, respectively. For example, “mea-
surements taken over more than a week” may be taken by
eyeglasses equipped with thermal cameras, which are worn
for more than a week, 8 hours a day. In this example, the user
is not required to wear the eyeglasses while sleeping in order
to take measurements over more than a week. Similarly,
sentences of the form of “measurements taken over more
than 5 days, at least 2 hours a day” refer to a set comprising
at least 10 measurements taken over 5 different days, where
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at least two measurements are taken each day at times
separated by at least two hours.

[0071] Utilizing measurements taken of a long period
(e.g., measurements taken on “different days™) may have an
advantage, in some embodiments, of contributing to the
generalizability of a trained model. Measurements taken
over the long period likely include measurements taken in
different environments and/or measurements taken while the
measured user was in various physiological and/or mental
states (e.g., before/after meals and/or while the measured
user was sleepy/energetic/happy/depressed, etc.). Training a
model on such data can improve the performance of systems
that utilize the model in the diverse settings often encoun-
tered in real-world use (as opposed to controlled laboratory-
like settings). Additionally, taking the measurements over
the long period may have the advantage of enabling collec-
tion of a large amount of training data that is required for
some machine learning approaches (e.g., “deep learning™).
[0072] Detecting the physiological response may involve
performing various types of calculations by a computer.
Optionally, detecting the physiological response may
involve performing one or more of the following operations:
comparing thermal measurements to a threshold (when the
threshold is reached that may be indicative of an occurrence
of the physiological response), comparing thermal measure-
ments to a reference time series, and/or by performing
calculations that involve a model trained using machine
learning methods. Optionally, the thermal measurements
upon which the one or more operations are performed are
taken during a window of time of a certain length, which
may optionally depend on the type of physiological response
being detected. In one example, the window may be shorter
than one or more of the following durations: five seconds,
fifteen seconds, one minute, five minutes, thirty minute, one
hour, four hours, one day, or one week. In another example,
the window may be longer than one or more of the afore-
mentioned durations. Thus, when measurements are taken
over a long period, such as measurements taken over a
period of more than a week, detection of the physiological
response at a certain time may be done based on a subset of
the measurements that falls within a certain window near the
certain time; the detection at the certain time does not
necessarily involve utilizing all values collected throughout
the long period.

[0073] In some embodiments, detecting the physiological
response of a user may involve utilizing baseline thermal
measurement values, most of which were taken when the
user was not experiencing the physiological response.
Optionally, detecting the physiological response may rely on
observing a change to typical temperatures at one or more
ROIs (the baseline), where different users might have dif-
ferent typical temperatures at the ROIs (i.e., different base-
lines). Optionally, detecting the physiological response may
rely on observing a change to a baseline level, which is
determined based on previous measurements taken during
the preceding minutes and/or hours.

[0074] In some embodiments, detecting a physiological
response involves determining the extent of the physiologi-
cal response, which may be expressed in various ways that
are indicative of the extent of the physiological response,
such as: (i) a binary value indicative of whether the user
experienced, and/or is experiencing, the physiological
response, (ii) a numerical value indicative of the magnitude
of the physiological response, (iii) a categorial value indica-
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tive of the severity/extent of the physiological response, (iv)
an expected change in thermal measurements of an ROI
(denoted TH,,, or some variation thereof), and/or (v) rate of
change in THg,, Optionally, when the physiological
response corresponds to a physiological signal (e.g., a heart
rate, a breathing rate, and an extent of frontal lobe brain
activity), the extent of the physiological response may be
interpreted as the value of the physiological signal.

[0075] One approach for detecting a physiological
response, which may be utilized in some embodiments,
involves comparing thermal measurements of one or more
ROIs to a threshold. In these embodiments, the computer
may detect the physiological response by comparing the
thermal measurements, and/or values derived therefrom
(e.g., a statistic of the measurements and/or a function of the
measurements), to the threshold to determine whether it is
reached. Optionally, the threshold may include a threshold in
the time domain, a threshold in the frequency domain, an
upper threshold, and/or a lower threshold. When a threshold
involves a certain change to temperature, the certain change
may be positive (increase in temperature) or negative (de-
crease in temperature). Different physiological responses
described herein may involve different types of thresholds,
which may be an upper threshold (where reaching the
threshold means=the threshold) or a lower threshold (where
reaching the threshold means<the threshold); for example,
each physiological response may involve at least a certain
degree of heating, or at least a certain degree cooling, at a
certain ROI on the face.

[0076] Another approach for detecting a physiological
response, which may be utilized in some embodiments, may
be applicable when the thermal measurements of a user are
treated as time series data. For example, the thermal mea-
surements may include data indicative of temperatures at
one or more ROIs at different points of time during a certain
period. In some embodiments, the computer may compare
thermal measurements (represented as a time series) to one
or more reference time series that correspond to periods of
time in which the physiological response occurred. Addi-
tionally or alternatively, the computer may compare the
thermal measurements to other reference time series corre-
sponding to times in which the physiological response did
not occur. Optionally, if the similarity between the thermal
measurements and a reference time series corresponding to
a physiological response reaches a threshold, this is indica-
tive of the fact that the thermal measurements correspond to
a period of time during which the user had the physiological
response. Optionally, if the similarity between the thermal
measurements and a reference time series that does not
correspond to a physiological response reaches another
threshold, this is indicative of the fact that the thermal
measurements correspond to a period of time in which the
user did not have the physiological response. Time series
analysis may involve various forms of processing involving
segmenting data, aligning data, clustering, time warping,
and various functions for determining similarity between
sequences of time series data. Some of the techniques that
may be utilized in various embodiments are described in
Ding, Hui, et al. “Querying and mining of time series data:
experimental comparison of representations and distance
measures.” Proceedings of the VLDB Endowment 1.2
(2008): 1542-1552, and in Wang, Xiaoyue, et al. “Experi-
mental comparison of representation methods and distance
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measures for time series data.” Data Mining and Knowledge
Discovery 26.2 (2013): 275-309.

[0077] Herein, “machine learning” methods refers to
learning from examples using one or more approaches.
Optionally, the approaches may be considered supervised,
semi-supervised, and/or unsupervised methods. Examples of
machine learning approaches include: decision tree learning,
association rule learning, regression models, nearest neigh-
bors classifiers, artificial neural networks, deep learning,
inductive logic programming, support vector machines,
clustering, Bayesian networks, reinforcement learning, rep-
resentation learning, similarity and metric learning, sparse
dictionary learning, genetic algorithms, rule-based machine
learning, and/or learning classifier systems.

[0078] Herein, a “machine leaming-based model” is a
model trained using machine learning methods. For brevi-
ty’s sake, at times, a “machine learning-based model” may
simply be called a “model”. Referring to a model as being
“machine learning-based” is intended to indicate that the
model is trained using machine learning methods (other-
wise, “model” may also refer to a model generated by
methods other than machine learning).

[0079] In some embodiments, which involve utilizing a
machine learning-based model, a computer is configured to
detect the physiological response by generating feature
values based on the thermal measurements (and possibly
other values), and/or based on values derived therefrom
(e.g., statistics of the measurements). The computer then
utilizes the machine learning-based model to calculate,
based on the feature values, a value that is indicative of
whether, and/or to what extent, the user is experiencing
(and/or is about to experience) the physiological response.
Optionally, calculating said value is considered “detecting
the physiological response”. Optionally, the value calculated
by the computer is indicative of the probability that the user
has/had the physiological response.

[0080] Herein, feature values may be considered input to
a computer that utilizes a model to perform the calculation
of a value, such as the value indicative of the extent of the
physiological response mentioned above. It is to be noted
that the terms “feature” and “feature value” may be used
interchangeably when the context of their use is clear.
However, a “feature” typically refers to a certain type of
value, and represents a property, while “feature value” is the
value of the property with a certain instance (sample). For
example, a feature may be temperature at a certain RO,
while the feature value corresponding to that feature may be
36.9° C. in one instance and 37.3° C. in another instance.

[0081] In some embodiments, a machine learning-based
model used to detect a physiological response is trained
based on data that includes samples. Each sample includes
feature values and a label. The feature values may include
various types of values. At least some of the feature values
of a sample are generated based on measurements of a user
taken during a certain period of time (e.g., thermal mea-
surements taken during the certain period of time). Option-
ally, some of the feature values may be based on various
other sources of information described herein. The label is
indicative of a physiological response of the user corre-
sponding to the certain period of time. Optionally, the label
may be indicative of whether the physiological response
occurred during the certain period and/or the extent of the
physiological response during the certain period. Addition-
ally or alternatively, the label may be indicative of how long
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the physiological response lasted. Labels of samples may be
generated using various approaches, such as self-report by
users, annotation by experts that analyze the training data,
automatic annotation by a computer that analyzes the train-
ing data and/or analyzes additional data related to the
training data, and/or utilizing additional sensors that provide
data useful for generating the labels. It is to be noted that
herein when it is stated that a model is trained based on
certain measurements (e.g., “a model trained based on
THj oy taken on different days™), it means that the model was
trained on samples comprising feature values generated
based on the certain measurements and labels corresponding
to the certain measurements. Optionally, a label correspond-
ing to a measurement is indicative of the physiological
response at the time the measurement was taken.

[0082] Various types of feature values may be generated
based on thermal measurements. In one example, some
feature values are indicative of temperatures at certain ROIs.
In another example, other feature values may represent a
temperature change at certain ROIs. The temperature
changes may be with respect to a certain time and/or with
respect to a different ROL In order to better detect physi-
ological responses that take some time to manifest, in some
embodiments, some feature values may describe tempera-
tures (or temperature changes) at a certain ROI at different
points of time. Optionally, these feature values may include
various functions and/or statistics of the thermal measure-
ments such as minimum/maximum measurement values
and/or average values during certain windows of time.

[0083] It is to be noted that when it is stated that feature
values are generated based on data comprising multiple
sources, it means that for each source, there is at least one
feature value that is generated based on that source (and
possibly other data). For example, stating that feature values
are generated from thermal measurements of first and sec-
ond ROIs (TH,;, and TH,,, respectively) means that the
feature values may include a first feature value generated
based on TH,, ,;, and a second feature value generated based
on THyg,p. Optionally, a sample is considered generated
based on measurements of a user (e.g., measurements com-
prising TH,; and THy,,;,) when it includes feature values
generated based on the measurements of the user.

[0084] In addition to feature values that are generated
based on thermal measurements, in some embodiments, at
least some feature values utilized by a computer (e.g., to
detect a physiological response or train a mode) may be
generated based on additional sources of data that may affect
temperatures measured at various facial ROIs. Some
examples of the additional sources include: (i) measure-
ments of the environment such as temperature, humidity
level, noise level, elevation, air quality, a wind speed,
precipitation, and infrared radiation; (ii) contextual infor-
mation such as the time of day (e.g., to account for effects
of the circadian rhythm), day of month (e.g., to account for
effects of the lunar rhythm), day in the year (e.g., to account
for seasonal effects), and/or stage in a menstrual cycle; (i)
information about the user being measured such as sex, age,
weight, height, and/or body build. Alternatively or addition-
ally, at least some feature values may be generated based on
physiological signals of the user obtained by sensors that are
not thermal cameras, such as a visible-light camera, a
photoplethysmogram (PPG) sensor, an electrocardiogram
(ECG) sensor, an electroencephalography (EEG) sensor, a
galvanic skin response (GSR) sensor, or a thermistor.
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[0085] The machine learning-based model used to detect a
physiological response may be trained, in some embodi-
ments, based on data collected in day-to-day, real world
scenarios. As such, the data may be collected at different
times of the day, while users perform various activities, and
in various environmental conditions. Utilizing such diverse
training data may enable a trained model to be more resilient
to the various effects different conditions can have on the
values of thermal measurements, and consequently, be able
to achieve better detection of the physiological response in
real world day-to-day scenarios.

[0086] Since real world day-to-day conditions are not the
same all the time, sometimes detection of the physiological
response may be hampered by what is referred to herein as
“confounding factors”. A confounding factor can be a cause
of warming and/or cooling of certain regions of the face,
which is unrelated to a physiological response being
detected, and as such, may reduce the accuracy of the
detection of the physiological response. Some examples of
confounding factors include: (i) environmental phenomena
such as direct sunlight, air conditioning, and/or wind; (ii)
things that are on the user’s face, which are not typically
there and/or do not characterize the faces of most users (e.g.,
cosmetics, ointments, sweat, hair, facial hair, skin blemishes,
acne, inflammation, piercings, body paint, and food left-
overs); (iii) physical activity that may affect the user’s heart
rate, blood circulation, and/or blood distribution (e.g., walk-
ing, running, jumping, and/or bending over); (iv) consump-
tion of substances to which the body has a physiological
response that may involve changes to temperatures at vari-
ous facial ROIs, such as various medications, alcohol,
caffeine, tobacco, and/or certain types of food; and/or (v)
disruptive facial movements (e.g., frowning, talking, eating,
drinking, sneezing, and coughing).

[0087] Occurrences of confounding factors may not
always be easily identified in thermal measurements. Thus,
in some embodiments, systems may incorporate measures
designed to accommodate for the confounding factors. In
some embodiments, these measures may involve generating
feature values that are based on additional sensors, other
than the thermal cameras. In some embodiments, these
measures may involve refraining from detecting the physi-
ological response, which should be interpreted as refraining
from providing an indication that the user has the physi-
ological response. For example, if an occurrence of a certain
confounding factor is identified, such as strong directional
sunlight that heats one side of the face, the system may
refrain from detecting that the user had a stroke. In this
example, the user may not be alerted even though a tem-
perature difference between symmetric ROIs on both sides
of the face reaches a threshold that, under other circum-
stances, would warrant alerting the user.

[0088] Training data used to train a model for detecting a
physiological response may include, in some embodiments,
adiverse set of samples corresponding to various conditions,
some of which involve occurrence of confounding factors
(when there is no physiological response and/or when there
is a physiological response). Having samples in which a
confounding factor occurs (e.g., the user is in direct sunlight
or touches the face) can lead to a model that is less
susceptible to wrongfully detect the physiological response
(which may be considered an occurrence of a false positive)
in real world situations.



US 2018/0096198 A1l

[0089] When a model is trained with training data com-
prising samples generated from measurements of multiple
users, the model may be considered a general model. When
a model is trained with training data comprising at least a
certain proportion of samples generated from measurements
of a certain user, and/or when the samples generated from
the measurements of the certain user are associated with at
least a certain proportion of weight in the training data, the
model may be considered a personalized model for the
certain user. Optionally, the personalized model for the
certain user provides better results for the certain user,
compared to a general model that was not personalized for
the certain user. Optionally, personalized model may be
trained based on measurements of the certain user, which
were taken while the certain user was in different situations;
for example, train the model based on measurements taken
while the certain user had a headache/epilepsy/stress/anger
attack, and while the certain user did not have said attack.
Additionally or alternatively, the personalized model may be
trained based on measurements of the certain user, which
were taken over a duration long enough to span different
situations; examples of such long enough durations may
include: a week, a month, six months, a year, and three
years.

[0090] Training a model that is personalized for a certain
user may require collecting a sufficient number of training
samples that are generated based on measurements of the
certain user. Thus, initially detecting the physiological
response with the certain user may be done utilizing a
general model, which may be replaced by a personalized
model for the certain user, as a sufficiently large number of
samples are generated based on measurements of the certain
user. Another approach involves gradually modifying a
general model based on samples of the certain user in order
to obtain the personalized model.

[0091] After a model is trained, the model may be pro-
vided for use by a system that detects the physiological
response. Providing the model may involve performing
different operations. In one embodiment, providing the
model to the system involves forwarding the model to the
system via a computer network and/or a shared computer
storage medium (e.g., writing the model to a memory that
may be accessed by the system that detects the physiological
response). In another embodiment, providing the model to
the system involves storing the model in a location from
which the system can retrieve the model, such as a database
and/or cloud-based storage from which the system may
retrieve the model. In still another embodiment, providing
the model involves notifying the system regarding the
existence of the model and/or regarding an update to the
model. Optionally, this notification includes information
needed in order for the system to obtain the model.

[0092] A model for detecting a physiological response
may include different types of parameters. Following are
some examples of various possibilities for the model and the
type of calculations that may be accordingly performed by
a computer in order to detect the physiological response: (a)
the model comprises parameters of a decision tree. Option-
ally, the computer simulates a traversal along a path in the
decision tree, determining which branches to take based on
the feature values. A value indicative of the physiological
response may be obtained at the leaf node and/or based on
calculations involving values on nodes and/or edges along
the path; (b) the model comprises parameters of a regression
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model (e.g., regression coeflicients in a linear regression
model or a logistic regression model). Optionally, the com-
puter multiplies the feature values (which may be considered
a regressor) with the parameters of the regression model in
order to obtain the value indicative of the physiological
response; and/or (c) the model comprises parameters of a
neural network. For example, the parameters may include
values defining at least the following: (i) an interconnection
pattern between different layers of neurons, (i) weights of
the interconnections, and (iii) activation functions that con-
vert each neuron’s weighted input to its output activation.
Optionally, the computer provides the feature values as
inputs to the neural network, computes the values of the
various activation functions and propagates values between
layers, and obtains an output from the network, which is the
value indicative of the physiological response.

[0093] A user interface (UI) may be utilized, in some
embodiments, to notify the user and/or some other entity,
such as a caregiver, about the physiological response and/or
present an alert responsive to an indication that the extent of
the physiological response reaches a threshold. The Ul may
include a screen to display the notification and/or alert, a
speaker to play an audio notification, a tactile UI, and/or a
vibrating UL In some embodiments, “alerting” about a
physiological response of a user refers to informing about
one or more of the following: the occurrence of a physi-
ological response that the user does not usually have (e.g.,
a stroke, intoxication, and/or dehydration), an imminent
physiological response (e.g., an allergic reaction, an epilepsy
attack, and/or a migraine), and an extent of the physiological
response reaching a threshold (e.g., stress and/or anger
reaching a predetermined level).

[0094] FIG. 19 illustrates a scenario in which an alert
regarding a possible stroke is issued. The figure illustrates a
user wearing a frame with at least two CAMs (562 and 563)
for measuring ROIs on the right and left cheeks (ROIs 560
and 561, respectively). The measurements indicate that the
left side of the face is colder than the right side of the face.
Based on these measurements, and possibly additional data,
the system detects the stroke and issues an alert. Optionally,
the user’s facial expression is slightly distorted and asym-
metric, and a VCAM provides additional data in the form of
images that may help detecting the stroke.

[0095] Various physiological responses may be detected
based on thermal measurements and images of various
regions of the face. In one embodiment, a system configured
to detect a physiological response includes an inward-facing
head-mounted thermal camera (CAM), an inward-facing
head-mounted visible-light camera (VCAM), and a com-
puter. The system may optionally include additional ele-
ments such as a frame and additional cameras.

[0096] CAM is worn on a user’s head and takes thermal
measurements of a first ROI (THg,,) on the user’s face.
Optionally, CAM weighs below 10 g. Optionally, CAM is
located less than 15 ¢cm from the user’s face. Optionally,
CAM utilizes a microbolometer or a thermopile sensor. In
one embodiment, CAM includes a focal-plane array (FPA)
sensor and an infrared lens, and the FPA plane is tilted by
more than 2° relative to the infrared lens plane according to
the Scheimpflug principle in order to improve the sharpness
of the image of ROI, (where the lens plane refers to a plane
that is perpendicular to the optical axis of the lens, which
may include one or more lenses).



US 2018/0096198 A1l

[0097] VCAM is worn on the user’s head and takes
images of a second ROI (IMg,;,) on the user’s face.
Optionally, VCAM weighs below 10 g and is located less
than 15 cm from the face. Optionally, ROI, and ROI,
overlap (which means extend over so as to cover at least
partly). For example, ROL, may cover at least half of the area
covered by ROI,. In one embodiment, VCAM includes a
multi-pixel sensor and a lens, and the sensor plane is tilted
by more than 2° relative to the lens plane according to the
Scheimpflug principle in order to improve the sharpness of
the image of ROL,.

[0098] It is to be noted that in some embodiments the
system may be constructed in a way that none of the
system’s components (including the frame and cameras)
occludes ROI, and/or ROL,. In alternative embodiments, the
system may be constructed in a way that at least some of the
system components (e.g., the frame and/or CAM) may
occlude ROI, and/or ROI,.

[0099] The computer detects the physiological response
based on THyop, Mo, and a model. Optionally, the
model includes one or more thresholds to which TH,,
and/or IM,,,, may be compared in order to detect the
physiological response. Optionally, the model includes one
or more reference time series to which THg,, and/or
IMy o may be compared in order to detect the physiological
response. Optionally, the computer detects the physiological
response by generating feature values based on TH,,, and
My op, and utilizing the model to calculate, based on the
feature values, a value indicative of the extent of the
physiological response. In this case, the model may be
referred to as a “machine learning-based model”. Optionally,
at least some of the feature values, which are generated
based on IM,,,, may be used to identify, and/or account for,
various confounding factors that can alter THy,,, without
being directly related to the physiological response. Thus, on
average, detections of the physiological responses based on
THyopn and IMy o, are more accurate than detections of the
physiological responses based on TH,,,, without M.
[0100] In one example, the physiological response is
indicative of an occurrence of at least one of the following
emotional states of the user: joy, fear, sadness, and anger. In
another example, the physiological response is indicative of
an occurrence of one or more of the following: stress, mental
workload, an allergic reaction, a headache, dehydration,
intoxication, and a stroke. The physiological response may
be a physiological signal of the user. In one example, the
physiological response is a heart rate of the user, and in this
example, ROI, is on the skin above at least one of the
superficial temporal artery and the frontal superficial tem-
poral artery. In another example, the physiological response
is frontal lobe brain activity of the user, and in this example,
ROI, is on the forehead. In still another example, the
physiological signal is a breathing rate of the user, and ROI,
is on the nasal area.

[0101] A machine learning-based model used to detect a
physiological response is typically trained on samples,
where each sample includes feature values generated based
on THy,,; and IMy,, taken during a certain period, and a
label indicative of the physiological response of the user
during the certain period. Optionally, the model is trained on
samples generated based on measurements of the user (in
which case the model may be considered a personalized
model of the user). Optionally, the model is trained on
samples generated based on measurements of one or more
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other users. Optionally, the samples are generated based on
measurements taken while the user being measured was in
different situations. Optionally, the samples are generated
based on measurements taken on different days.

[0102] Insome embodiments, images such as IM,,, may
be utilized to generate various types of feature values, which
may be utilized to detect the physiological response and/or
detect an occurrence of a confounding factor. Some of the
feature values generated based on images may include
high-level facial-related feature values and their derivatives,
such as location and dimensions of facial features and/or
landmarks, identification of action units (AUs) in sequences
of images, and/or blendshape weights. Other examples of
features include various low-level features such as features
generated using Gabor filters, local binary patterns (LBP)
and their derivatives, algorithms such as SIFT and/or SURF
(and their derivatives), image keypoints, histograms of ori-
ented gradients (HOG) descriptors, and statistical proce-
dures such independent component analysis (ICA), principal
component analysis (PCA), or linear discriminant analysis
(LDA). Yet other examples of feature values may include
features derived from multiple images taken at different
times, such as volume local binary patterns (VLBP),
cuboids, and/or optical strain-based features. Additionally,
some of the feature values may be based on other data, such
as feature values generated based audio processing of data
received from a head-mounted microphone. The audio pro-
cessing may detect noises associated with talking, eating,
and drinking, and convert it to feature values to be provided
to the machine learning-based model.

[0103] Using both THy,;, and IMy,, to detect the physi-
ological response may confer some advantages in some
embodiments. For example, there may be times when
THyon and IMg,,. provide complementing signals of a
physiological response (e.g., due to their ability to measure
manifestations of different physiological processes related to
the physiological response). This can increase the accuracy
of the detections. In one embodiment, in which the physi-
ological response being detected is an emotional response,
the computer may identify facial expressions from IM,,,
and detect the emotional response of the user based on
THj 7, and the identified facial expressions. For example, at
least some of the feature values generated based on IM,,,,,
which are used to detect the emotional response, are indica-
tive of the facial expressions. Optionally, on average, detec-
tions of emotional responses based on both THg,,, and the
identified facial expressions are more accurate than detec-
tions of the emotional responses based on either TH,,,, or
the identified facial expressions.

[0104] The following are some specific examples how
Mo may be utilized to help make detections of a physi-
ological response more accurate. In one example, ROI, and
ROIL, are on the mouth, and IM,, are indicative of a
change in a facial expression during a certain period that
involves a transition from a facial expression in which the
lips are in contact to a facial expression with an open mouth.
Optionally, by utilizing 1My, to detect the physiological
response based on THg,, taken during the certain period,
the computer may be able attribute a change in THg,, to
opening the mouth rather than a change in the temperature
of the lips.

[0105] Inanother example, ROI, and ROI, are on the nose
and upper lip, and 1M, are indicative of a change in a
facial expression during a certain period that involves a
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transition from a neutral facial expression to a facial expres-
sion of disgust. Optionally, by utilizing IM,,, to detect the
physiological response based on THy,;, taken during the
certain period, the computer may be able attribute a change
in THz o, to a raised upper lip and wrinkled nose instead of
a change in the temperature of the nose and upper lip.
[0106] In yet another example, ROI, and ROI, are on the
user’s forehead located about 1 cm above at least one of the
user’s eyebrows, and IM, ,, are indicative of a change in a
facial expression during a certain period that involves a
transition from a neutral expression to a facial expression
involving raised and/or lowered eyebrows (including
middle-raised or middle-lowered eyebrows). Optionally, by
utilizing IM,, to detect the physiological response based
on THg ,,, taken during the certain period, the computer may
be able attribute a change in TH,, to raising and/or
lowering the eyebrows instead of a change in the tempera-
ture of the forehead.

[0107] It is to be noted that there are various approaches
known in the art for identifying facial expressions from
images. While many of these approaches were originally
designed for full-face frontal images, those skilled in the art
will recognize that algorithms designed for full-face frontal
images may be easily adapted to be used with images
obtained using the inward-facing head-mounted visible-light
cameras disclosed herein. For example, the various machine
learning techniques described in prior art references may be
applied to feature values extracted from images that include
portions of the face from orientations that are not directly in
front of the user. Furthermore, due to the closeness of
VCAM to the face, facial features are typically larger in
images obtained by the systems described herein. Moreover,
challenges such as image registration and face tracking are
vastly simplified and possibly non-existent when using
inward-facing head-mounted cameras. The reference Zeng,
Zhihong, et al. “A survey of affect recognition methods:
Audio, visual, and spontaneous expressions.” IEEE trans-
actions on pattern analysis and machine intelligence 31.1
(2009): 39-58, describes some of the algorithmic approaches
that may be used for this task.

[0108] In some embodiments, TH,,, and IM,,,, may
provide different and even possibly contradicting indications
regarding the physiological response. In particular, facial
expressions may not always express how a user truly feels.
For example, when in company of other people, a user may
conceal his or her true feelings by making non-genuine
facial expressions. However, at the same time, thermal
measurements of the user’s face may reveal the user’s true
emotions. Thus, a system that relies only on Mg,y to
determine the user’s emotional response may be mistaken at
times, and using THz,; can help make detections more
accurate.

[0109] In one example, responsive to receiving a first set
of THz,;, and IMgp taken during a first period in which
the user expressed a certain facial expression, the computer
detects a first emotional response of the user. Additionally,
responsive to receiving a second set of THy,,, and IM,»
taken during a second period in which the user expressed
again the certain facial expression, the computer detects a
second emotional response of the user, which is not the same
as the first emotional response. The computer detected
different emotional responses in this example because
THyop of the first set are indicative of a first physiological
response, while TH,;, of the second set are indicative of a
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second physiological response. Following are some more
detailed examples of situations in which this may occur.
[0110] Inoneexample, the first set includes M, indica-
tive of a facial expression that is a smile and THy,,
indicative of stress below a certain threshold, and the first
emotional response detected by the computer is happiness.
The second set in this example includes IM,,,, indicative of
a facial expression that is a smile and THy,, indicative of
stress above the certain threshold, and the second emotional
response detected by the computer is discomfort.

[0111] In another example, the first set includes IM,,,,
indicative of a facial expression that is a neutral expression
and TH,,,, indicative of stress below a certain threshold,
and the first emotional response detected by the computer is
comfort. The second set includes IM,,, indicative of a
facial expression that is neutral and TH,;, indicative of
stress above the certain threshold, and the second emotional
response detected by the computer is concealment.

[0112] In yet another example, the first set includes
IMy o indicative of a facial expression that is an expression
of anger and TH,,, indicative of stress above a certain
threshold, and the first emotional response detected by the
computer is anger. The second set includes IMy,,, indica-
tive of a facial expression that is an expression of anger and
TH,op indicative of stress below the certain threshold, and
the second emotional response detected by the computer is
indicative of pretending to be angry.

[0113] The phenomenon of making different detections
based on thermal measurements compared to the emotional
response that is visible in a facial expression is illustrated in
FIG. 21a and FIG. 21b. The illustrated figures include an
HMS with CAM 514 and VCAM 515 that may cover
portions of a cheek, mouth and/or nose. FIG. 214 illustrates
a case in which the user’s smiling face may be mistaken for
happiness; however, the cold nose indicates that the user is
in fact stressed. FIG. 215 illustrates a case in which the facial
expression indicates that the user is in a neutral state;
however, the warm nose indicates that the user is excited.
FIG. 214 and F1G. 21b also illustrate a second CAM 516 and
a second VCAM 517, which may be utilized in some
embodiments, as described herein.

[0114] FIG. 22 illustrates one embodiment of a smart-
phone app that provides the user a feedback about how
he/she looks to others. The illustrated app shows that the
user was happy 96 time and angry 20 times. Because the
purpose of this app is to measure how the user looks to
others, the computer counts the facial expressions based on
M, Without correcting the facial expressions according
THgon-

[0115] FIG. 23 illustrates one embodiment of a tablet app
that provides the user a feedback about how he/she felt
during a certain period (e.g., during the day, the week, or
while being at a certain location). The illustrated app shows
that the user felt sad 56 minutes and happy 135 minutes.
Because the purpose of this app is to measure how the user
feels (and not just how the user looks to others), the
computer determines the user’s emotional state based on a
combined analysis of IMy,,, and THz,,,, as exemplified
above.

[0116] In one embodiment, the system may include a
second inward-facing head-mounted thermal camera
(CAM2) that takes thermal measurements of a third ROI
(THgoz3) on the face. Optionally, CAM2 weighs below 10 g
and is physically coupled to the frame. Optionally, the center
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of ROI, is to the right of the center of the third region of
interest (ROIL;), and the symmetric overlapping between
ROI, and ROI; is above 50%. Optionally, to detect the
physiological response, the computer accounts for facial
thermal asymmetry, based on a difference between THy,,
and TH, 5.

[0117] It is noted that the symmetric overlapping is con-
sidered with respect to the vertical symmetry axis that
divides the face to the right and left portions. The symmetric
overlapping between ROI; and ROI; may be observed by
comparing the overlap between ROI, and a mirror image of
ROI;, where the mirror image is with respect to a mirror that
is perpendicular to the front of the face and whose intersec-
tion with the face is along the vertical symmetry axis (which
goes through the middle of the forehead and the middle of
the nose).

[0118] Some examples of calculations that may be per-
formed by the computer to account for thermal asymmetry
include: (i) utilizing different thresholds to which THy,;,
and TH,,; are compared; (ii) utilizing different reference
time series to which TH;, and THy 5 are compared; (iii)
utilizing a machine learning-based model that provides
different results for first and second events that involve the
same average change in TH,, and TH,, with different
extents of asymmetry in THz,; and THy,p5: and (iv)
utilizing the asymmetry for differentiating between (a) tem-
perature changes in THy,;, and TH,; that are related to
the physiological response and (b) temperature changes in
THyopn and THy,5 that are unrelated to the physiological
response.

[0119] In one embodiment, the system may include a
second inward-facing head-mounted visible-light camera
(VCAM2) that takes images of a third ROI (IMzz;) on the
face. Optionally, VCAM2 weighs below 10 g and is physi-
cally coupled to the frame. Optionally, VCAM and VCAM2
are located at least 0.5 cm to the right and to the left of the
vertical symmetry axis that divides the face, respectively,
and the symmetric overlapping between ROI, and RO, is
above 50%. Optionally, the computer detects the physiologi-
cal response also based on IMy;. For example, the com-
puter may generate some feature values based on 1My,
which may be similar to feature values generated based on
IMy 5, and utilizes the some feature values in the detection
of the physiological response. In another example, the
computer detects the physiological response based on the
extent of symmetry between symmetric facial elements
extracted from Mg, and IMgp5.

[0120] In some embodiments, IMy,,, may include recog-
nizable facial skin color changes (FSCC). FSCC are typi-
cally a result of changes in the concentration levels of
hemoglobin and blood oxygenation under a user’s facial
skin, and are discussed in more detail elsewhere in this
disclosure. In one embodiment, the computer calculates,
based on IMy 5, a value indicative of FSCC, and detects an
emotional state of the user based on the calculated value.
Optionally, on average, detections of the physiological
response based on both TH,,,,, and FSCC are more accurate
than detections of the physiological response based on either
THion or FSCC. In another embodiment, the computer
generates feature values that are indicative of FSCC in
IMyop, and utilizes a model to detect the physiological
response based on the feature values. Optionally, at least
some of the feature values are generated based on TH,, .
Optionally, the model was trained based on samples, with
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each sample including feature values generated based on
corresponding measurements of the user and a label indica-
tive of the physiological response. Optionally, the label may
be derived, for example, from analysis of the user’s speech/
writing, facial expression analysis, speech emotion analysis,
and/or emotion extraction from analyzing galvanic skin
response (GSR) and heart rate variability (HRV).

[0121] IM,,,, may be utilized, in some embodiments, to
detect occurrences of confounding factors that can affect the
temperature on the face, but are unrelated to the physiologi-
cal response being detected. Thus, occurrences of confound-
ing factors can reduce the accuracy of detections of the
physiological response based on thermal measurements
(such as based on TH,,,,). Detecting occurrences of the
confounding factors described below (cosmetics, sweat,
hair, inflammation and touching) may be done utilizing
various image-processing and/or image-analysis techniques
known in the art. For example, detecting occurrences of at
least some of the confounding factors described below may
involve a machine learning algorithm trained to detect the
confounding factors, and/or comparing IM,,, to reference
images that involve and do not involve the confounding
factor (e.g., a first set of reference IMy,,, in which makeup
was applied to the face and a second set of reference IM .,
in which the face was bare of makeup).

[0122] The computer may utilize detection of confounding
factors in various ways in order to improve the detection of
the physiological response based on TH . In one embodi-
ment, the computer may refrain from making a detection of
the physiological response responsive to identifying that the
extent of a certain confounding factor reaches a threshold.
For example, certain physiological responses may not be
detected if there is extensive facial hair on the face or
extensive skin inflammation. In another embodiment, the
model used to detect the physiological response may include
a certain feature that corresponds to a certain confounding
factor, and the computer may generate a certain feature value
indicative of the extent of the certain confounding factor.
Optionally, the model in this case may be trained on samples
in which the certain feature has different values, such as
some of the samples used to train the model are generated
based on measurements taken while the certain confounding
factor occurred, and other samples used to train the model
were generated based on measurements taken while the
certain confounding factor did not occur. In yet another
embodiment, the computer may weight measurements based
on the occurrence of confounding factors, such that mea-
surements taken while certain confounding factors occurred,
may be given lower weights than measurements taken while
the certain confounding factor did not occur. Optionally,
lower weights for measurements mean that they have a
smaller influence on the detection of the physiological
response than measurements with higher weights. The fol-
lowing are some examples of confounding factors that may
be detected, in some embodiments, based on IM .

[0123] Some types of cosmetics (e.g., makeup and/or
cream) may mask an ROI, affect the ROI’s emissivity,
and/or affect the ROI’s temperature. Thus, taking into
account cosmetics as a confounding factor may improve the
system’s ability to detect the physiological response. In one
embodiment, the model was trained on: samples generated
based on a first set of THypo; and IMzpop taken after
cosmetics were applied to a portion of the overlapping
region between ROI, and ROI,, and other samples generated
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based on a second set of THy,,;; and IM,,;» taken while the
overlapping region was bare of cosmetics. Optionally, uti-
lizing this model may enable the computer to account for
presence of cosmetics on a portion of ROL,.

[0124] Sweating may affect the ROI’s emissivity. Thus,
taking into account sweating as a confounding factor may
improve the system’s ability to detect the physiological
response. In one embodiment, the model was trained on:
samples generated from a first set of TH,,,, and IM,,,,
taken while sweat was detectable on a portion of the
overlapping region between ROI1 and ROI2, and additional
samples generated from a second set of THy;, and My
taken while sweat was not detectable on the overlapping
region. Optionally, utilizing this model may enable the
computer to account for sweat on the overlapping region.
[0125] Dense hair may affect the ROI’s emissivity, which
may make the ROI appear, in thermal imaging, colder than
it really is. Thus, taking into account hair density and/or hair
length (both referred to as hair density) as a confounding
factor may improve the system’s ability to detect the physi-
ological response. In one embodiment, the model was
trained on: samples generated from a first set of THg,,, and
IMyop taken while hair density on a portion of the over-
lapping region between ROI,; and ROI, was at a first level,
and additional samples generated from a second set of
THyp and IMy, 5, taken while hair density on the portion
of the overlapping region between ROI, and ROI, was at a
second level higher than the first level. Optionally, utilizing
a model trained so may enable the computer to account for
hair on the overlapping region.

[0126] In another embodiment, when the hair can be
moved the system may request the user to move her hair in
order to enable the thermal cameras to take correct mea-
surements. For example, FIG. 27a illustrates a first case
where the user’s hair does not occlude the forehead. FIG.
27b illustrates a second case where the user’s hair does
occlude the forehead and thus the system requests the user
to move the hair in order to enable correct measurements of
the forehead.

[0127] Skin inflammations (which may include skin blem-
ishes, acne, and/or inflammatory skin diseases) usually
increases ROI temperature in a manner that is unrelated to
the physiological response being detected. Thus, taking into
account skin inflammation as a confounding factor may
improve the system’s ability to detect the physiological
response. FIG. 25a illustrates heating of the ROI because of
sinusitis, for which the system detects the physiological
response (sinusitis). On the other hand, FIG. 255 illustrates
heating of the same ROI because of acne, for which the
system does detect sinusitis. In one embodiment, the model
was trained on: samples generated from a first set of TH
and M, taken while skin inflammation was detectable on
a portion of the overlapping region between ROI, and ROL,,
and additional samples generated from a second set of
THy oy and 1My, taken while skin inflammation was not
detectable on the overlapping region. Optionally, utilizing a
model trained so may enable the computer to account for
skin inflammation on the overlapping region.

[0128] Touching the ROI may affect TH,,, by increasing
or decreasing the temperature at the touched region. Thus,
touching the ROI may be considered a confounding factor
that can make detections of the physiological response less
accurate. In one embodiment, the model was trained on:
samples generated from a first set of THy,, and IMzopn
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taken while detecting that the user touches a portion of the
overlapping region between ROI, and ROIL,, and additional
samples generated from a second set of THy,,;, and IM, ;5
taken while detecting that the user does not touch the
overlapping region. Optionally, utilizing a model trained so
may enables the computer to account for touching the
overlapping region.

[0129] Throughout day-to-day activities, a user may make
various facial movements that are unrelated to the physi-
ological response being detected, and thus can negatively
affect the thermal measurements taken by CAM. This can
lead to measurements that may be incorrectly attributed to
the physiological response. To address this issue, the com-
puter may identify disruptive activities, such as talking,
eating, and drinking, and utilize the identified disruptive
activities in order to more accurately detect the physiologi-
cal response. In one embodiment, the computer utilizes a
machine learning-based approach to handle the disruptive
activities. This approach may include (i) identifying, based
on IMg,p, occurrences of one or more of the disruptive
activities, (ii) generating feature values based on the iden-
tified disruptive activities, and (iii) utilizing a machine
learning-based model to detect the physiological response
based on the feature values and feature values generated
from THy -

[0130] Inaddition to detecting a physiological response, in
some embodiments, the computer may utilize IMg,, t0
generate an avatar of the user (e.g., in order to represent the
user in a virtual environment). Optionally, the avatar may
express emotional responses of the user, which are detected
based on IM,;,. Optionally, the computer may modify the
avatar to show synthesized facial expressions that are not
manifested in the user’s actual facial expressions, but the
synthesized facial expressions correspond to emotional
responses detected based on THy,,,. Some of the various
approaches that may be utilized to generate the avatar based
on IMy,p, are described in co-pending US patent publica-
tion 2016/0360970.

[0131] Contraction and relaxation of wvarious facial
muscles can cause facial tissue to slightly change its position
and/or shape. Thus, facial movements can involve certain
movements to ROIs. With thermal cameras that have mul-
tiple sensing elements (pixels), this can cause the ROI to
move and be covered by various subsets of pixels as the
user’s face moves (e.g.. due to talking/or making facial
expressions). For example, smiling can cause the user’s
cheeks to move upwards. This can cause a thermal camera
that covers a cheek to capture an ROI located on a cheek
with a first set of pixels (from among the camera’s pixels)
when the user has a neutral expression, and to capture
images of the ROI with a second set of pixels, when the user
is smiling. In this example, on average, the pixels in the
second set are likely to be located higher in the images than
the pixels in the first set. To account for the possible
movement of ROIs due to facial expressions, the computer
may track locations of one or more facial landmarks in a
series of IMy 5, and utilize the locations to adjust THy;, .
Facial landmarks are usually the most salient facial points on
the face.

[0132] In one embodiment in which CAM comprises
multiple sensing elements, which correspond to values of
multiple pixels in TH,,, the computer may assign weights
to the multiple pixels based on the locations of the one or
more facial landmarks, which are determined based on
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My o2- Assigning weights to pixels based on their location
with respect to a facial landmark can be considered a form
of selection of the pixels that cover the ROI based on the
location of the landmark. In one example, the weights are
assigned based on a function that takes into account the
distance of each pixel from the locations of one or more
facial landmarks and/or the relative position of each pixel
with respect to the locations.

[0133] In another embodiment, the computer may gener-
ate certain feature values based on locations of one or more
landmarks, which are determined based on analysis of
IMg - These certain feature values may be utilized in
conjunction with other feature values (e.g., feature values
generated based on TH,,) to detect the physiological
response using a machine learning-based model.

[0134] The following is a description of a method for
detecting a physiological response based on measurements
from CAM and VCAM. The steps described below may be
performed by running a computer program having instruc-
tions for implementing the method. Optionally, the instruc-
tions may be stored on a computer-readable medium, which
may optionally be a non-transitory computer-readable
medium. In response to execution by a system including a
processor and memory, the instructions cause the system to
perform the following steps: In Step 1, taking thermal
measurements of a first ROI (THy,;;) on the user’s face
using an inward-facing head-mounted thermal camera
located at most 15 cm from the user’s face. In Step 2, taking
images of a second ROI (IMy,) on the user’s face with an
inward-facing head-mounted visible-light camera located at
most 15 em from the user’s face. Optionally, the first ROI
(ROI,) and the second ROI (ROI,) overlap. In Step 3,
generating feature values based on THy,;, and IMy,,. And
in Step 4, utilizing a model to detect the physiological
response based on the feature values. Optionally, the model
was trained based on previous THy;, and IM,,, taken on
different days.

[0135] In one embodiment, the physiological response is
an emotional response, and the method optionally includes
the following steps: calculating, based on IM, ., a value
indicative of facial skin color changes (FSCC), and utilizing
the value indicative of FSCC to generate at least one of the
feature values used to detect the physiological response in
Step 4.

[0136] In another embodiment, generating the feature val-
ues in Step 3 involves generating, based on IMy,,, feature
values indicative of an occurrence of one or more of the
following confounding factors on a portion of the overlap-
ping region between ROI; and ROL,: a presence of cosmet-
ics, a presence of sweat, a presence of hair, and a presence
of skin inflammation.

[0137] The following is a description of a system that
detects a physiological response based on an inward-facing
head-mounted thermal camera (CAM,,), an outward-facing
head-mounted thermal camera (CAM, ), and a computer.
CAM,,, measures the environment and generates data
indicative of confounding factors, such as direct sunlight or
air conditioning. Accounting for confounding factors
enables the system to more accurately detect the physiologi-
cal response compared to a system that does not account for
these confounding factors. Optionally, CAM,, and/or
CAM,,, are physically coupled to a frame worn on a user’s
head, such as a frame of a pair of eyeglasses or an aug-
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mented reality device. Optionally, each of CAM,, and
CAM,,,, weighs below 5 g and is located less than 15 cm
from the user’s face.

[0138] CAM,, takes thermal measurements of an ROI
(THgzop) on the user’s face. Optionally, CAM,, does not
occlude the ROL In one example, the ROI includes a region
on the forehead and the physiological response involves
stress, a headache, and/or a stroke. In another example, the
ROI includes a region on the nose and the physiological
response is an allergic reaction.

[0139] CAM,,, takes thermal measurements of the envi-
ronment (TH,,,,.). Optionally, CAM__, does not occlude the
ROL Optionally, the angle between the optical axes of
CAM,, and CAM,_,, is at least 45°, 90°, 130°, 170°, or 180°.
Optionally, the field of view (FOV) of CAM,,, is larger than
the FOV of CAM,,,, and/or the noise equivalent differential
temperature (NEDT) of CAM,, is lower than NEDT of
CAM,,,,. In one example, CAM,, has a FOV smaller than
80° and CAM,,, has a FOV larger than 800. In another
example, CAM,,, has more sensing elements than CAM_,,,
(e.g., CAM,, has at least double the number of pixels as
CAM,,,).

[0140] Inone embodiment, CAM,,and CAM,_ , are based
on sensors of the same type with similar operating param-
eters. Optionally, CAM,,, and CAM,,,, are located less than
5cmor 1 cm apart. Having sensors of the same type, which
are located near each other, may have an advantage of
having both CAM,,, and CAM_,,, be subject to similar inac-
curacies resulting from heat conductance and package tem-
perature. In another embodiment, CAM,, and CAM_,,, may
be based on sensors of different types, with different oper-
ating parameters. For example, CAM,, may be based on a
microbolometer FPA while CAM,,, may be based on a
thermopile (that may be significantly less expensive than the
microbolometer).

[0141] FIG. 28a illustrates one embodiment of the system
that includes inward-facing and outward-facing head-
mounted thermal cameras on both sides of the frame. In this
illustration, CAM,, is the inward-facing thermal camera 12,
which takes thermal measurements of ROI 13, and CAM_,,,
is the outward-facing thermal camera 62. Arc 64 illustrates
the larger FOV of CAM,,, 62, compared to the FOV of
CAM,, that covers ROI 13. The illustrated embodiment
includes a second head-mounted thermal camera 10
(CAM,, ,) on the right side of the frame, which takes thermal
measurements of ROI 11, and a second outward-facing
head-mounted thermal camera 63 (CAM,,.). FIG. 28b
illustrates receiving an indication on a GUI (on the illus-
trated laptop) that the user is not monitored in direct sun-
light. Cameras 520 and 521 are the outward-facing head-
mounted thermal cameras.

[0142] The computer detects a physiological response
based on TH,,,, and TH,,,,. Optionally, TH,.,,,- are utilized
to account for at least some of the effect of heat transferred
from the environment to the ROI (and not due to the user’s
physiological response). Thus, on average, detections of the
physiological response based on THy,,; and TH,,,- may be
more accurate than detections of the physiological response
based on THg,,, without TH,,.

[0143] There are various ways in which the computer may
utilize TH,, to increase the accuracy of detecting the
physiological response. In one embodiment, the computer
generates feature values based on a set of THy,; and TH 5,
and utilizes a machine learning-based model to detect, based
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on the feature values, the physiological response. By utiliz-
ing TH,, to generate one or more of the feature values, the
computer may make different detections of the physiological
response based on similar TH,, that are taken in dissimilar
environments. For example, responsive to receiving a first
set of measurements in which TH,, reaches a first threshold
while TH,,- does not reach a second threshold, the com-
puter detects the physiological response. However, respon-
sive to receiving a second set of measurements in which
THy o reaches the first threshold while TH,,, reaches the
second threshold, the computer does not detect the physi-
ological response. Optionally, TH,,- reaching the second
threshold indicates that the user was exposed to high infra-
red radiation that is expected to interfere with the detection.
[0144] In another embodiment, the computer may utilize
TH ;- for the selection of values that are appropriate for the
detection of the physiological response. In one example, the
computer may select different thresholds (to which THy,,
are compared) for detecting the physiclogical response. In
this example, different TH,,  may cause the computer to
use different thresholds. In another example, the computer
may utilize TH,;, to select an appropriate reference time
series (to which THy,, may be compared) for detecting the
physiological response. In yet another example, the com-
puter may utilize TH,,- to select an appropriate model to
utilize to detect the physiological response based on the
feature values generated based on THy,.

[0145] In still another embodiment, the computer may
normalize TH,, based on THyyp. In one example, the
normalization may involve subtracting a value proportional
to TH,,-from THy ,,, such that the value of the temperature
at the ROI is adjusted based on the temperature of the
environment at that time and/or in temporal proximity to that
time (e.g., using an average of the environment temperature
during the preceding minute). Additionally or alternatively,
the computer may adjust weights associated with at least
some TH,,, based on THyy,, such that the weight of
measurements from among TH,,,, that were taken during
times the measurements of the environment indicated
extreme environmental temperatures is reduced.

[0146] In yet another embodiment, responsive to deter-
mining that TH,,- represent an extreme temperature (e.g.,
lower than 5° C., higher than 35° C., or some other ranges
deemed inappropriate temperatures), the computer may
refrain from performing detection of the physiological
response. This way, the computer can avoid making a
prediction that is at high risk of being wrong due to the
influence of the extreme environmental temperatures. In a
similar manner, instead of determining that TH - represent
an extreme temperature, the computer may determine that
the difference between THy,,; and THy,, are not in an
acceptable range (e.g., there is a difference of more than 15°
C. between the two), and refrain from making a detection of
the physiological response in that event.

[0147] The following examples describe ways to use
THg,p-to detect the physiological response based on THy ;.
In one example, the computer detects the physiological
response based on a difference between THj,, and TH,,
which enables the system to operate well in an uncontrolled
environment that does not maintain environmental tempera-
ture in a range below +1° C. and does not maintain humidity
in a range below x3%. In another example, the computer
detects the physiological response by performing the fol-
lowing steps: calculating a temperature difference between
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THgo; and THy,, taken at time x (AT,), calculating a
temperature difference between THy,, and THp,, taken at
time y (AT,), and detecting the physiological response based
on a difference between AT, and AT,. Optionally, detecting
the physiological response is based on the difference
between AT, and AT, reaching a predetermined threshold.
Optionally, the predetermined threshold is selected from a
threshold in the time domain, and/or a threshold in the
frequency domain. Optionally, the magnitude of the differ-
ence between AT, and AT, is indicative of an extent of the
physiological response. It is noted that sentences such as
“calculating a difference between M and N” or “detecting a
difference between M and N” are intended to cover any
function that is proportional to the difference between M and
N.

[0148] Because the FOV of CAM_ , is limited and the
responsivity of CAM,,,, decreases when drawing away from
the optical axis, it may be beneficial to utilize two or more
CAM,,, pointed at different angles.

[0149] In one embodiment, the system may include a
second outward-facing head-mounted thermal camera
(CAM,,,,»), which takes thermal measurements of the envi-
ronment (THgy7-). Optionally, there is an angle of at least
30° between the optical axes of CAM,,, and CAM,_,,,.
Utilizing two or more outward-facing head-mounted ther-
mal cameras such as CAM,_,, and CAM,, ,, can help identify
cases in which there is a directional environmental interfer-
ence (e.g., sunlight coming from a certain direction). In
some cases, such a directional interference can lead to
refraining from making a detection of the physiological
response. For example, responsive to receiving a first set of
measurements in which TH, reach a first threshold while
the difference between TH,- and TH,;;, does not reach a
second threshold, the computer detects the physiological
response. However, responsive to receiving a second set of
measurements in which TH ,, reach the first threshold while
the difference between THg,, and THg,,;~» reaches the
second threshold, the computer does not detect the physi-
ological response. Optionally, the computer detects the
physiological response based on a difference between
THyon THgyps and THy,n, while taking into account the
angle between the optical axes of CAM,,, and CAM,,,,, and
a graph of responsivity as function of the angle from the
optical axes of each of CAM,,,, and CAM, ..

[0150] In another embodiment, CAM,, and CAM,,, are
located to the right of the vertical symmetry axis that divides
the user’s face, and the ROI is on the right side of the face.
Optionally, the system includes a second inward-facing
head-mounted thermal camera (CAM,, ) and a second out-
ward-facing head-mounted thermal camera (CAM,_,,.)
located to the left of the vertical symmetry axis. CAM,,,,
takes thermal measurements of a second ROI (TH,,,) on
the left side of the face, and does not occlude the second ROI
(ROL,). CAM,,,,, takes thermal measurements of the envi-
ronment (THy,,;-) that is more to the left relative to TH ;-
In this embodiment, the computer detects the physiological
response also based on THyp, and THypm.

[0151] In still another embodiment, the optical axes of
CAM,, and CAM,,, are above the Frankfort horizontal
plane, and the system further includes a second inward-
facing head-mounted thermal camera (CAM,,,;) and a sec-
ond outward-facing head-mounted thermal camera
(CAM,,,»), located such that their optical axes are below the
Frankfort horizontal plane, which take thermal measure-
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ments THzop and THyyy-, respectively. In this embodi-
ment, the computer detects the physiological response also
based on THy 7, and THyypm.

[0152] Optionally, the computer detects the physiological
response by performing at least one of the following calcu-
lations: (1) when the difference between TH ;- and THzpp
reaches a threshold, the computer normalizes TH,, and
THygop differently against thermal interference from the
environment, (ii) when TH,,- does not reach a predeter-
mined threshold for thermal environmental interference,
while TH,;- reaches the predetermined threshold, the
computer assigns TH; a higher weight than TH,,, for
detecting the physiological response, and (iii) the computer
generates feature values based on THz,;, THzyp, THrysn
and optionally TH,,, and utilizes a model to detect, based
on the feature values, the physiological response. Option-
ally, the model was trained based on a first set of TH,
THgop, THexyy and THyy;- of one or more users taken
while the one or more users had the physiological response,
and a second set of TH,;, THgop, THepy and THyyy, of
the one or more users taken while the one or more users did
not have the physiological response.

[0153] In addition to having one or more CAM_,,, or
instead of having the one or more CAM, ,, some embodi-
ments may include a sensor that may be used to address
various other confounding factors, such as user movements
and wind, which are discussed below. Optionally, the sensor
is coupled to a frame worn on the user’s head. An example
of such a sensor is sensor 68 in FIG. 28a.

[0154] Inoneembodiment, the sensor takes measurements
(denoted m_,, ) that are indicative of an extent of the user’s
activity, an orientation of the user’s head, and/or a change in
a position of the user’s body. For example, the sensor may
be (i) a movement sensor that is physically coupled to a
frame worn on the user’s head, or coupled to a wearable
device worn by the user, (ii) a visible-light camera that takes
images of the user, and/or (iii) an active 3D tracking device
that emits electromagnetic waves and generates 3D images
based on received reflections of the emitted electromagnetic
waves. Optionally, the computer detects the physiological
response also based on m,,,,, . In one example, the computer
may refrain from detecting the physiological response if
m,,,reaches a threshold (which may indicate the user was
very active which causes an increase in body temperature).
In another example, the computer generates feature values
based on THgp, THgpyp, and m,, -and utilizes a model to
detect the physiological response based on the feature val-
ues. Optionally, the model was trained based on previous
THgop THewy, and m,, -taken while the user had different
activity levels. For example, the model may be trained based
on: a first set of previous THy ey THzpy, and m,,, - taken
while the user was walking or running, and a second set of
previous THzep, THeny and m,,, - taken while the user was
sitting or standing.

[0155] FIG. 30 illustrates an elderly person whose facial
temperature increases as a result of bending the head down
towards the floor. In this example, the system receives an
indication of the user’s action via the sensor (e.g., one or
more gyroscopes) and consequently refrains from errone-
ously detecting certain physiological responses, since the
increase in temperature may be attributed to the person
being bent over. In one embodiment, a sensor provides
indications indicative of bending the head down above a
certain degree from the normal to earth, where bending the
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head down above the certain degree is expected to cause a
change in TH,, The computer generates feature values
based on THg ey, THgyy, and m,,,,» and utilizes a model to
detect the physiological response based on the feature val-
ues. The model was trained based on: a first set of previous
THgop THiy, and m,,,, taken while a user was bending the
head down above the certain degree, and a second set of
previous THy oy, THyyp, and m,,,, - taken while the user was
not bending the head down above the certain degree.

[0156] In another embodiment, the sensor may be an
anemometer that is physically coupled to a frame worn on
the user’s head, is located less than 15 ¢cm from the face, and
provides a value indicative of a speed of air directed at the
face (m,,,,). Optionally, the computer detects the physi-
ological response also based on m,,,, ;. In one example, the
computer refrains from detecting the physiological response
if m,,,,, reaches a threshold (which may indicate that the
user was in an environment with strong wind that may
excessively cool regions on the face). In another example,
the computer generates feature values based on THy,,,
THyy- and m,,; and utilizes a model to detect, based on
the feature values, the physiological response. FIG. 29
illustrates a case in which a user receives an indication that
she 1s not being monitored in a windy environment. Option-
ally, the model was trained based on previous THy,p,
THyy, and m,, , taken while a user was in different
environments. For example, the model may be trained based
on: a first set of previous THy,;, THyyy, and m,, , taken
while being indoors, and a second set of previous TH,,
THgpy» and m,,,, ; taken while being outdoors.

[0157] The following is a method for detecting a physi-
ological response while taking into account a confounding
factor that involves environmental thermal interferences
(e.g., direct sunlight). Having different environmental con-
ditions may cause a system such as the one illustrated in
FIG. 28a to behave differently, as shown in the steps below.
The steps described below may be performed by running a
computer program having instructions for implementing the
method. Optionally, the instructions may be stored on a
computer-readable medium, which may optionally be a
non-transitory computer-readable medium. In response to
execution by a system including a processor and memory,
the instructions cause the system to perform the following
steps: In Step 1, taking thermal measurements of a region of
interest (TH,,) on a user’s face utilizing an inward-facing
head-mounted thermal camera (CAM,,) worn by the user. In
step 2, taking thermal measurements of the environment
(TH,,) utilizing an outward-facing head-mounted thermal
camera (CAM_,,) worn by the user. In step 3, generating
feature values based on TH,, and TH,,~. And in step 4,
utilizing a machine learning-based model to detect the
physiological response based on the feature values.

[0158] The method may optionally further include the
following steps: taking a first set of THy,; (first THzop),
where the first set of TH,,, reach a first threshold; taking a
first set of TH - (first TH,y,), where the first set of THyy,
do not reach a second threshold; detecting, based on the first
set of THy,,; and the first set of TH,, that the user had the
physiological response; taking a second set of THy,,;, where
the second set of THy,, reach the first threshold; taking a
second set of TH,,,, where the second set of TH,,- reach
the second threshold; and detecting, based on the second set
of TH; and the second set of TH,,, that the user did not
have the physiological response. Optionally, the method
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further includes: taking a third set of THy,,,, where the third
set of THy; do not reach the first threshold; taking a third
set of THy,,, where the third set of TH,,- do not reach the
second threshold; and detecting, based on the third set of
THy; and the third set of TH,,, that the user did not have
the physiological response.

[0159] The following is a description of a system for
detecting a physiological response, which includes a CAM
and a sensor. The sensor provides measurements indicative
of times at which the user touches the face. Touching the
face can warm certain regions of the face, and the system
may utilize these measurements in order to account for such
cases. Thus, the system may more accurately detect the
physiological response compared to systems that do not
account for touching of the face.

[0160] CAM is worn on the user’s head and takes thermal
measurements of an ROI (TH,,;) on the user’s face. Option-
ally, the system includes a frame to which CAM and the
sensor may be physically coupled. Optionally, CAM is
located less than 15 cm from the face and/or weighs below
10 g.

[0161] The sensor provides measurements (M) indicative
of times at which the user touches the ROI. The user may
touch the ROI using/with a finger, the palm, a tissue or a
towel held by the user, a makeup-related item held by the
user, and/or a food item eaten by the user. Touching the ROI
may affect TH,; by increasing or decreasing the tempera-
ture at the touched region. Thus, touching the ROI may be
considered a confounding factor that can make detections of
the physiological response by a computer less accurate. M
may include values measured by the sensor and/or results of
processing of values measured by the sensor. Various types
of sensors may be utilized in different embodiments to
generate M, such as: a visible-light camera (where the
computer uses image processing to identify touching the
ROI), a miniature radar (such as low-power radar operating
in the range between 30 GHz and 3,000 GHz, where the
computer uses signal processing of the reflections to identify
touching the ROI), a miniature active electro-optics distance
measurement device, and/or an ultrasound sensor.

[0162] In some embodiments, the sensor may be unat-
tached to a frame worn on the user’s head. For example, the
sensor may include a visible-light camera mounted to an
object in the user’s environment (e.g., a laptop), and may
normally located at a distance greater than 20 cm from the
user’s face. Optionally, the computer may utilize M to
determine when it is likely (but not necessarily certain) that
the user touched the face. In one example, the sensor
includes a movement-measuring device embedded in a
bracelet, and the computer increases the probability for a
physical contact with the face when the user’s hand is
estimated to be at face level and/or close to the face. In
another example, the sensor includes an altimeter embedded
in a bracelet, and the computer increases the probability for
an event of physical contact with the face when the user’s
hand is estimated to be at face level.

[0163] FIG. 26a and FIG. 265 illustrate one embodiment
of a system that provides indications when the user touches
his/her face. The system includes a frame 533, head-
mounted sensors (530, 531, 532) able to detect touching the
face, and head-mounted thermal cameras (534, 535, 536,
537). Optionally, the head-mounted sensors are visible-light
cameras that take images of the ROIs. Head-mounted sensor
530 captures an ROI above the frame, and head-mounted

Apr. 5,2018

sensors 531 and 532 capture ROIs below the frame. Hot spot
538, which is measured by the thermal camera 534, was
caused by touching the forehead and is unrelated to the
physiological response being detected. Upon detecting
touching of the ROI, the computer may use the associated
thermal measurements differently than it would use had the
touching not been detected. Additionally or alternatively, a
user interface may provide an indication that touching the
ROI hinders the detection of the physiological response.

[0164] The computer detects the physiological response
based on THg,, and M. Optionally, since the computer
utilizes M to account, at least in part, for the effect of
touching the face, on average, detections of the physiologi-
cal response based on TH,,, and M are more accurate than
detections of the physiological response based on THy,
without M. The computer may utilize TH,, in various ways
in order to detect the physiological response, such as com-
paring one or more values derived from THy,, to a threshold
and/or comparing TH, to a reference time series.

[0165] Another approach that may be utilized involves a
machine learning-based model. In one embodiment, the
computer generates feature values based on TH,,; and M,
and utilizes the model to detect, based on the feature values,
the physiological response. By utilizing M to generate one
or more of the feature values, the computer may make
different detections of the physiological response based on
similar THy,,, that are taken while there are different extents
of touching the ROI. For example, responsive to receiving a
first set of measurements in which TH,,, reaches a thresh-
old, while M indicate that there was no touching of the ROI,
the computer detects the physiological response. However,
responsive to receiving a second set of measurements in
which THj,,, reaches the threshold, but M indicate that the
user touched the ROI, the computer does not detect the
physiological response. Optionally, the model is trained
based on samples, each comprising: (i) feature values gen-
erated based on TH,,, taken while M indicates touching the
RO, and (ii) a corresponding label indicative of an extent of
the physiological response. Optionally, the samples include:
a first set of samples with labels corresponding to having the
physiological response, which are generated based on M
indicating that the ROI was not touched, and a second set of
samples with labels corresponding to not having the physi-
ological response, which are generated based on M indicat-
ing that the ROI was touched. Optionally, the samples
comprise: a third set of samples with labels corresponding to
having the physiological response, which are generated
based on M indicating that the ROI was touched, and/or a
fourth set of samples with labels corresponding to not
having the physiological response, which are generated
based on M indicating that the ROI was not touched.

[0166] M may be utilized by the computer in order to
decrease the chance of making incorrect detections of the
physiological response. In one embodiment, the computer
utilizes, for the detection of the physiological response,
THyo; taken at times in which M are not indicative of
touching the ROI. In this embodiment, the computer does
not utilize, for the detection of the physiological response,
TH o, taken at times in which M are indicative of touching
the ROL In another embodiment, the computer does not
utilize, for the detection of the physiological response,
THyo; taken during at least one of the following intervals
starting after M indicate that the user touched the ROI: 0-10
seconds, 0-30 second, 0-60 second, 0-180 seconds, and
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0-300 seconds. In yet another embodiment, the computer
attributes, for the detection of the physiological response, a
smaller weight to THy,,, taken during a certain interval
starting after M indicate that the user touched the ROI,
compared to a weight attributed to THg,, taken at times
shortly before M indicate that the user touched the ROI.
Optionally, the certain interval includes at least one of the
following durations: 10-30 second, 30-60 second, 60-120
seconds, and 120-300 seconds. Optionally, the higher the
weight attributed to a measurement, the more it influences
calculations involved in the detection of the physiological
response.

[0167] Inoneembodiment, the system optionally includes
a user interface (UT) which notifies the user about touching
the ROI. Optionally, this notification is in lieu of notifying
extent of the physiological response corresponding to the
time the user touched the ROI. The notification may be
delivered to the user using a sound, a visual indication on a
head-mounted display, and/or a haptic feedback. Optionally,
the Ul includes a screen of an HMS (e.g., a screen of an
augmented reality headset), a screen of a device carried by
the user (e.g., a screen of a smartphone or a smartwatch),
and/or a speaker (e.g., an earbud or headphones). Optionally,
the computer identifies that the duration and/or extent of
touching the face reached a threshold, and then commands
the Ul to alert the user that an accurate detection of the
physiological response cannot be made as long as the
touching continues.

[0168] In one embodiment, the sensor includes a visible-
light camera and/or a near-infrared camera, the system is
powered by a battery, and the system may operate in a state
belonging to a set comprising first and second states. While
operating in the first state, the system checks on a regular
basis whether the user touches the ROI. While operating in
the second state, the system checks whether the user touches
the ROI in response to detecting abnormal TH,,,. Option-
ally, the system consumes less power while operating in the
second state compared to the power it consumes while
operating in the first state.

[0169] Inoneembodiment, the measurements taken by the
sensor are further indicative of an angular position of CAM
relative to the ROI while the frame is still worn on the head,
and the computer detects the physiological response also
based on the angular position. Optionally, the measurements
of the angular position are utilized to account for instances
in which the frame has moved, and consequently CAM
captures a region that only overlaps, or does not overlap at
all, with the intended ROI. Optionally, the computer is able
to detect changes below 50 in the angular position, which
may also influence TH,,,. Thus, on average, detections of
the physiological response based on TH,, and the angular
position are more accurate compared to detections of the
physiological responses based on TH,, without the angular
position, while the frame is still worn on the head.

[0170] In a first example, responsive to the angular posi-
tion of CAM relative to the ROI reaching a predetermined
threshold, the computer refrains from detecting the physi-
ological response and/or alerts the user.

[0171] In a second example, the computer generates fea-
ture values based on THy,, and the angular position, and
utilizes a model to detect the physiological response based
on the feature values. Optionally, the model was trained
based on data comprising TH,, collected while CAM was
at different distances and/or angular positions relative to the
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ROIL Thus, the model may account, in its parameters, for
various effects that the distance and/or orientation of CAM
may have on TH,,, in order to more accurately detect the
physiological response.

[0172] In a third example, the sensor includes a visible-
light camera that takes images of a region on the user’s face,
and the computer calculates the angular position of the
visible-light camera relative to the face based on analyzing
the images, and then calculates the angular position of CAM
relative to the ROI based on a predetermined transformation
between the angular position of the visible-light camera
relative to the face and the angular position of CAM relative
to the ROL

[0173] In a fourth example, the sensor includes a trans-
ceiver of electromagnetic waves, and the computer calcu-
lates the angular position of the transceiver relative to the
face based on signal processing of the reflections from the
face, and then calculates the angular position of CAM
relative to the ROI based on a predetermined transformation
between the angular position of the transceiver relative to
the face and the angular position of CAM relative to the
ROL

[0174] The following method for detecting a physiological
response may be used, in some embodiments, by the system
described above, which detects a physiological response
while taking into account a confounding factor such as
touching the face. The steps described below may be per-
formed by running a computer program having instructions
for implementing the method. Optionally, the instructions
may be stored on a computer-readable medium, which may
optionally be a non-transitory computer-readable medium.
In response to execution by a system including a processor
and memory, the instructions cause the system to perform
the following steps: In Step 1, taking thermal measurements
of an ROI (TH,,,) on a user’s face using an inward-facing
head-mounted thermal camera. In Step 2, taking, utilizing a
sensor, measurements (M) indicative of times at which the
user touches the ROI. Touching the ROI may affect TH,,,,
for example by increasing the temperatures at the ROI
(which may increase the values of TH,,,,). The sensor may
be a head-mounted sensor or a sensor that is not head-
mounted. And in Step 3, detecting the physiological
response based on TH,; and M. For example, the detection
may be performed by the computer, as described above. On
average, detections of the physiological response based on
THy; and M are more accurate compared to detections of
the physiological response based on TH, without M.
[0175] Optionally, the method further includes the follow-
ing steps: generating feature values based on THy,; and M,
and utilizing a model for detecting the physiological
response based on the feature values. Optionally, the model
was trained based on samples, each comprising: (i) feature
values generated based on previous TH,,; taken while M
indicates touching the ROI, and (ii) a corresponding label
indicative of an extent of the physiological response.
Optionally, the samples include: a first set of samples with
labels corresponding to having the physiological response,
which are generated based on M indicating that the ROI was
not touched, and a second set of samples with labels
corresponding to not having the physiological response,
which are generated based on M indicating that the ROI was
touched.

[0176] Optionally, M are further indicative of angular
position of CAM relative to the ROI, while the frame is still
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worn on the head. And the method further includes a step of
detecting the physiological response also based on the
angular position. On average, detections of the physiological
response based on TH,,; and the angular position are more
accurate compared to detections of the physiological
responses based on TH,,, without the angular position,
while the frame is still worn on the head.

[0177] The following is a description of a system that
detects a physiological response while taking into account a
consumption of a confounding substance. When a person
consumes a confounding substance, it may affect thermal
measurements of an ROI (TH,,) on the person’s face. The
affect to TH,,; can be attributed to various physiological
and/or metabolic processes that may ensue following the
consumption of the confounding substance, which can result
(amongst possibly other effects) in a raising or decreasing of
the temperature at the ROI in a manner that is unrelated to
the physiological response being detected. Thus, embodi-
ments of this system utilize indications indicative of con-
sumption of a confounding substance (such as medication,
an alcoholic beverage, a caffeinated beverage, and/or a
cigarette) to improve the system’s detection accuracy. In one
embodiment, the system includes a CAM and a computer.
[0178] CAM is worn on the user’s head and takes thermal
measurements of an ROI (TH,,,) on the user’s face. Option-
ally, the system includes a frame to which CAM and the
device are physically coupled. Optionally, CAM is located
less than 15 cm from the face and/or weighs below 10 g.
[0179] In different embodiments, the ROI may cover dif-
ferent regions on the face and CAM may be located at
different locations on a frame worn on the user’s head and/or
at different distances from the user’s face. In one embodi-
ment, the ROI is on the forehead, and CAM is physically
coupled to an eyeglasses frame, located below the ROI, and
does not occlude the ROIL Optionally, the physiological
response detected in this embodiment is stress, a headache,
and/or a stroke. In another embodiment, the ROI is on the
periorbital area, and CAM is located less than 10 cm from
the ROI. Optionally, the physiological response detected in
this embodiment is stress. In yet another embodiment, the
ROI is on the nose, and CAM is physically coupled to an
eyeglasses frame and is located less than 10 cm from the
face. Optionally, the physiological response detected in this
embodiment is an allergic reaction. In still another embodi-
ment, the ROI is below the nostrils, and CAM: is physically
coupled to an eyeglasses frame, located above the ROI, and
does not occlude the ROI Optionally, the ROI covers one or
more areas on the upper lip, the mouth, and/or air volume(s)
through which the exhale streams from the nose and/or
mouth flow, and the physiological response detected in this
embodiment is a respiratory parameter such as the user’s
breathing rate.

[0180] The computer may receive, from a device, an
indication indicative of consuming a confounding substance
that is expected to affects THy,, such as an alcoholic
beverage, a medication, caffeine, and/or a cigarette. Various
types of devices may be utilized in different embodiments in
order to identify consumption of various confounding sub-
stances.

[0181] In one embodiment, the device includes a visible-
light camera that takes images of the user and/or the user’s
environment. Optionally, the visible-light camera is a head-
mounted visible-light camera having in its field of view a
volume that protrudes out of the user’s mouth. Optionally,
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the computer identifies a consumption of the confounding
substance based on analyzing the images. In one example,
the visible-light camera may belong to a camera-based
system such as OrCam (http://www.orcam.com/), which is
utilized to identify various objects, products, faces, and/or
recognize text. In another example, images captured by the
visible-light camera may be utilized to determine the nutri-
tional composition of food a user consumes. Such an
approach in which images of meals are utilized to generate
estimates of food intake and meal composition, is described
in Noronha, et al., “Platemate: crowdsourcing nutritional
analysis from food photographs”, Proceedings of the 24th
annual ACM symposium on User interface software and
technology, ACM, 2011. Additional examples of how a
visible-light camera may be utilized to identify consumption
of various substances is given in U.S. Pat. No. 9,053,483
(Personal audio/visual system providing allergy awareness)
and in U.S. Pat. No. 9,189,021 (Wearable food nutrition
feedback system).

[0182] In another embodiment, the device includes a
microphone that records the user, and the computer identi-
fies a consumption of the confounding substance utilizing a
sound recognition algorithm operated on a recording of the
user. Optionally, the sound recognition algorithm comprises
a speech recognition algorithm configured to identify words
that are indicative of consuming the confounding substance.
[0183] In yet another embodiment, the confounding sub-
stance is a medication, and the device includes a pill
dispenser that provides an indication indicating that the user
took a medication, and/or a sensor-enabled pill that includes
an ingestible signal generator coupled to a medication that is
configured to generate a body-transmissible signal upon
ingestion by a user, such as the sensor-enabled pill described
in PCT publication WO/2016/129286. Optionally, the indi-
cation indicates the type of medication and/or its dosage.
[0184] In still another embodiment, the device is a refrig-
erator, a pantry, and/or a serving robot. Optionally, the
device provides an indication indicative of the user taking an
alcoholic beverage and/or a food item.

[0185] In yet another embodiment, the device has an
internet-of-things (IoT) capability through which the indi-
cation is provided to the system. For example, the device
may be part of a “smart device” with network connectivity.
[0186] And in yet another embodiment, the device belongs
to a user interface that receives an indication from the user
ot/or a third party about the consuming of the confounding
substance.

[0187] Due to various metabolic and/or other physiologi-
cal processes, consumption of a confounding substance may
affect THy,;. For example, many drugs are known to act on
the hypothalamus and other brain centers involved in con-
trolling the body’s thermoregulatory system. Herein, stating
“the confounding substance affects TH,,,” means that con-
suming the confounding substance leads to a measurable
change of the temperature at the ROI, which would likely
not have occurred had the confounding substance not been
consumed. Similarly, a time in which “confounding sub-
stance did not affect THy,,,” is a time that occurs after at
least a certain duration has elapsed since the confounding
substance was last consumed (or was not consumed at all),
and the consumption of the confounding substance is no
longer expected to have a noticeable effect on the ROI
temperature. This certain duration may depend on factors
such as the type of substance, the amount consumed, and
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previous consumption patterns. For example, the certain
duration may be at least: 30 minutes, two hours, or a day.
[0188] The duration of the effect of a confounding sub-
stance may vary between substances, and may depend on
various factors such as the amount of substance, sex, weight,
genetic characteristics, and the user’s state. For example,
consumption of alcohol on an empty stomach often has a
greater effect on THy,, than consumption of alcohol with a
meal. Some confounding substances may have a long-
lasting effect, possibly throughout the period they are taken.
For example, hormonal contraceptives can significantly alter
daily body temperatures. Other confounding factors, such as
caffeine and nicotine, may have shorter lasting effects,
typically subsiding within less than an hour or two following
their consumption.

[0189] The computer detects the physiological response
based on TH;,,,; and the indication indicative of consuming
the confounding substance. In one embodiment, the com-
puter refrains from detecting the physiological response
within a certain window during which the confounding
substance affected the user (e.g., an hour, two hours, or four
hours). In another embodiment, the computer utilizes a
model, in addition to THy, and the indication, to detect
whether the user had the physiological response during the
time that a consumed confounding substance affected
TH, ;. Optionally, the computer detects the physiological
response by generating feature values based on TH,, and
the indication (and possibly other sources of data), and
utilizing the model to calculate, based on the feature values,
a value indicative of the extent of the physiological
response. Optionally, the feature values include a feature
value indicative of one or more of the following: the amount
of the consumed confounding substance, the dosage of the
consumed confounding substance, the time that has elapsed
since the confounding substance had last been consumed,
and/or the duration during which the confounding factor has
been consumed (e.g., how long the user has been taking a
certain medication).

[0190] In one embodiment, the model was trained based
on data collected from the user and/or other users, which
includes TH,,,, the indications described above, and values
representing the physiological response corresponding to
when TH,,, were taken. Optionally, the data is used to
generate samples, with each sample comprising feature
values and a label. The feature values of each sample are
generated based on TH,, taken during a certain period and
an indication indicating whether a confounding substance
affected TH,,, taken during the certain period. The label of
the sample is generated based on one or more of the values
representing the physiological response, and indicates
whether (and optionally to what extent) the measured user
had the physiological response during the certain period.
Optionally, the data used to train the model reflects both
being affected and being unaffected by the confounding
substance. For example, the data used to train the model may
include: a first set of THy,, taken while the confounding
substance affected THy,,,, and a second set of THy,,, taken
while the confounding substance did not affect THj,.
Optionally, each of the first and second sets comprises at
least some THj,, taken while the measured user had the
physiological response and at least some THy,,, taken while
the measured user did not have the physiological response.
[0191] Using the indications (indicative of the user con-
suming a confounding substance) may lead to cases where
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the detection of the physiological response depends on
whether the confounding substance was consumed. In one
example, in which the physiological response is detected
when THp,, reach a threshold, the computer’s detection
behavior may be as follows: the computer detects the
physiological response based on first TH,, for which there
is no indication indicating that the first THy,; were affected
by a consumption of the confounding substance, and the first
TH,; reach the threshold; the computer does not detect the
physiological response based on second THg,, for which
there is an indication indicating that the second TH,,,, were
affected by a consumption of the confounding substance,
and the second TH,,, also reach the threshold; and the
computer does not detect the physiological response based
on third THg,,, for which there is no indication indicating
that the third TH, were affected by a consumption the
confounding substance, and the third THy,, do not reach the
threshold.

[0192] The following three figures illustrate scenarios
where issuing of alerts are dependent on the consumption of
confounding substances. FIG. 31 illustrates that the effect of
consuming alcohol on a certain THy,; usually decreases
after duration typical to the user (e.g., the duration is based
on previous measurements of the user). Thus, when the
effect remains high there may be a problem and the system
may issue an alert. The figure illustrates an outward-facing
visible-light camera 525 that generates the indications
indicative of when the user consumes alcoholic beverages.
[0193] FIG. 32 illustrates a usual increase in a certain
THy; while the user smokes. The system identifies when
the user smoked (e.g., based on images taken by the out-
ward-facing visible-light camera 525) and doesn’t alert
because of an increase in THy,, caused by the smoking.
However, when the temperature rises without the user
having smoked for a certain time, then it may be a sign that
there is a problem, and the user might need to be alerted.
[0194] FIG. 33 illustrates the expected decrease in a
certain TH,,, after the user takes medication, based on
previous THy; of the user. The system identifies when the
medication is consumed, and does not generate an alert at
those times. However, when TH, falls without medication
having been taken, it may indicate a physiological response
of which the user should be made aware.

[0195] The following method for detecting a physiological
response while taking into account consumption of a con-
founding substance may be used, in some embodiments, by
the system described above, which detects a physiological
response while taking into account a consumption of a
confounding substance. The steps described below may be
performed by running a computer program having instruc-
tions for implementing the method. Optionally, the instruc-
tions may be stored on a computer-readable medium, which
may optionally be a non-transitory computer-readable
medium. In response to execution by a system including a
processor and memory, the instructions cause the system to
perform the following steps:

[0196] 1In Step 1, taking thermal measurements of an ROI
(THgop) on the user’s face utilizing an inward-facing head-
mounted thermal camera.

[0197] In Step 2, receiving an indication indicative of
consuming a confounding substance that affects THy,.
Optionally, the indication is received from one or more of
the various device described above that provide an indica-
tion indicative of consuming a confounding substance.
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Optionally, the indication is generated based on image
processing of images taken by a head-mounted visible-light
camera having in its field of a volume that protrudes out of
the user’s mouth.

[0198] And in Step 3, detecting the physiological
response, while the consumed confounding substance affects
TH,,, based on TH,,, the indication, and a model.
Optionally, the model was trained on: a first set of THy,,
taken while the confounding substance affected THy ,,, and
a second set of TH,, taken while the confounding sub-
stance did not affect TH,, Optionally, the model is a
machine learning-based model, and this step involves: gen-
erating feature values based on TH,, and the indication,
and utilizing the machine learning-based model to detect the
physiological response based on the feature values.

[0199] One way in which a user may wear a head-mounted
camera (such as CAM or VCAM) involves attaching a
clip-on device that houses the camera onto a frame worn by
the user, such as an eyeglasses frame. This may enable the
user to be selective regarding when to use the head-mounted
camera and take advantage of eyeglasses that he or she
owns, which may be comfortable and/or esthetically pleas-
ing.

[0200] In some embodiments, the clip-on device includes
a body that may be attached and detached, multiple times,
from a pair of eyeglasses in order to secure and release the
clip-on device from the eyeglasses. The body is a structure
that has one or more components fixed to it. For example,
the body may have one or more inward-facing camera fixed
to it. Additionally, the body may have a wireless commu-
nication module fixed to it. Some additional components
that may each be optionally fixed to the body include a
processor, a battery, and one or more outward-facing cam-
eras.

[0201] In one example, “eyeglasses™ are limited to pre-
scription eyeglasses, prescription sunglasses, plano sun-
glasses, and/or augmented reality eyeglasses. This means
that “eyeglasses” do not refer to helmets, hats, virtual reality
devices, and goggles designed to be worn over eyeglasses.
Additionally or alternatively, neither attaching the clip-on
device to the eyeglasses nor detaching the clip-on device
from the eyeglasses should take more than 10 seconds for an
average user. This means that manipulating the clip-on
device is not a complicated task. Optionally, the body is
configured to be detached from the eyeglasses by the user
who wears the eyeglasses, who is not a technician, and
without using a tool such as a screwdriver or a knife. Thus,
the clip-on device may be attached and detached as needed,
e.g., enabling the user to attach the clip-on when there is a
need to take measurements, and otherwise have it detached.
[0202] 1In order to be warn comfortably, possibly for long
durations, the clip-on device is a lightweight device, weigh-
ing less than 40 g (i.e., the total weight of the body and the
components fixed to it is less than 40 g). Optionally, the
clip-on device weighs below 20 g and/or below 10 g.
[0203] The body is a structure to which components (e.g.,
an inward-facing camera) may be fixed such that the various
components do not fall off while the clip-on device is
attached to the eyeglasses. Optionally, at least some of the
various components that are fixed to the body remain in the
same location and/or orientation when the body is attached
to the eyeglasses. Herein, stating that a component 1s “fixed”
to the body is intended to indicate that, during normal use
(e.g., involving securing/releasing the clip-on device), the
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components are typically not detached from the body. This
is opposed to the body itself, which in normal use is
separated from the eyeglasses frame, and as such, is not
considered “fixed” to the eyeglasses frame.

[0204] In some embodiments, the body is a rigid structure
made of a material such as plastic, metal, and/or an alloy
(e.g., carbon alloy). Optionally, the rigid structure is shaped
such that it fits the contours of at least a portion of the frame
of the eyeglasses in order to enable a secure and stable
attachment to the eyeglasses. In other embodiments, the
body may be made of a flexible material, such as rubber.
Optionally, the flexible body is shaped such that it fits the
contours of at least a portion of the frame of the eyeglasses
in order to enable a secure and stable attachment to the
eyeglasses. Additionally or alternatively, the flexible body
may assume the shape of a portion of the frame when it is
attached to the eyeglasses.

[0205] The body may utilize various mechanisms in order
to stay attached to the eyeglasses. In one embodiment, the
body may include a clip member configured to being clipped
on the eyeglasses. In another embodiment, the body may
include a magnet configured to attach to a magnet connected
to the eyeglasses and/or to a metallic portion of the eye-
glasses. In yet another embodiment, the body may include a
resting tab configured to secure the clip-on to the eyeglasses.
In still another embodiment, the body may include a reten-
tion member (e.g., a clasp, buckle, clamp, fastener, hook, or
latch) configured to impermanently couple the clip-on to the
eyeglasses. For example, clasp 147 is utilized to secure the
clip-on device illustrated in FIG. 15a to the frame of the
eyeglasses. And in yet another embodiment, the body may
include a spring configured to apply force that presses the
body towards the eyeglasses. An example of this type of
mechanism is illustrated in FIG. 17a where spring 175 is
used to apply force that pushes body 170 and secures it in
place to frame 176.

[0206] Herein, to “impermanently couple” something
means to attach in a way that is easily detached without
excessive effort. For example, coupling something by clip-
ping it on or closing a latch is considered impermanently
coupling it. Coupling by screwing a screw with a screw-
driver, gluing, or welding is not considered impermanently
coupling. The latter would be examples of what may be
considered to “fix” a component to the body.

[0207] The inward-facing camera is fixed to the body. It
takes images of a region of interest on the face of a user who
wears the eyeglasses. Optionally, the inward-facing camera
remains pointed at the region of interest even when the
user’s head makes lateral and/or angular movements. The
inward-facing camera may be any of the CAMs and/or
VCAMs described in this disclosure. Optionally, the inward-
facing camera weighs less than 10 g, 5 g or 1 g. Optionally,
the inward-facing camera is a thermal camera based on a
thermopile sensor, a pyroelectric sensor, or a microbolom-
eter sensor, which may be a FPA sensor.

[0208] In one embodiment, the inward-facing camera
includes a multi-pixel sensor and a lens, and the sensor plane
is tilted by more than 2° relative to the lens plane according
to the Scheimpflug principle in order to capture sharper
images when the body is attached to the eyeglasses that are
worn by a user.

[0209] The clip-one device may include additional com-
ponents that are fixed to it. In one embodiment, the clip-on
device include a wireless communication module fixed to
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the body which transmits measurements (e.g., images and/or
thermal measurements) taken by one or more of the cameras
that are fixed to the body. Optionally, the clip-on device may
include a battery fixed to the body, which provides power to
one or more components fixed to the body. Optionally, the
clip-on device may include a processor that controls the
operation of one or more of the components fixed to the
body and/or processes measurements taken by the camera
fixed to the body.

[0210] In some embodiments, a computer receives mea-
surements taken by the inward-facing camera (and possibly
other cameras fixed to the body), and utilizes the measure-
ments to detect a physiological response. Optionally, the
computer is not fixed to the body. For example, the computer
may belong to a device of the user (e.g., a smartphone or a
smartwatch), or the computer may be a cloud-based server.
Optionally, the computer receives, over a wireless channel,
the measurements, which are sent by the wireless commu-
nication module.

[0211] The following are various examples of embodi-
ments using different types of inward- and outward-facing
cameras that are fixed to the body, which may be used to take
images of various regions of interest on the face of the user
who wears the eyeglasses. It is to be noted that while the
discussion below generally refers to a single “inward-facing
camera” and/or a single “outward-facing camera”, embodi-
ments of the clip-on device may include multiple inward-
and/or outward-facing cameras.

[0212] Insome embodiments, the inward-facing camera is
a thermal camera. Optionally, when the body is attached to
the eyeglasses, the thermal camera is located less than 5 cm
from the user’s face. Optionally, measurements taken by the
thermal camera are transmitted by the wireless communi-
cation module and are received by a computer that uses them
to detect a physiological response of the user. In one
example, when the body is attached to the eyeglasses, the
optical axis of the thermal camera is above 20° from the
Frankfort horizontal plane, and the thermal camera takes
thermal measurements of a region on the user’s forehead. In
another example, when the body is attached to the eye-
glasses, the thermal camera takes thermal measurements of
aregion on the user’s nose. In yet another example, when the
body is attached to the eyeglasses, the thermal camera takes
thermal measurements of a region on a periorbital area of the
user.

[0213] In one embodiment, the inward-facing camera is a
thermal camera. When the body is attached to the eye-
glasses, the thermal camera is located below eye-level of a
user who wears the eyeglasses and at least 2 cm from the
vertical symmetry axis that divides the user’s face (i.e., the
axis the goes down the center of the user’s forehead and
nose). Additionally, when the body is attached to the eye-
glasses, the inward-facing thermal camera takes thermal
measurements of a region on at least one of the following
parts of the user’s face: upper lip, lips, and a cheek.
Optionally, measurements taken by the thermal camera are
transmitted by the wireless communication module and are
received by a computer that uses them to detect a physi-
ological response of the user.

[0214] In another embodiment, the inward-facing camera
is a visible-light camera. Optionally, when the body is
attached to the eyeglasses, the visible-light camera is located
less than 10 cm from the user’s face. Optionally, images
taken by the visible-light camera are transmitted by the
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wireless communication module and are received by a
computer that uses them to detect a physiological response
of the user. Optionally, the computer detects the physiologi-
cal response based on facial skin color changes (FSCC) that
are recognizable in the images. In one example, when the
body is attached to the eyeglasses, the optical axis of the
visible-light camera is above 20° from the Frankfort hori-
zontal plane, and the visible-light camera takes images of a
region located above the user’s eyes. In another example,
when the body is attached to the eyeglasses, the visible-light
camera takes images of a region on the nose of a user who
wears the eyeglasses. In still another example, the computer
detects the physiological response based on facial expres-
sions, and when the body is attached to the eyeglasses, the
visible-light camera takes images of a region above or below
the user’s eyes.

[0215] In still another embodiment, the inward-facing
camera is a visible-light camera, and when the body is
attached to the eyeglasses, the visible-light camera takes
images of a region on an eye (IM) of a user who wears the
eyeglasses, and is located less than 10 cm from the user’s
face. Optionally, the images are transmitted by the wireless
communication module and are received by a computer that
detects a physiological response based in IM.

[0216] In one example, the computer detects the physi-
ological response based on color changes to certain parts of
the eye, such as the sclera and/or the iris. Due to the many
blood vessels that are close to the surface of the eye,
physiological responses that are manifested through changes
to the blood flow (e.g., a cardiac pulse and certain emotional
responses), may cause recognizable changes to the color of
the certain parts of the eye. The various techniques described
in this disclosure for detecting a physiological response
based on FSCC that is recognizable in images can be applied
by one skilled in the art to detect a physiological response
based on color changes to the sclera and/or iris; while the
sclera and iris are not the same color as a person’s skin, they
too exhibit blood flow-related color changes that are quali-
tatively similar to FSCC, and thus may be analyzed using
similar techniques to the techniques used to analyze FSCC
involving the forehead, nose, and/or cheeks.

[0217] In another example, IM; may be utilized to deter-
mine the size of the pupil, which may be utilized by the
computer to detect certain emotional responses (such as
based on the assumption that the pupil’s response reflects
emotional arousal associated with increased sympathetic
activity).

[0218] Ifneeded as part of the computer’s detection of the
physiological response, identifying which portions of My
correspond to certain parts of the eye (e.g., the sclera or iris)
can be done utilizing various image processing techniques
known in the art. For example, identifying the iris and pupil
size may be done using the techniques described in US
patent application 20060147094, or in Hayes, Taylor R., and
Alexander A. Petrov. “Mapping and correcting the influence
of gaze position on pupil size measurements.” Behavior
Research Methods 48.2 (2016): 510-527. Additionally, due
to the distinct color differences between the skin, the iris,
and the sclera, identification of the iris and/or the white
sclera can be easily done by image processing methods
known in the art.

[0219] In one embodiment, the inward-facing camera is a
visible-light camera; when the body is attached to the
eyeglasses, the visible-light camera is located below eye-
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level of a user who wears the eyeglasses, and at least 2 cm
from the vertical symmetry axis that divides the user’s face.
The visible-light camera takes images (IMy,,) of a region on
the upper lip, lips, and/or a cheek. Optionally, IM,,, are
transmitted by the wireless communication module and are
received by a computer that uses them to detect a physi-
ological response. In one example, the physiological
response is an emotional response, which is detected based
on extracting facial expressions from IM,,, In another
example, the physiological response is an emotional
response, which is detected based on FSCC recognizable in
My o In still another example, the physiological response,
which is detected based FSCC recognizable in 1M, is
heart rate and/or breathing rate.

[0220] The body may include an outward-facing camera
that may be utilized to provide measurements that may be
used to account for various environmental interferences that
can decrease detections of the physiological response of a
user who wears the eyeglasses. Optionally, the outward-
facing camera is a head-mounted camera. Optionally, the
outward-facing camera is fixed to the body.

[0221] In one embodiment, the inward-facing camera is a
thermal camera, and when the body is attached to the
eyeglasses, the thermal camera is located less than 10 cm
from the face of the user who wears the eyeglasses, and takes
thermal measurements of a region of interest (THg,,,) on the
face of the user. In this embodiment, an outward-facing
head-mounted thermal camera takes thermal measurements
of the environment (THyy,). The wireless communication
module transmits TH,, and THy,, to a computer that
detects a physiological response of the user based on THy,,,
and THg,,~ Optionally, the computer utilizes THy, to
account for thermal interferences from the environment, as
discussed elsewhere herein.

[0222] In another embodiment, the inward-facing camera
is a visible-light camera, and when the body is attached to
the eyeglasses, the visible-light camera is located less than
10 em from the face of the user who wears the eyeglasses
and takes images of a region of interest (IM,,) on the face
of the user. In this embodiment, an outward-facing head-
mounted visible-light camera takes images of the environ-
ment (IMg,;). The wireless communication module trans-
mits IMg,; and Mgy, to a computer that detects a
physiological response of the user based on IMy,, and
IMga- Optionally, the computer detects the physiological
response based on FSCC recognizable in IM,,, and utilizes
Mgy to account for variations in ambient light, as dis-
cussed elsewhere herein.

[0223] Inward-facing cameras attached to the body may be
utilized for additional purposes, beyond detection of physi-
ological responses. In one embodiment, the inward-facing
camera is a visible-light camera, and the clip-on device
includes a second visible-light camera that is also fixed to
the body. Optionally, the visible-light camera and/or the
second visible-light camera are light field cameras. Option-
ally, when the body is attached to the eyeglasses, the first and
second visible-light cameras are located less than 10 cm
from the user’s face, and take images of a first region above
eye-level and a second region on the upper lip (IMy,,; and
My o, respectively). Optionally, the wireless communica-
tion module transmits IM,; and IMz,p, t0 a computer that
generates an avatar of the user based on IM,,,; and IM .
Some of the various approaches that may be utilized to
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generate the avatar based on IMz,,and My, are described
in co-pending US patent publication 2016/0360970.

[0224] Different embodiments of the clip-on device may
involve devices of various shapes, sizes, and/or locations of
attachment to the eyeglasses. FIG. 144 to FIG. 18 illustrate
some examples of clip-on devices. When the body is
attached to the eyeglasses, most of the clip-on device may be
located in front of the frame of the eyeglasses, as illustrated
in FIG. 14b, F1G. 15b, and FIG. 18, or alternatively, most of
the clip-on device may be located behind the frame, as
illustrated in FIG. 165 and FIG. 17b. Some clip-on devices
may include a single unit, such as illustrated in FIG. 15a and
FIG. 174. While other clip-on devices may include multiple
units (which each may optionally be considered a separate
clip-on device). Examples of multiple units being attached
to the frame are illustrated in FIG. 145, FIG. 165, and FIG.
18. The following is a more detailed discussion regarding
embodiments illustrated in the figures mentioned above.
[0225] FIG. 14a, FIG. 145, and FIG. 14c illustrate two
right and left clip-on devices comprising bodies 141 and
142, respectively, which are configured to attached/detached
from an eyeglasses frame 140. The body 142 has multiple
inward-facing cameras fixed to it, such as camera 143 that
points at a region on the lower part of the face (such as the
upper lip, mouth, nose, and/or cheek), and camera 144 that
points at the forehead. The body 142 may include other
electronics 145, such as a processor, a battery, and/or a
wireless communication module. The bodies 141 and 142 of
the left and right clip-on devices may include additional
cameras illustrated in the drawings as black circles.

[0226] In one another embodiment, the eyeglasses include
left and right lenses, and when the body is attached to the
eyeglasses, most of the volume of the clip-on device is
located to the left of the left lens or to the right of the right
lens. Optionally, the inward-facing camera takes images of
at least one of: a region on the nose of a user wearing the
eyeglasses, and a region on the mouth of the user. Option-
ally, a portion of the clip-on device that is located to the left
of the left lens or to the right of the right lens does not
obstruct the sight of the user when looking forward.
[0227] FIG. 15a and FIG. 155 illustrate a clip-on device
that includes a body 150, to which two head-mounted
cameras are fixed: a head-mounted camera 148 that points at
a region on the lower part of the face (such as the nose), and
a head-mounted camera 149 that points at the forehead. The
other electronics (such as a processor, a battery, and/or a
wireless communication module) are located inside the body
150. The clip-on device is attached and detached from the
frame of the eyeglasses with the clasp 147.

[0228] In one embodiment, when the body is attached to
the eyeglasses, most of the volume of the clip-on device is
located above the lenses of the eyeglasses, and the inward-
facing camera takes images of a region on the forehead of a
user who wears the eyeglasses. Optionally, a portion of the
clip-on device that is located above the lenses of the eye-
glasses does not obstruct the sight of the user when looking
forward.

[0229] While the clip-on device may often have a design
intended to reduce the extent to which it sticks out beyond
the frame, in some embodiments, the clip-on device may
include various protruding arms. Optionally, these arms may
be utilized in order to position one or more cameras in a
position suitable for taking images of certain regions of the
face. FI1G. 18 illustrates right and left clip-on devices that
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include bodies 153 and 154, respectively, which are config-
ured to attached/detached from an eyeglasses frame. These
bodies have protruding arms that hold the head-mounted
cameras. Head-mounted camera 155 measures a region on
the lower part of the face, head-mounted camera 156 mea-
sures regions on the forchead. The left clip-on device also
includes other electronics 157 (such as a processor, a battery,
and/or a wireless communication module). The clip-on
devices illustrated in this figure may include additional
cameras illustrated in the drawings as black circles.

[0230] In other embodiments, at least a certain portion of
the clip-on device is located behind the eyeglasses’ frame.
Thus, when the clip-on device is attached to the eyeglasses,
they may remain aesthetically pleasing, and attaching the
clip-on device may cause little or no blocking of the user’s
vision. FIG. 165 and FIG. 175 illustrate two examples of
clip-on devices that are mostly attached behind the frame.
The following are some additional examples of embodi-
ments in which a portion of the clip-on device may be
located behind the frame.

[0231] FIG. 164 and FIG. 165 illustrate two, right and left,
clip-on devices with bodies 160 and 161, respectively,
configured to be attached behind an eyeglasses frame 165.
The body 160 has various components fixed to it which
include: an inward-facing head-mounted camera 162
pointed at a region below eye-level (such as the upper lip,
mouth, nose, and/or cheek), an inward-facing head-mounted
camera 163 pointed at a region above eye-level (such as the
forehead), and other electronics 164 (such as a processor, a
battery, and/or a wireless communication module). The right
and left clip-on devices may include additional cameras
illustrated in the drawings as black circles.

[0232] FIG. 174 and FIG. 175 illustrate a single-unit
clip-on device that includes the body 170, which is config-
ured to be attached behind the eyeglasses frame 176. The
body 170 has various cameras fixed to it, such as head-
mounted cameras 171 and 172 that are pointed at regions on
the lower part of the face (such as the upper lip, mouth, nose,
and/or cheek), and head-mounted cameras 173 and 174 that
are pointed at the forehead. The spring 175 is configured to
apply force that holds the body 170 to the frame 176. Other
electronics 177 (such as a processor, a battery, and/or a
wireless communication module), may also be fixed to the
body 170. The clip-on device may include additional cam-
eras illustrated in the drawings as black circles.

[0233] In one embodiment, when the body is attached to
the eyeglasses, more than 50% of the out-facing surface of
the clip-on device is located behind the eyeglasses frame.
Optionally, a portion of the clip-on device that is located
behind the eyeglasses frame is occluded from a viewer
positioned directly opposite to the eyeglasses, at the same
height as the eyeglasses. Thus, a portion of the clip-on
device that is behind the frame might not be visible to other
people from many angles, which can make the clip-on
device less conspicuous and/or more aesthetically pleasing.
Optionally, a larger portion of the clip-on device is behind
the frame when the body is attached to the eyeglasses, such
as more than 75% or 90% of the out-facing surface.
[0234] Various physiological responses may be detected
based on Facial skin color changes (FSCC) that occur on a
user’s face. In one embodiment, a system configured to
detect a physiological response based on FSCC includes at
least an inward-facing head-mounted visible-light camera
(VCAM,,) and a computer. The system may optionally
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include additional elements such as a frame and additional
inward-facing camera(s) and/or outward-facing camera(s).

[0235] FIG. 24 illustrates one embodiment of the system
configured to detect a physiological response based on
FSCC. The system includes a frame 735 (e.g., an eyeglasses
frame) to which various cameras are physically coupled.
These cameras include visible-light cameras 740, 741, 742,
and 743, which may each take images of regions on the
user’s cheeks and/or nose. Each of these cameras may
possibly be VCAM,,, which is discussed in more detail
below. Another possibility for VCAM,, is camera 745 that
takes images of a region on the user’s forehead and is
coupled to the upper portion of the frame. Visible-light
camera 737, which takes images of the environment (IM-
£vy)s 18 an example of VCAM,,,, discussed below, which
may optionally be included in some embodiments. Addi-
tional cameras that may optionally be included in some
embodiments are outward-facing thermal camera 738
(which may be used to take TH,,- mentioned below) and
inward-facing thermal camera 739 (which may be used to
take TH, ,,, mentioned below).

[0236] VCAM,, is worn on the user’s head and takes
images of a region of interest (IMy,,) on the user’s face.
Depending on the physiological response being detected, the
ROI may cover various regions on the user’s face. In one
example, the ROI is on a cheek of the user, a region on the
user’s nose, and/or a region on the user’s forehead. Option-
ally, VCAM,, does not occlude the ROI, is located less than
10 ¢m from the user’s face, and weighs below 10 g. The ROI
is illuminated by ambient light. Optionally, the system does
not occlude the ROL, and the ROI is not illuminated by a
head-mounted light source. Alternatively, the ROI may be
illuminated by a head-mounted light source that is weaker
than the ambient light.

[0237] The computer detects the physiological response
based on IM,,,, by relying on effects of FSCC that are
recognizable in IMg,,. Herein, sentences of the form “FSCC
recognizable in IM,,,” refer to effects of FSCC that may be
identified and/or utilized by the computer, which are usually
not recognized by the naked eye. The FSCC phenomenon
may be utilized to detect various types of physiological
responses. In one embodiment, the physiological response
that is detected may involve an expression of emotional
response of the user. For example, the computer may detect
whether the user’s emotional response is neutral, positive, or
negative. In another example, the computer may detect an
emotional response that falls into a more specific category
such as distress, happiness, anxiousness, sadness, frustra-
tion, intrigue, joy, disgust, anger, etc. Optionally, the expres-
sion of the emotional response may involve the user making
a facial expression and/or a microexpression (whose occur-
rence may optionally be detected based on IMg,,). In
another embodiment, detecting the physiological response
involves determining one or more physiological signals of
the user, such as a heart rate (which may also be referred to
as “cardiac pulse”), heart rate variability, and/or a breathing
rate.

[0238] IMj,;are images generated based on ambient light
illumination that is reflected from the user’s face. Variations
in the reflected ambient light may cause FSCC that are
unrelated to the physiological response being detected, and
thus possibly lead to errors in the detection of the physi-
ological response. In some embodiments, the system
includes an outward-facing head-mounted visible-light cam-
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era (VCAM,,,,), which is worn on the user’s head, and takes
images of the environment (IM,). Optionally, VCAM,,,
is located less than 10 cm from the user’s face and weighs
below 10 g. Optionally, VCAM,_,, may include optics that
provide it with a wide field of view. Optionally, the computer
detects the physiological response based on both IM,, and
M- Given that IMp,,- is indicative of illumination
towards the face and IMy,,, 1s indicative of reflections from
the face, utilizing IM,,,- in the detection of the physiologi-
cal response can account, at least in part, for variations in
ambient light that, when left unaccounted, may possibly lead
to errors in detection of the physiological response.

[0239] It is noted that the system may include multiple
VCAW,, configured to take images of various ROIs on the
face, IMz,; may include images taken from the multiple
VCAM,,, and multiple VCAM__, located at different loca-
tions and/or orientation relative to the face may be used to
take images of the environment.

[0240] In some embodiments, VCAM,, and/or VCAM,,,
are physically coupled to a frame, such as an eyeglasses
frame or an augmented realty device frame. Optionally, the
angle between the optical axes of VCAM,, and VCAM, , is
known to the computer, and may be utilized in the detection
of the physiological response. Optionally, the angle between
the optical axes of VCAM,, and VCAM_,,, is fixed.

[0241] Due to the proximity of VCAM,, to the face, in
some embodiments, there may be an acute angle between the
optical axis of VCAM,, and the ROI (e.g., when the ROI
includes a region on the forehead). In order to improve the
sharpness of IM,,,, VCAM,,, may be configured to operate
in a way that takes advantage of the Scheimpflug principle.
In one embodiment, VCAM,, includes a sensor and a lens;
the sensor plane is tilted by a fixed angle greater than 2°
relative to the lens plane according to the Scheimpflug
principle in order to capture a sharper image when VCAM,,
is worn by the user (where the lens plane refers to a plane
that is perpendicular to the optical axis of the lens, which
may include one or more lenses). Optionally, VCAM,, does
not occlude the ROIL. In another embodiment, VCAM,,
includes a sensor, a lens, and a motor; the motor tilts the lens
relative to the sensor according to the Scheimpflug principle.
The tilt improves the sharpness of IM,, when VCAM,, is
worn by the user.

[0242] In addition to capturing images in the visible
spectrum, some embodiments may involve capturing light in
the near infrared spectrum (NIR). In some embodiments,
VCAM,, and/or VCAM,,, may include optics and sensors
that capture light rays in at least one of the following NIR
spectrum intervals: 700-800 nm, 700-900 nm, 700-1,000
nm. Optionally, the computer may utilize data obtained in a
NIR spectrum interval to detect the physiological response
(in addition to or instead of data obtained from the visible
spectrum). Optionally, the sensors may be CCD sensors
designed to be sensitive in the NIR spectrum and/or CMOS
sensors designed to be sensitive in the NIR spectrum.
[0243] One advantage of having VCAM,;, coupled to the
frame involves the handling of chromatic aberrations. Chro-
matic aberrations refract different wavelengths of light at
different angles, depending on the incident angle. When
VCAM,, is physically coupled to the frame, the angle
between VCAM,, and the ROI is known, and thus the
computer may be able to select certain subsets of pixels,
which are expected to measure light of certain wavelengths
from the ROI. In one embodiment, VCAM,,, includes a lens
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and a sensor comprising pixels; the lens generates chromatic
aberrations that refract red and blue light rays in different
angles; the computer selects, based on the angle between the
camera and the ROI (when the user wears the frame), a first
subset of pixels to measure the blue light rays reflected from
the ROI, and a second subset of pixels to measure the red
light rays reflected from the ROI. Optionally, the first and
second subsets are not the same. Optionally, VCAM,, may
include a sensor that captures light rays also in a portion of
the NIR spectrum, and the computer selects, based on the
angle between YVCAM,, and the RO, a third subset of pixels
to measure the NIR light rays reflected from the ROL
Optionally, the second and third subsets are not the same.

[0244] The computer may utilize various approaches in
order to detect the physiological response based on IMy ;.
Some examples of how such a detection may be imple-
mented are provided in the prior art references mentioned
above, which rely on FSCC to detect the physiological
response. It is to be noted that while the prior art approaches
involve analysis of video obtained from cameras that are not
head-mounted, are typically more distant from the ROI than
VCAM,,, and are possibly at different orientations relative
to the RO, the computational approaches described in the
prior art used to detect physiological responses can be
readily adapted by one skilled in the art to handle IM,,. In
some cases, embodiments described herein may provide
video in which a desired signal is more easily detectable
compared to some of the prior art approaches. For example,
given the short distance from VCAM,, to the ROI, the ROI
is expected to cover a larger portion of the images in Mz,
compared to images obtained by video cameras in some of
the prior art references. Additionally, due to the proximity of
VCAM,, to the ROI, additional illumination that is required
in some prior art approaches, such as illuminating the skin
for a pulse oximeter to obtain a photoplethysmographic
(PPG) signal, may not be needed. Furthermore, given
VCAM,,’s fixed location and orientation relative to the ROI
(even when the user makes lateral and/or angular move-
ments), many pre-processing steps that need to be imple-
mented by the prior art approaches, such as image registra-
tion and/or face tracking, are extremely simplified in
embodiments described herein, or may be foregone alto-
gether.

[0245] IM,,, may undergo various preprocessing steps
prior to being used by the computer to detect the physi-
ological response and/or as part of the process of the
detection of the physiological response. Some non-limiting
examples of the preprocessing include: normalization of
pixel intensities (e.g., to obtain a zero-mean unit variance
time series signal), and conditioning a time series signal by
constructing a square wave, a sine wave, or a user defined
shape, such as that obtained from an ECG signal or a PPG
signal as described in U.S. Pat. No. 8,617,081. Additionally
or alternatively, some embodiments may involve generating
feature values based on a single image or a sequence of
images. In some examples, generation of feature values from
one or more images may involve utilization of some of the
various approaches described in this disclosure for genera-
tion of high-level and/or low-level image-based features.

[0246] The following is a discussion of some approaches
that may be utilized by the computer to detect the physi-
ological response based on IM,;. Additionally, implemen-
tation-related details may be found in the provided refer-
ences and the references cited therein. Optionally, My,
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may also be utilized by the computer to detect the physi-
ological response (in addition to IM,,), as explained in
more detail below.

[0247] In some embodiments, the physiological response
may be detected using signal processing and/or analytical
approaches. Optionally, these approaches may be used for
detecting repetitive physiological signals (e.g., a heart rate,
heart rate variability, or a breathing rate) in IM,, taken
during a certain period. Optionally, the detected physiologi-
cal response represents the value of the physiological signal
of the user during the certain period.

[0248] In one example, U.S. Pat. No. 8,768,438, titled
“Determining cardiac arrhythmia from a video of a subject
being monitored for cardiac function”, describes how a heart
rate may be determined based on FSCC, which are repre-
sented in a PPG signal obtained from video of the user. In
this example, a time series signal is generated from video
images of a subject’s exposed skin, and a reference signal is
used to perform a constrained source separation (which is a
variant of ICA) on the time series signals to obtain the PPG
signal. Peak-to-peak pulse points are detected in the PPG
signal, which may be analyzed to determine parameters such
as heart rate, heart rate variability, and/or to obtain peak-to-
peak pulse dynamics that can be indicative of conditions
such as cardiac arrhythmia.

[0249] In another example, U.S. Pat. No. 8,977,347, titled
“Video-based estimation of heart rate variability”, describes
how a times-series signal similar to the one described above
may be subjected to a different type of analysis to detect the
heart rate variability. In this example, the time series data are
de-trended to remove slow non-stationary trends from the
signal and filtered (e.g., using bandpass filtering). Following
that, low frequency and high frequency components of the
integrated power spectrum within the time series signal are
extracted using Fast Fourier Transform (FFT). A ratio of the
low and high frequency of the integrated power spectrum
within these components is computed. And analysis of the
dynamics of this ratio over time is used to estimate heart rate
variability.

[0250] In yet another example, U.S. Pat. No. 9,020,185,
titled “Systems and methods for non-contact heart rate
sensing”, describes how a times-series signals obtained from
video of a user can be filtered and processed to separate an
underlying pulsing signal by, for example, using an ICA
algorithm. The separated pulsing signal from the algorithm
can be transformed into frequency spacing data using FFT,
in which the heart rate can be extracted or estimated.
[0251] In some embodiments, the physiological response
may be detected using machine learning-based methods.
Optionally, these approaches may be used for detecting
expressions of emotions and/or values of physiological
signals.

[0252] Generally, machine learning-based approaches
involve training a model on samples, with each sample
including: feature values generated based on IM,, taken
during a certain period, and a label indicative of the physi-
ological response during the certain period. Optionally, the
model may be personalized for a user by training the model
on samples including: feature values generated based on
IM;,; of the user, and corresponding labels indicative of the
user’s respective physiological responses. Some of the fea-
ture values in a sample may be generated based on other
sources of data (besides IMy,,), such as measurements of
the user generated using thermal cameras, movement sen-
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sors, and/or other physiological sensors, and/or measure-
ments of the environment. Optionally, IMg,, of the user
taken during an earlier period may serve as a baseline to
which to compare. Optionally, some of the feature values
may include indications of confounding factors, which may
affect FSCC, but are unrelated to the physiological response
being detected. Some examples of confounding factors
include touching the face, thermal radiation directed at the
face, and consuming certain substances such as a medica-
tion, alcohol, caffeine, or nicotine.

[0253] Training the model may involve utilization of vari-
ous training algorithms known in the art (e.g., algorithms for
training neural networks and/or other approaches described
herein). After the model is trained, feature values may be
generated for IM,,, for which the label (physiological
response) is unknown, and the computer can utilize the
model to detect the physiological response based on these
feature values.

[0254] It is to be noted that in some embodiments, the
model is trained based on data that includes measurements
of the user, in which case it may be considered a personal-
ized model of the user. In other embodiments, the model is
trained based on data that includes measurements of one or
more other users, in which case it may be considered a
general model.

[0255] In order to achieve a robust model, which may be
useful for detecting the physiological response in various
conditions, in some embodiments, the samples used in the
training may include samples based on Mg, taken in
different conditions and include samples with various labels
(e.g., expressing or not expressing certain emotions, or
different values of physiological signals). Optionally, the
samples are generated based on 1My, taken on different
days.

[0256] The following are four examples of different com-
positions of samples that may be used when training the
model in different embodiments. The “measured user” in the
four examples below may be “the user” who is mentioned
above (e.g., when the model is a personalized model that
was trained on data that includes measurements of the user),
or a user from among one or more other users (e.g., when the
model is a general model that was trained on data that
includes measurements of the other users). In a first
example, the system does not occlude the ROI, and the
model is trained on samples generated from a first set of
IM o, taken while the measured user was indoors and not in
direct sunlight, and is also trained on other samples gener-
ated from a second set of My, taken while the measured
user was outdoors, in direct sunlight. In a second example,
the model is trained on samples generated from a first set of
Mo, taken during daytime, and is also trained on other
samples generated from a second set of M, taken during
nighttime. In a third example, the model is trained on
samples generated from a first set of IM,,, taken while the
measured user was exercising and moving, and is also
trained on other samples generated from a second set of
IM,,; taken while the measured user was sitting and not
exercising. And a fourth example, the model is trained on
samples generated from a first set of IMy,,; taken less than
30 minutes after the measured user had an alcoholic bever-
age, and is also trained on other samples generated from a
second set of IM,,,, taken on a day in which the measured
user did not have an alcoholic beverage.
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[0257] Labels for the samples may be obtained from
various sources. In one embodiment, the labels may be
obtained utilizing one or more sensors that are not VCAM,,,.
In one example, a heart rate and/or heart rate variability may
be measured using an ECG sensor. In another example, the
breathing rate may be determined using a smart shirt with
sensors attached to the chest (e.g., a smart shirt by Hexo-
skin®). In yet another example, a type emotional response
of the user may be determined based on analysis of a facial
expression made by the user, analysis of the user’s voice,
analysis of thermal measurements of regions of the face of
the user, and/or analysis of one or more of the following
sensor-measured physiological signals of the user: a heart
rate, heart rate variability, breathing rate, and galvanic skin
response.

[0258] In another embodiment, a label describing an emo-
tional response of the user may be inferred. In one example,
the label may be based on semantic analysis of a commu-
nication of the user, which is indicative of the user’s
emotional state at the time IMy,; were taken. In another
example, the label may be generated in a process in which
the user is exposed to certain content, and a label is
determined based on an expected emotional response cor-
responding to the certain content (e.g., happiness is an
expected response to a nice image while distress is an
expected response to a disturbing image).

[0259] Due to the nature of the physiclogical responses
being detected and the type of data (video images), a
machine learning approach that may be applied in some
embodiments is “deep learning”. In one embodiment, the
model may include parameters describing multiple hidden
layers of a neural network. Optionally, the model may
include a convolution neural network (CNN). In one
example, the CNN may be utilized to identify certain
patterns in the video images, such as the patterns of the
reflected FSCC due to the physiological response. Option-
ally, detecting the physiological response may be done based
on multiple, possibly successive, images that display a
certain pattern of change over time (i.e., across multiple
frames), which characterizes the physiological response
being detected. Thus, detecting the physiological response
may involve retaining state information that is based on
previous images. Optionally, the model may include param-
eters that describe an architecture that supports such a
capability. In one example, the model may include param-
eters of a recurrent neural network (RNN), which is a
connectionist model that captures the dynamics of sequences
of samples via cycles in the network’s nodes. This enables
RNNSs to retain a state that can represent information from
an arbitrarily long context window. In one example, the
RNN may be implemented using a long short-term memory
(LSTM) architecture. In another example, the RNN may be
implemented using a bidirectional recurrent neural network
architecture (BRNN).

[0260] Some of the prior art references mentioned herein
provide additional detailed examples of machine learning-
based approaches that may be utilized to detect the physi-
ological response (especially in the case in which it corre-
sponds to an emotional response). In one example, Ramirez,
et al. (“Color analysis of facial skin: Detection of emotional
state”) describe detection of an emotional state using various
machine learning algorithms including decision trees, mul-
tinomial logistic regression, and latent-dynamic conditional
random fields. In another example, Wang, et al. (“Micro-
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expression recognition using color spaces”) describe various
feature extraction methods and pixel color value transfor-
mations, which are used to generate inputs for a support
vector machine (SVM) classifier trained to identify micro-
expressions.

[0261] As mentioned above, in some embodiments,
IM ;- may be utilized in the detection of the physiological
response to account, at least in part, for illumination inter-
ferences that may lead to errors in the detection of the
physiological response. There are different ways in which
IM,;- may be utilized for this purpose.

[0262] In one embodiment, when variations in IM,,,
reach a certain threshold (e.g., which may correspond to
ambient light variations above a certain extent), the com-
puter may refrain from detecting the physiological response.
[0263] In another embodiment, IM,, may be utilized to
normalize 1My, with respect to the ambient light. For
example, the intensity of pixels in IMy,, may be adjusted
based on the intensity of pixels in IM,,;- when IM,,,, were
taken. US patent application number 20130215244
describes a method of normalization in which values of
pixels from a region that does not contain a signal (e.g,,
background regions that include a different body part of the
user or an object behind the user) are subtracted from
regions of the image that contain the signal of the physi-
ological response. While the computational approach
described therein may be applied to embodiments in this
disclosure, the exact setup described therein may not work
well in some cases due to the close proximity of VCAM,, to
the face and the fact that VCAM,,, is head-mounted. Thus, it
may be advantageous to subtract a signal from the environ-
ment (IMyy;) that is obtained from VCAM,,,, which may
more accurately represent the ambient light illuminating the
face.

[0264] It is to be noted that training data that includes a
ground-truth signal (i.e., values of the true physiological
response corresponding 10 IMyz,; and IMg,,) may be uti-
lized to optimize the normalization procedure used to correct
IM o With respect to the ambient light measured in IM gy
For example, such optimization may be used to determine
parameter values of a function that performs the subtraction
above, which lead to the most accurate detections of the
physiological response.

[0265] In still another embodiment, IM ;- may be utilized
to generate feature values in addition to IM,,,. Optionally,
at least some of the same types of feature values generated
based on 1My, may also be generated based on TM,,-
Optionally, at least some of the feature values generated
based on IM,,- may relate to portions of images, such as
average intensity of patches of pixels in IMgy,-

[0266] By utilizing IM,-as inputs used for the detection
of the physiological response, a machine learning-based
model] may be trained to be robust, and less susceptible, to
environmental interferences such as ambient light varia-
tions. For example, if the training data used to train the
model includes samples in which no physiological response
was present (e.g., no measured emotional response or micro-
expression was made), but some ambient light variations
might have introduced some FSCC-related signal, the model
will be trained such that feature values based on IM, - are
used to account for such cases. This can enable the computer
to negate, at least in part, the effects of such environmental
interferences, and possibly make more accurate detections
of the physiological response.
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[0267] In one embodiment, the computer receives an indi-
cation indicative of the user consuming a confounding
substance that is expected to affect FSCC (e.g., alcohol,
drugs, certain medications, and/or cigarettes). The computer
detects the physiological response, while the consumed
confounding substance affects FSCC, based on: IMy,, the
indication, and a model that was trained on: a first set of
Moy taken while the confounding substance affected
FSCC, and a second set of M, taken while the confound-
ing substance did not affect FSCC.

[0268] Prior art FSCC systems are sensitive to user move-
ments and do not operate well while the user is running. This
is because state-of-the-art FSCC systems use hardware and
automatic image trackers that are not accurate enough to
crop correctly the ROI from the entire image while running,
and the large errors in cropping the ROI are detrimental to
the performances of the FSCC algorithms. Contrary to the
prior art FSCC systems, the disclosed VCAM,, remains
pointed at its ROI also when the user’s head makes angular
and lateral movements, and thus the complicated challenges
related to image registration and ROI tracking are much
simplified or even eliminated. Therefore, systems based on
VCAM,, (such as the one illustrated in FIG. 24) may detect
the physiological response (based on FSCC) also while the
user is running.

[0269] VCAM,, may be pointed at different regions on the
face. In a first embodiment, the ROI is on the forehead,
VCAM,, is located less than 10 cm from the user’s face, and
optionally the optical axis of VCAM,,, is above 20° from the
Frankfort horizontal plane. In a second embodiment, the
ROI is on the nose, and VCAM,,, 1s located less than 10 cm
from the user’s face. Because VCAM,,, is located close to the
face, it is possible to calculate the FSCC based on a small
ROI, which is irrelevant to the non-head-mounted prior arts
that are limited by the accuracy of their automatic image
tracker. In a third embodiment, VCAM,, is pointed at an eye
of the user. The computer selects the sclera as the ROI and
detects the physiological response based on color changes
recognizable in IM,,, of the sclera, In a fourth embodiment,
VCAM,, is pointed at an eye of the user. The computer
selects the iris as the ROI and detects the physiological
response based on color changes recognizable in IMy,,, of
the iris. Optionally, the computer further calculates changes
to the pupil diameter based on the M, of the iris, and
detects an emotional response of the user based on the
changes to the pupil diameter.

[0270] In order to improve the detection accuracy, and in
some cases in order to better account for interferences, the
computer may utilize measurements of one or more head-
mounted thermal cameras in the detection of the physiologi-
cal response. In one embodiment, the system may include an
inward-facing head-mounted thermal camera that takes ther-
mal measurements of a second ROI (THy,») on the user’s
face. Optionally, ROI and ROL, overlap, and the computer
utilizes THy ;- to detect the physiological response. Option-
ally, on average, detecting the physiological response based
on both FSCC recognizable in IMy,,; and TH,,, is more
accurate than detecting the physiological response based on
the FSCC without TH,,,». Optionally, the computer utilizes
THyop to account, at least in part, for temperature changes,
which may occur due to physical activity and/or consump-
tion of certain medications that affect the blood flow.
Optionally, the computer utilizes THy,,, by generating
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feature values based on THy,p, and utilizing a model that
was trained on data comprising THy ,,, in order to detect the
physiological response.

[0271] In another embodiment, the system may include an
outward-facing head-mounted thermal camera that takes
thermal measurements of the environment (TH,,). Option-
ally, the computer may utilize TH,,- to detect the physi-
ological response (e.g., by generating feature values based
on TH,,- and utilizing a model trained on data comprising
THgpy). Optionally, on average, detecting the physiological
response based on both FSCC recognizable in IM,,, and
TH,,,- 1s more accurate than detecting the physiological
response based on the FSCC without TH,,,~ Optionally, the
computer utilizes TH,, to account, at least in part, for
thermal interferences from the environment, such as direct
sunlight and/or a nearby heater.

[0272] Inaddition to detecting a physiological response, in
some embodiments, the computer may utilize 1Mo, to
generate an avatar of the user (e.g., in order to represent the
user in a virtual environment). Optionally, the avatar may
express emotional responses of the user, which are detected
based on IMy,. Optionally, the computer may modify the
avatar of the user to show synthesized facial expressions that
are not manifested in the user’s actual facial expressions. In
one embodiment, the synthesized facial expressions corre-
spond to emotional responses detected based on FSCC that
are recognizable in IM,, In another embodiment, the
synthesized facial expressions correspond to emotional
responses detected based on thermal measurements taken by
CAM. Some of the various approaches that may be utilized
to generate the avatar based on IMg,, are described in
co-pending US patent publication 2016/0360970.

[0273] The following method for detecting a physiological
response based on facial skin color changes (FSCC) may be
used by systems modeled according to FIG. 24. The steps
described below may be performed by running a computer
program having instructions for implementing the method.
Optionally, the instructions may be stored on a computer-
readable medium, which may optionally be a non-transitory
computer-readable medium. In response to execution by a
system including a processor and memory, the instructions
cause the system to perform the following steps:

[0274] In Step 1, taking images of a region of interest
(IMgop) on a user’s face utilizing an inward-facing head-
mounted visible-light camera (VCAM,,). The ROI is illu-
minated by ambient light.

[0275] And in Step 2, detecting the physiological response
based on FSCC recognizable in IM, ;. Optionally, detecting
the physiological response involves generating feature val-
ues based on IM ,, and utilizing a model to calculate, based
on the feature values, a value indicative of an extent of the
physiological response. Optionally, the model was trained
based on IMy,,; of the user taken during different days.
[0276] In one embodiment, the method may optionally
include a step of taking images of the environment (IM ;)
utilizing an outward-facing head-mounted visible-light cam-
era (VCAM,,). Optionally, detecting the physiological
response is also based on IM -

[0277] Normally, the lens plane and the sensor plane of a
camera are parallel, and the plane of focus (PoF) is parallel
to the lens and sensor planes. If a planar object is also
parallel to the sensor plane, it can coincide with the PoF, and
the entire object can be captured sharply. If the lens plane is
tilted (not parallel) relative to the sensor plane, it will be in
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focus along a line where it intersects the PoF. The Sche-
impflug principle is a known geometric rule that describes
the orientation of the plane of focus of a camera when the
lens plane is tilted relative to the sensor plane.

[0278] FIG. 20a is a schematic illustration of an inward-
facing head-mounted camera 550 embedded in an eye-
glasses frame 551, which utilizes the Scheimpflug principle
to improve the sharpness of the image taken by the camera
550. The camera 550 includes a sensor 558 and a lens 555.
The tilt of the lens 555 relative to sensor 558, which may
also be considered as the angle between the lens plane 555
and the sensor plane 559, is determined according to the
expected position of the camera 550 relative to the ROI 552
when the user wears the eyeglasses. For a refractive optical
lens, the “lens plane” 556 refers to a plane that is perpen-
dicular to the optical axis of the lens 555. Herein, the
singular also includes the plural, and the term “lens” refers
to one or more lenses. When “lens” refers to multiple lenses
(which is usually the case in most modern cameras having
a lens module with multiple lenses), then the “lens plane”
refers to a plane that is perpendicular to the optical axis of
the lens module.

[0279] The Scheimpflug principle may be used for both
thermal cameras (based on lenses and sensors for wave-
lengths longer than 2500 nm) and visible-light and/or near-
IR cameras (based on lenses and sensors for wavelengths
between 400-900 nm). FIG. 205 is a schematic illustration of
a camera that is able to change the relative tilt between its
lens and sensor planes according to the Scheimpflug prin-
ciple. Housing 311 mounts a sensor 312 and lens 313. The
lens 313 is tilted relative to the sensor 312. The tilt may be
fixed according to the expected position of the camera
relative to the ROI when the user wears the HMS, or may be
adjusted using motor 314. The motor 314 may move the lens
313 and/or the sensor 312.

[0280] In one embodiment, an HMS device includes a
frame configured to be worn on a user’s head, and an
inward-facing camera physically coupled to the frame. The
inward-facing camera may assume one of two configura-
tions: (i) the inward-facing camera is oriented such that the
optical axis of the camera is above the Frankfort horizontal
plane and pointed upward to capture an image of a region of
interest (ROI) above the user’s eyes, or (ii) the inward-
facing camera is oriented such that the optical axis is below
the Frankfort horizontal plane and pointed downward to
capture an image of an ROI below the user’s eyes. The
inward-facing camera includes a sensor and a lens. The
sensor plane is tilted by more than 2° relative to the lens
plane according to the Scheimpflug principle in order to
capture a sharper image.

[0281] In another embodiment, an HMS includes an
inward-facing head-mounted camera that captures an image
of an ROI on a user’s face, when worn on the user’s head.
The ROI is on the user’s forehead, nose, upper lip, cheek,
and/or lips. The camera includes a sensor and a lens. And the
sensor plane is tilted by more than 2° relative to the lens
plane according to the Scheimpflug principle in order to
capture a sharper image.

[0282] Because the face is not planar and the inward-
facing head-mounted camera is located close to the face, an
image captured by a camera having a wide field of view
(FOV) and a low f-number may not be perfectly sharp, even
after applying the Scheimpflug principle. Therefore, in some
embodiments, the tilt between the lens plane and the sensor
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plane is selected such as to adjust the sharpness of the
various areas covered in the ROI according to their impor-
tance for detecting the user’s physiological response (which
may be the user’s emotional response in some cases). In one
embodiment, the ROI covers first and second areas, where
the first area includes finer details and/or is more important
for detecting the physiological response than the second
area. Therefore, the tilt between the lens and sensor planes
is adjusted such that the image of the first area is shaper than
the image of the second area.

[0283] In another embodiment, the ROI covers both a first
area on the upper lip and a second area on a cheek, and the
tilt is adjusted such that the image of the first area is shaper
than the image of the second area, possibly because the
upper lip usually provides more information and has more
details relative to the cheek.

[0284] In still another embodiment, the ROI covers both a
first area on the upper lip and a second area on the nose, and
the tilt is adjusted such that the image of the first area is
shaper than the image of the second area, possibly because
the upper lip usually provides more information relative to
the nose.

[0285] In still another embodiment, the ROI covers a first
area on the cheek straight above the upper lip, a second area
on the cheek from the edge of the upper lip towards the ear,
and a third area on the nose. And the tilt between the lens
plane and the sensor plane is adjusted such that the image of
the first area is shaper than both the images of the second and
third areas.

[0286] In still another embodiment, the ROI covers both a
first area on the lips and a second area on the chin, and the
tilt is adjusted such that the image of the first area is shaper
than the image of the second area, possibly because the lips
usually provides more information than the chin.

[0287] In still another embodiment, the camera is a vis-
ible-light camera, and the ROI covers both a first area on the
lower forehead (including an eyebrow) and a second area on
the upper forehead, and the tilt is adjusted such that the
image of the first area is shaper than the image of the second
area, possibly because the eyebrow provides more informa-
tion about the user’s emotional response than the upper
forehead.

[0288] In still another embodiment, the camera is a ther-
mal camera, and the ROI covers an area on the forehead, and
the tilt is adjusted such that the image of a portion of the
middle and upper part of the forehead (below the hair line)
is shaper than the image of a portion of the lower part of the
forehead, possibly because the middle and upper parts of the
forehead are more indicative of prefrontal cortex activity
than the lower part of the forehead, and movements of the
eyebrows disturb the thermal measurements of the lower
part of the forehead.

[0289] In one embodiment, the tilt between the lens plane
and sensor plane is fixed. The fixed tilt is selected according
to an expected orientation between the camera and the ROI
when a user wears the frame. Having a fixed tilt between the
lens and sensor planes may eliminate the need for an
adjustable electromechanical tilting mechanism. As a result,
a fixed tilt may reduce the weight and cost of the camera,
while still providing a sharper image than an image that
would be obtained from a similar camera in which the lens
and sensor planes are parallel. The magnitude of the fixed tilt
may be selected according to facial dimensions of an aver-
age user expected to wear the system, or according to a
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model of the specific user expected to wear the system in
order to obtain the sharpest image.

[0290] In another embodiment, the system includes an
adjustable electromechanical tilting mechanism configured
to change the tilt between the lens and sensor planes
according to the Scheimpflug principle based on the orien-
tation between the camera and the ROI when the frame is
worn by the user. The tilt may be achieved using at least one
motor, such as a brushless DC motor, a stepper motor
(without a feedback sensor), a brushed DC electric motor, a
piezoelectric motor, and/or a micro-motion motor.

[0291] The adjustable electromechanical tilting mecha-
nism configured to change the tilt between the lens and
sensor planes may include one or more of the following
mechanisms: (i) a mirror that changes its angle; (i1) a device
that changes the angle of the lens relative to the sensor;
and/or (iii) a device that changes the angle of the sensor
relative to the lens. In one embodiment, the camera, includ-
ing the adjustable electromechanical tilting mechanism,
weighs less than 10 g, and the adjustable electromechanical
tilting mechanism is able to change the tilt in a limited range
below 30° between the two utmost orientations between the
lens and sensor planes. Optionally, the adjustable electro-
mechanical tilting mechanism is able to change the tilt in a
limited range below 20° between the two utmost orientations
between the lens and sensor planes. In another embodiment,
the adjustable electromechanical tilting mechanism is able to
change the tilt in a limited range below 10°. In some
embodiments, being able to change the tilt in a limited range
reduces at least one of the weight, cost, and size of the
camera, which is advantageous for a wearable device. In one
example, the camera is manufactured with a fixed predeter-
mined tilt between the lens and sensor planes, which is in
addition to the tilt provided by the adjustable electrome-
chanical tilting mechanism. The fixed predetermined orien-
tation may be determined according to the expected orien-
tation between the camera and the ROI for an average user,
such that the adjustable electromechanical tilting mecha-
nism is used to fine-tune the tilt between the lens and sensor
planes for the specific user who wears the frame and has
facial dimensions that are different from the average user.

[0292] Various types of cameras may be utilized in dif-
ferent embodiments described herein. In one embodiment,
the camera is a thermal camera that takes thermal measure-
ments of the ROI with a focal plane array thermal sensor
having an angle above 2° between the lens and sensor
planes. Optionally, the thermal camera weighs below 10 g,
is located less than 10 cm from the user’s face, and the tilt
of the lens plane relative to the sensor plane is fixed. The
fixed tilt is selected according to an expected orientation
between the camera and the ROI when the user wears the
frame. Optionally. the system includes a computer to detect
a physiological response based on the thermal measure-
ments. Optionally, the computer processes time series mea-
surements of each sensing element individually to detect the
physiological response.

[0293] In another embodiment, the camera is a visible-
light camera that takes visible-light images of the ROI, and
a computer generates an avatar for the user based on the
visible-light images. Some of the various approaches that
may be utilized to generate the avatar based on the visible-
light images are described in co-pending US patent publi-
cation 2016/0360970. Additionally or alternatively, the com-
puter may detect an emotional response of the user based on
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(1) facial expressions in the visible-light images utilizing
image processing, and/or (ii) facial skin color changes
(FSCC), which result from concentration changes of hemo-
globin and/or oxygenation.

[0294] It is to be noted that there are various approaches
known in the art for identifying facial expressions from
images. While many of these approaches were originally
designed for full-face frontal images, those skilled in the art
will recognize that algorithms designed for full-face frontal
images may be easily adapted to be used with images
obtained using the inward-facing head-mounted visible-light
cameras disclosed herein. For example, the various machine
learning techniques described in prior art references may be
applied to feature values extracted from images that include
portions of the face from orientations that are not directly in
front of the user. Furthermore, due to the closeness of the
visible-light cameras to the face, facial features are typically
larger in images obtained by the systems described herein.
Moreover, challenges such as image registration and face
tracking are vastly simplified and possibly non-existent
when using inward-facing head-mounted cameras. The ref-
erence Zeng, Zhihong, et al. “A survey of affect recognition
methods: Audio, visual, and spontaneous expressions.”
IEEE transactions on pattern analysis and machine intelli-
gence 31.1 (2009): 39-58, describes some of the algorithmic
approaches that may be used for this task. The following
references discuss detection of emotional responses based
on FSCC: (1) Ramirez, Geovany A, et al. “Color analysis of
facial skin: Detection of emotional state” in Proceedings of
the IEEE Conference on Computer Vision and Pattern
Recognition Workshops, 2014; and (ii) Wang, Su-Jing, et al.
“Micro-expression recognition using color spaces”, in IEEE
Transactions on Image Processing 24.12 (2015): 6034-6047.

[0295] In still another embodiment, the camera is a light
field camera that implements a predetermined blurring at a
certain Scheimpflug angle, and decodes the predetermined
blurring as function of the certain Scheimpflug angle. The
light field camera may include an autofocusing of the image
obtained using the tilting mechanism based on the principle
that scere points that are not in focus are blurred while scene
points in focus are sharp. The autofocusing may study a
small region around a given pixel; the region is expected to
get sharper as the Scheimpflug adjustment gets better, and
vice versa. Additionally or alternatively, the autofocusing
may use the variance of the neighborhood around each pixel
as a measure of sharpness, where a proper Scheimpflug
adjustment should increase the variance.

[0296] Thermal and/or FSCC patterns corresponding to
physiological responses may show high variability between
different users due to variability of the their brains, blood
vessel locations, skin properties, hair, physical conditions,
and face shapes and sizes. Thus, patterns and/or various
extractable features from one user’s thermal and/or FSCC
data may not be easily transferable to another user, or even
to the same user under different physiological and/or mental
conditions. Therefore, some of the embodiments described
herein involve training personalized models involving ther-
mal and/or FSCC patterns that are predictive of various
user-defined categories of experiencing and/or perceiving
certain events. Personalized models can overcome some of
the possible disadvantages of using normed physiological
statistics, which paves the way for personalized training,
detection, and therapies, which are able to account for
arbitrary user-defined physiological and/or mental states
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corresponding to a wide variety of individual needs. Lever-
aging machine learning algorithms can enable assignment of
arbitrary user-defined physiological and/or mental states to
recorded thermal and/or FSCC data during day-to-day
activities, which are later used as basis for automatic detec-
tion and/or therapies for the user, optionally without involv-
ing a clinician.

[0297] The personalized model does not need to corre-
spond to a standard universally applicable pattern, and thus
the user may be free to define his/her arbitrary user-defined
physiological and/or mental states. In other words, in addi-
tion to (or instead of) detecting a state that corresponds to
some arbitrary population average, the personalized model
allows a personalized detection of a user-defined state.
[0298] One embodiment in which a personalized model is
utilized involves a training phase and an operation phase. In
the training phase, the system identifies desired and/or
undesired physiological and/or mental states of the user
using active methods (e.g., the user presses a button) and/or
passive methods (e.g., applying semantic analysis to the
user’s speech and typing). The system may also continue to
update the personalized model to accommodate for changes
over time, to supports increased efficacy, and to identify new
personalized states beyond those represented by population
average. Instead of relying on a model trained based on data
obtained from a wide population, the personalized model
may decouple commonly coupled ROIs and/or putative
physiological responses from the applications, allowing the
user to train the system to detect arbitrary personalized
thermal and/or FSCC patterns that may not suite the wide
population. Training the personalized model may be based
on known machine learning methods such as neural net-
works, supervised machine learning, pattern recognition,
pattern matching, etc. The system may detect, predict, and
train for the arbitrary user-defined physiological and/or
mental states, identified by personalized thermal and/or
FSCC patterns, not limited to averages obtained from a wide
population.

[0299] In the operation phase, the system alerts, predicts,
and/or treats the user based on the personalized model. The
system may alert when the user is in the desired/undesired
state, predict when the user is going to be in that state, and
treat the user to get into a desired state or avoid an undesired
state by providing a feedback. The operation phase may
include known biofeedback/neurofeedback interactive ses-
sions tuned to guide the user towards the user-defined
personalized physiological and/or mental states. For
example, the personalized model may be trained to guide the
user towards flow, creativity, curiosity, compassion, and/or
happiness states, as defined and experienced by the user, and
to alert against anger, aggression, boredom, and/or sadness,
also as defined and experienced by the user, without these
necessarily being suitable for the wide population.

[0300] One embodiment of a method for personalized
thermal and/or FSCC detection includes a timestamping
step, a machine learning step, a refinement step, an optional
detection step, and an optional biofeedback step (where
biofeedback refers also to neurofeedback).

[0301] Inthe timestamping step, an HMS records arbitrary
user-defined physiological and/or mental states for personal
use. The user may provide, via a user interface, timestamped
markers on the recorded data used as labels by machine
learning approaches for detecting target user-defined physi-
ological and/or mental states (which may be desired or
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undesired states). When the user engages in a certain task,
and as the user enters a target state, the user may (via a user
interface) manual provide a timestamp to mark the time of
entering into the target state, and/or the computer may set an
automated timestamp based on inferring the entering into the
target state from the user’s performance and/or activities (for
example, using predetermined limits of performance that
once reached automatically trigger timestamping the
recorded data as entering into the target state). Upon leaving
the target state, the user may provide a timestamp to mark
the leaving of the target state, and/or the computer may set
an automated timestamp based on inferring the leaving of
the target state from the user’s performance and/or activities.
Several iterations involving timestamping of entering and
leaving the target state may complete the timestamping step.

[0302] In the machine learning step, the computer extracts
and selects features from the thermal and/or FSCC measure-
ments, labels the extracted and selected features according to
the timestamps, and tries one or more machine learning
algorithms to train a classifier, while treating the measure-
ments as the training and testing sets. Optionally, for unique
personalized states, the machine learning algorithm may be
optimized for cross-validation by splitting the training set
into a first part used for training and a second part used for
testing. In addition, testing sets comprising data of other
users may be used to measure the classifier’s generality. The
following examples illustrate various ways to label the HMS
measurements based on the timestamps.

[0303] In a first example, the computer may (i) label as
“not desired” TH,,, taken before receiving from the user a
first timestamp marking the entering into a desired state, (i1)
label as “desired” TH,, taken after receiving the first
timestamp and before receiving a second timestamp marking
the leaving of the desired state, and (iii) label as “not
desired” THj,,, taken after receiving the second timestamp.
Optionally, the computer may label as “unknown” THy,,
taken sufficiently before receiving the first timestamp and
TH, o, taken sufficiently after receiving the second time-
stamp.

[0304] Inasecond example, the computer may (i) label as
“leading to headache” TH,, taken during a first window of
time before receiving from the user a first timestamp mark-
ing occurrence of a headache, (ii) label as “headache” THy,,,
taken after receiving the first timestamp and until a second
window before receiving from the user a second timestamp
marking “no headache”, (iii) label as “headache leaving”
THy oy taken during the second window, and (iv) label as “no
headache” TH,,, taken after receiving the second time-
stamp.

[0305] In a third example, the computer may (i) label as
“leading to asthma attack” TH,,,_,, indicative of the user’s
breathing pattern (such as thermal measurements of a region
on the upper lip) taken during a first window before iden-
tifying that the user uses a first inhaler, (ii) label as “first
inhaler immediate effect” TH,,,,, taken during a second
window after using the first inhaler, (iii) label as “first
inhaler long effect” TH,,_ _,, taken during a third window
following the second window, and (iv) label as “second
inhaler immediate effect” TH, __, taken during a fourth
window after identifying that the user uses a second inhaler.
Optionally, the computer may use the automated labeling for
assessing the user’s reaction to using the first inhaler vs
using the second inhaler.
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[0306] 1In a fourth example, the computer may (i) label as
“building concentration” TH,,,,,, indicative of the user’s
breathing pattern and THp,,,.,, indicative of a thermal
pattern on the user’s forehead taken while the user’s sofi-
ware agent indicates that the user does not check distracting
websites (such as social networks, news and email) but the
user’s gaze is not essentially continuously focused on the
screen, (ii) label as “concentrated” TH,,, 5, and THp,, .00
taken while the software agent indicates that the user’s gaze
is continuously focused on the screen and until a certain
duration before the user lost concentration, and (iii) label as
“start losing concentration” TH,,,,, and TH,, .., taken
during the certain duration.

[0307] In a fifth example, the computer may (i) label as
“possibly happy” THyo, and FSCC taken during a first
window before a speech analysis module provides a time-
stamp that the user is happy, (ii) label as “happy” TH,;and
FSCC taken during a second window after receiving the
timestamp, and (iii) label as “angry” THy,, and FSCC taken
during a third window after the speech analysis module
provides a timestamp that the user is angry.

[0308] In the refinement step, the computer starts guessing
the physiological and/or mental states, and asks the user to
confirm correct, incorrect, or inapplicable status of the
guesses. The refinement step increases fidelity the more it is
performed.

[0309] In the optional detection step, the computer ana-
lyzes in real time feature values generated based on the
thermal and/or FSCC measurements in order to alert the user
about entering and/or leaving a target state. For example, the
computer permits administration of pain medication to the
user after the classifier determines that the user experiences
pain above a threshold previously determined by the user
during the timestamping step. This may reduce addiction by
reducing unnecessary administrations of higher dose pain
medication. Additionally, the user may be trained to control
his/her pain perception during the biofeedback step, which
may be more effective after a personalized model has been
applied.

[0310] In the optional biofeedback step. the computer
generates a feedback for the user based on the personalized
target state. The biofeedback step may use a standard
biofeedback protocol, but instead of training the user
towards achieving externally derived thermal and/or FSCC
target patterns that suit the wide population, the user is
trained to achieve personalized thermal and/or FSCC target
patterns that most closely resemble the thermal and/or FSCC
patterns found to be predictive during the timestamping and
refinement steps.

[0311] In one embodiment, the user labels during the
timestamping step pairs of undesired and desired states
(such as pain vs no pain, migraine vs no migraine, angry vs
calmed, stressed vs calmed, concentrated vs not concen-
trated, sad vs happy, self-focused vs compassionate). Then
the biofeedback step trains the user to move out of the
undesired state by (i) encouraging changes that bring the
current measured thermal and/or FSCC pattern closer to the
desired personalized thermal and/or FSCC pattern found to
be predictive during the timestamping and refinement steps,
and (ii) discouraging changes that bring the current mea-
sured thermal and/or FSCC pattern closer to the undesired
personalized thermal and/or FSCC pattern found to be
predictive during the timestamping and refinement steps.
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[0312] The following is one example of the information
flow in an HMS that includes a head-mounted thermal
camera and a computer. In the timestamping step, the
head-mounted thermal camera takes thermal measurements,
and the user (or computer) adds manual (or automated)
timestamps for entering and/or leaving a target state. The
timestamping step feeds the machine learning step, in which
a machine learning-based training algorithm is used to train
a personalized model that is evaluated against user measure-
ments in known states. The machine learning step feeds the
refinement step with processed data and questions, and in the
refinement step the user answers whether the machine
learning algorithm has correctly detected the user’s state.
Both the machine learning step and the refinement step may
provide data to the optional detection and biofeedback steps
(which may communicate with each other).

[0313] Big data analysis may be performed to identify
trends and detect new correlations over users and popula-
tions, together with other sources of information, such as
other wearable devices (e.g., smart watches, smart shirts,
EEG headsets, smart earphones), mobile devices (e.g.,
smartphone, laptop). and other sources of information (e.g,,
social networks, search engines, bots, software agents, medi-
cal records, loT devices).

[0314] Various embodiments described herein involve an
HMS that may be connected, using wires and/or wirelessly,
with a device carried by the user and/or a non-wearable
device. The HMS may include a battery, a computer, sen-
sors, and a transceiver.

[0315] FIG. 34a and FIG. 345 are schematic illustrations
of possible embodiments for computers (400, 410) that are
able to realize one or more of the embodiments discussed
herein that include a “computer”. The computer (400, 410)
may be implemented in various ways, such as, but not
limited to, a server, a client, a personal computer, a network
device, a handheld device (e.g., a smartphone), an HMS
(such as smart glasses, an augmented reality system, and/or
a virtual reality system), a computing device embedded in a
wearable device (e.g., a smartwatch or a computer embed-
ded in clothing), a computing device implanted in the human
body, and/or any other computer form capable of executing
a set of computer instructions. Herein, an augmented reality
system refers also to a mixed reality system. Further, refer-
ences to a computer or processor include any collection of
one or more computers and/or processors (which may be at
different locations) that individually or jointly execute one
or more sets of computer instructions. For example, a first
computer may be embedded in the HMS that communicates
with a second computer embedded in the user’s smartphone
that communicates over the Internet with a cloud computer.

[0316] The computer 400 includes one or more of the
following components: processor 401, memory 402, com-
puter readable medium 403, user interface 404, communi-
cation interface 405, and bus 406. The computer 410
includes one or more of the following components: proces-
sor 411, memory 412, and communication interface 413.

[0317] Thermal measurements that are forwarded to a
processor/computer may include “raw” values that are
essentially the same as the values measured by thermal
cameras, and/or processed values that are the result of
applying some form of preprocessing and/or analysis to the
raw values. Examples of methods that may be used to
process the raw values include analog signal processing,
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digital signal processing, and various forms of normaliza-
tion, noise cancellation, and/or feature extraction.

[0318] Functionality of various embodiments may be
implemented in hardware, software, firmware, or any com-
bination thereof. If implemented at least in part in software,
implementing the functionality may involve a computer
program that includes one or more instructions or code
stored or transmitted on a computer-readable medium and
executed by one or more processors. Computer-readable
media may include computer-readable storage media, which
corresponds to a tangible medium such as data storage
media, or communication media including any medium that
facilitates transfer of a computer program from one place to
another. Computer-readable medium may be any media that
can be accessed by one or more computers to retrieve
instructions, code, data, and/or data structures for imple-
mentation of the described embodiments. A computer pro-
gram product may include a computer-readable medium. In
one example, the computer-readable medium 403 may
include one or more of the following: RAM, ROM,
EEPROM, optical storage, magnetic storage, biologic stor-
age, flash memory, or any other medium that can store
computer readable data.

[0319] A computer program (also known as a program,
software, software application, script, program code, or
code) can be written in any form of programming language,
including compiled or interpreted languages, declarative or
procedural languages. The program can be deployed in any
form, including as a standalone program or as a module,
component, subroutine, object, or another unit suitable for
use in a computing environment. A computer program may
correspond to a file in a file system, may be stored in a
portion of a file that holds other programs or data, and/or
may be stored in one or more files that may be dedicated to
the program. A computer program may be deployed to be
executed on one or more computers that are located at one
or more sites that may be interconnected by a communica-
tion network.

[0320] Computer-readable medium may include a single
medium and/or multiple media (e.g., a centralized or dis-
tributed database, and/or associated caches and servers) that
store one or more sets of instructions. In various embodi-
ments, a computer program, and/or portions of a computer
program, may be stored on a non-transitory computer-
readable medium, and may be updated and/or downloaded
via a communication network, such as the Internet. Option-
ally, the computer program may be downloaded from a
central repository, such as Apple App Store and/or Google
Play. Optionally, the computer program may be downloaded
from a repository, such as an open source and/or community
run repository (e.g., GitHub).

[0321] At least some of the methods described herein are
“computer-implemented methods” that are implemented on
a computer, such as the computer (400, 410), by executing
instructions on the processor (401, 411). Additionally, at
least some of these instructions may be stored on a non-
transitory computer-readable medium.

[0322] Herein, a direction of the optical axis of a VCAM
or a CAM that has focusing optics is determined by the
focusing optics, while the direction of the optical axis of a
CAM without focusing optics (such as a single pixel ther-
mopile) is determined by the angle of maximum responsiv-
ity of its sensor. When optics are utilized to take measure-
ments with a CAM, then the term CAM includes the optics
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(e.g., one or more lenses). In some embodiments, the optics
of a CAM may include one or more lenses made of a
material suitable for the required wavelength, such as one or
more of the following materials: Calcium Fluoride, Gallium
Arsenide, Germanium, Potassium Bromide, Sapphire, Sili-
con, Sodium Chloride, and Zinc Sulfide. In other embodi-
ments, the CAM optics may include one or more diffractive
optical elements, and/or or a combination of one or more
diffractive optical elements and one or more refractive
optical elements.

[0323] When CAM includes an optical limiter/field lim-
iter/FOV limiter (such as a thermopile sensor inside a
standard TO-39 package with a window, or a thermopile
sensor with a polished metal field limiter), then the term
CAM may also refer to the optical limiter. Depending on the
context, the term CAM may also refer to a readout circuit
adjacent to CAM, and/or to the housing that holds CAM.
[0324] Herein, references to thermal measurements in the
context of calculating values based on thermal measure-
ments, generating feature values based on thermal measure-
ments, or comparison of thermal measurements, relate to the
values of the thermal measurements (which are values of
temperature or values of temperature changes). Thus, a
sentence in the form of “calculating based on THy,,” may
be interpreted as “calculating based on the values of TH,;”,
and a sentence in the form of “comparing TH, and
TH,op” may be interpreted as “comparing values of THy
and values of THy,,,”.

[0325] Depending on the embodiment, thermal measure-
ments of an ROI (usually denoted THy,,, or using a similar
notation) may have various forms, such as time series,
measurements taken according to a varying sampling fre-
quency, and/or measurements taken at irregular intervals. In
some embodiments, thermal measurements may include
various statistics of the temperature measurements (T) and/
or the changes to temperature measurements (AT), such as
minimum, maximum, and/or average values. Thermal mea-
surements may be raw and/or processed values. When a
thermal camera has multiple sensing elements (pixels), the
thermal measurements may include values corresponding to
each of the pixels, and/or include values representing pro-
cessing of the values of the pixels. The thermal measure-
ments may be normalized, such as normalized with respect
to a baseline (which is based on earlier thermal measure-
ments), time of day, day in the month, type of activity being
conducted by the user, and/or various environmental param-
eters (e.g., the environment’s temperature, humidity, radia-
tion level, etc.).

[0326] As used herein, references to “one embodiment”
(and its variations) mean that the feature being referred to
may be included in at least one embodiment of the invention.
Moreover, separate references to “one embodiment”, “some
embodiments”, “another embodiment”, “still another
embodiment”, etc., may refer to the same embodiment, may
illustrate different aspects of an embodiment, and/or may
refer to different embodiments.

[0327] Some embodiments may be described using the
verb “indicating”, the adjective “indicative”, and/or using
variations thereof. Herein, sentences in the form of “X is
indicative of Y™ mean that X includes information correlated
with Y, up to the case where X equals Y. For example,
sentences in the form of “thermal measurements indicative
of a physiological response” mean that the thermal mea-
surements include information from which it is possible to
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infer the physiological response. Stating that “X indicates
Y or “X indicating Y” may be interpreted as “X being
indicative of Y”. Additionally, sentences in the form of
“provide/receive an indication indicating whether X hap-
pened” may refer herein to any indication method, including
but not limited to: sending/receiving a signal when X
happened and not sending/receiving a signal when X did not
happen, not sending/receiving a signal when X happened
and sending/receiving a signal when X did not happen,
and/or sending/receiving a first signal when X happened and
sending/receiving a second signal X did not happen.

[0328] Herein, “most” of something is defined as above
51% of the something (including 100% of the something).
Both a “portion” of something and a “region” of something
refer herein to a value between a fraction of the something
and 100% of the something. For example, sentences in the
form of a “portion of an area” may cover between 0.1% and
100% of the area. As another example, sentences in the form
of a “region on the user’s forehead” may cover between the
smallest area captured by a single pixel (such as 0.1% or 5%
of the forehead) and 100% of the forehead. The word
“region” refers to an open-ended claim language, and a
camera said to capture a specific region on the face may
capture just a small part of the specific region, the entire
specific region, and/or a portion of the specific region
together with additional region(s).

[0329] Sentences in the form of “angle greater than 200”
refer to absolute values (which may be +20° or -20° in this
example), unless specifically indicated, such as in a phrase
having the form of “the optical axis of CAM is 20° above/
below the Frankfort horizontal plane” where it is clearly
indicated that the CAM is pointed upwards/downwards. The
Frankfort horizontal plane is created by two lines from the
superior aspects of the right/left external auditory canal to
the most inferior point of the right/left orbital rims.

[0330] The terms “comprises,” “comprising,” “includes,”
“including,” “has,” “having”, or any other variation thereof,
indicate an open-ended claim language that does not exclude

“a” or “an” is employed to

2 <

additional limitations. The “a
describe one or more, and the singular also includes the
plural unless it is obvious that it is meant otherwise; for
example, sentences in the form of “a CAM configured to
take thermal measurements of a region (THy,,)” refers to
one or more CAMs that take thermal measurements of one
or more regions, including one CAM that takes thermal
measurements of multiple regions; as another example, “a
computer” refers to one or more computers, such as a
combination of a wearable computer that operates together
with a cloud computer.

[0331] The phrase “based on” is intended to mean “based,
at least in part, on”. Additionally, stating that a value is
calculated “based on X” and following that, in a certain
embodiment, that the value is calculated “also based on Y”,
means that in the certain embodiment, the value is calculated
based on X and Y.

[0332] The terms “first”, “second” and so forth are to be
interpreted merely as ordinal designations, and shall not be
limited in themselves. A predetermined value is a fixed value
and/or a value determined any time before performing a
calculation that compares a certain value with the predeter-
mined value. A value is also considered to be a predeter-
mined value when the logic, used to determine whether a
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threshold that utilizes the value is reached, is known before
start performing computations to determine whether the
threshold is reached.

[0333] The embodiments ofthe invention may include any
variety of combinations and/or integrations of the features of
the embodiments described herein. Although some embodi-
ments may depict serial operations, the embodiments may
perform certain operations in parallel and/or in different
orders from those depicted. Moreover, the use of repeated
reference numerals and/or letters in the text and/or drawings
is for the purpose of simplicity and clarity and does not in
itself dictate a relationship between the various embodi-
ments and/or configurations discussed. The embodiments
are not limited in their applications to the order of steps of
the methods, or to details of implementation of the devices,
set in the description, drawings, or examples. Moreover,
individual blocks illustrated in the figures may be functional
in nature and therefore may not necessarily correspond to
discrete hardware elements.

[0334] Certain features of the embodiments, which may
have been, for clarity, described in the context of separate
embodiments, may also be provided in various combinations
in a single embodiment. Conversely, various features of the
embodiments, which may have been, for brevity, described
in the context of a single embodiment, may also be provided
separately or in any suitable sub-combination. Embodiments
described in conjunction with specific examples are pre-
sented by way of example, and not limitation. Moreover, it
is evident that many alternatives, modifications, and varia-
tions will be apparent to those skilled in the art. It is to be
understood that other embodiments may be utilized and
structural changes may be made without departing from the
scope of the embodiments. Accordingly, this disclosure is
intended to embrace all such alternatives, modifications, and
variations that fall within the spirit and scope of the
appended claims and their equivalents.

We claim:

1. A system configured to detect a physiological response
based on facial skin color changes (FSCC), comprising:

an inward-facing head-mounted visible-light camera

(VCAM,,) configured to take images of a region of
interest (IM,,) on a user’s face; wherein the region of
interest (ROI) is illuminated by ambient light; and

a computer configured to detect the physiological

response based on FSCC recognizable in IM, ;.

2. The system of claim 1, further comprising an outward-
facing head-mounted visible-light camera (VCAM,,,) con-
figured to take images of the environment (IM,,,); wherein
the computer is further configured to utilize a model to
detect the physiological response also based on IM,-

3. The system of claim 2, wherein IM_,,,- is indicative of
illumination towards the face, IMy; is indicative of reflec-
tions from the face, and the computer is configured to utilize
IM - to account, at least in part, for variations in ambient
light that cause errors in detections of the physiological
response.

4. The system of claim 2, wherein the physiological
response comprises an expression of emotional response of
the user.

5. The system of claim 2, wherein the physiological
response comprises at least one of a heart rate of the user,
heart rate variability of the user, and a breathing rate of the
user.
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6. The system of claim 2, wherein at least one of VCAM,,
and VCAM,,,, comprise sensors configured to capture light
rays also in at least one of the following near infrared (NTR)
spectrum intervals: 700-800 nm, 700-900 nm, 700-1,000
nm; and the computer is further configured to detect the
physiological response also based on data obtained in the
NIR spectrum interval.

7. The system of claim 2, wherein the model was trained
on: a first set of IM ,, and IM,,- taken while being indoors
and not in direct sunlight, and a second set of IMy,; and
IMj;- taken while being outdoors in direct sunlight.

8. The system of claim 2, wherein the model was trained
on: a first set of M, and IM - taken while exercising and
moving, and a second set of IM,,,, and IM,,,,- taken while
sitting and not exercising.

9. The system of claim 1, wherein VCAM,, does not
occlude the RO, and the computer is further configured to
utilize a model to detect the physiological response; and
wherein the model was trained on: a first set of IM,, taken
while being indoors and not in direct sunlight, and a second
set of IMy, taken while being outdoors in direct sunlight.

10. The system of claim 1, wherein the computer is further
configured to utilize a model to detect the physiological
response; and wherein the model was trained on: a first set
of My, taken while exercising and moving, and a second
set of IMy, taken while sitting and not exercising; whereby
the physiological response is still detected by the computer
based on FSCC recognizable in IM,,, that are taken while
the user is running.

11. The system of claim 1, wherein the computer is further
configured to utilize a model to detect the physiological
response; and wherein the model was trained on: a first set
of IMy,,; taken less than 30 minutes after the user drank an
alcoholic beverage, and a second set of M, , taken on a day
in which the user did not drink an alcoholic beverage.

12. The system of claim 1, wherein the computer is further
configured to utilize a model to detect the physiological
response; wherein the model was trained on samples, each
sample comprising: feature values generated based on
Mg, of the user, and a label indicative of an emotional
response of the user; and wherein the label is generated
based on one or more of the following: semantic analysis of
a communication of the user, analysis of a facial expression
made by the user, thermal measurements of regions of the
face of the user, and one or more of the following physi-
ological signals of the user: heart rate, heart rate variability,
breathing rate, and galvanic skin response.

13. The system of claim 1, wherein the computer is further
configured to receive an indication indicative of the user
consuming a confounding substance that affects FSCC, and
to detect the physiological response, while the consumed
confounding substance affects FSCC, based on: IMy,,,, the
indication, and a model; wherein the model was trained on:
a first set of IMz,; taken while the confounding substance
affected FSCC, and a second set of IMy,,, taken while the
confounding substance did not affect FSCC.
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14. The system of claim 1, wherein the ROI is on the
forehead, VCAM,, is located less than 10 cm from the user’s
face, and the optical axis of VCAM,,, is above 200 from the
Frankfort horizontal plane.
15. The system of claim 1, wherein the ROI is on the nose,
and VCAM,,, is located less than 10 cm from the user’s face.
16. The system of claim 1, wherein VCAM,, is pointed at
an eye of the user; and the computer is further configured to
perform at least one of the following: (i) select the sclera as
the ROI, and to detect the physiological response based on
color changes recognizable in IM,; of the sclera, and (i1)
select the iris as the ROI, and to detect the physiological
response based on color changes recognizable in IM, of
the iris.
17. The system of claim 1, further comprising an inward-
facing head-mounted thermal camera configured to take
thermal measurements of a second ROI (THg,,) on the
user’s face; wherein ROI and ROIL, overlap, and the com-
puter is further configured to utilize THy,, to detect the
physiological response; whereby, on average, detecting the
physiological response based on both FSCC recognizable in
Myor and THyop 18 more accurate than detecting the
physiological response based on FSCC recognizable in
Mo without THy .
18. The system of claim 1, wherein VCAM,, does not
occlude the ROI, and VCAM,,, comprises a sensor and a
lens; the sensor plane is tilted by a fixed angle greater than
2° relative to the lens plane according to the Scheimpflug
principle in order to capture a sharper image when VCAM,,
is worn by the user.
19. The system of claim 1, wherein VCAM,, comprises a
sensor, a lens, and a motor; the motor is configured to tilt the
lens relative to the sensor according to the Scheimpflug
principle; whereby the tilt improves the sharpness of IMy,
when VCAM,, is worn by the user.
20. The system of claim 1, wherein the computer is further
configured to generate an avatar of the user based on IMy
and to modify the avatar to show a synthesized facial
expression that corresponds to an emotional response
detected based on FSCC recognizable in IM,,,, which is not
manifested in the user’s facial expression.
21. A method for detecting a physiological response based
on facial skin color changes (FSCC), comprising:
taking, utilizing an inward-facing head-mounted visible-
light camera (VCAM,,), images of region of interest
(IMy,,p on a user’s face; wherein the region of interest
(ROI) is illuminated by ambient light; and

detecting the physiological response based on FSCC
recognizable in M.

22. The method of claim 21, further comprising taking,
utilizing an outward-facing head-mounted visible-light cam-
era (VCAM,,), images of the environment (IMg;);
wherein detecting the physiological response involves gen-
erating feature values based on IMy,; and IMg,,, and
utilizing a model to calculate, based on the feature values, a
value indicative of extent of the physiological response.
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