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FIG. 2
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FIG. 3
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FIG. 5B

FIG. 5A
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IGLASS: INFRARED THERMOGRAPHY FOR
LEARNING THERMOREGULATION
PERFORMANCE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application claims the benefit of U.S.
Provisional Application No. 62/277,043, filed on Jan. 11,
2016, which is hereby incorporated by reference in its
entirety for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under Contract No. 1351701, awarded by the National
Science Foundation (NSF) and under Contract No.
45000176833, awarded by the United States Department of
Education (DOE). The Government has certain rights in the
invention.

BACKGROUND

[0003] Understanding human thermal comfort (human’s
perception of the thermal environment) and human body
thermoregulation system performance plays an important
role in various fields of medicine, physiology, and air
conditioning systems. In medical sciences, having access to
above thermoregulation system performance information
helps the diagnostics of diseases, monitoring the health
status of patients, and validating the effectiveness of current
prescriptions and practice. The current technique to obtain
the required information is to use contact (oral, axillary, and
rectal) thermometers which cannot be used for creating
streams of the patient’s sensing over long period. In physi-
ology domain, monitoring the body temperature helps better
understanding how human body thermoregulation is per-
forming under different conditions and activities for the
purpose of providing conditions that maximizes the human
body health and performance. One of most utilized practice
in the physiology domain is to use wearable sensors that are
attached to certain body points (often around chest and
hands). However, due to the intrusions that it causes to the
end users, it could not gain market acceptability and its
application is still very limited. In air conditioning system
control domain, the objective is to provide satisfactory
thermal conditions for the building occupants. Acceptable
thermal conditions can be defined with respect to (1) per-
ceptions of the environment, and (2) physiological measure-
ments of thermoregulation system responses. In standards,
the air conditioning systems are required to satisfy the
perceptions (which is commonly called comfort). The cur-
rent practice in the industry is to use a thermostat readings
located somewhere in a room as a feedback signal in the
single variable control loop of the air conditioning systems.
However, there are significant variations in air temperature
variations across a room ventilated through few duct open-
ings located generally on room ceilings. In addition, signifi-
cant variations in terms of thermal preferences have been
observed among individuals and lack of information about
the variations results in conservative HVAC operational
settings. It is interesting to note that it had been shown that
7 to 15% of HVAC related energy consumption could be
saved by increasing the temperature set point by 1° C. in
warm seasons in three large cities (i.e., San Francisco,
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Phoenix and Miami) in the United States [5]. Considering
the fact that Commercial and residential buildings in the
United States consume about 40% of the total energy (43%
of which is consumed by air conditioning systems) makes it
more appealing to search for techniques that help better
understanding of personal thermal comfort level. Since
thermal comfort is defined based on the perception of
thermal conditions, the current state of the art research is to
use user interface for and asking building occupants about
their comfort preferences. However, due to fact that these
techniques require substantial trainings by the end users,
they are not widely used. Intelligence thermostats such as
Nest is an example of these techniques.

SUMMARY

[0004] The solution provided by the present system and
method is based on the fact that human thermoregulation
system adapts to its thermal environment by changing body
surface blood vessel diameters. Accordingly the blood flow
rates adjust the heat exchange rates with an environment. In
case of a cool/cold environment, blood vessels shrink (called
vasoconstriction), which results in skin temperature to
decrease. In warm/hot conditions, blood vessels widen
(called vasodilation), which results in skin temperature to
increase. The decrease and increase in skin temperature is
not uniform and it varies significantly at different levels of
cooling and heating. In order to measure these variations, we
have built a glass that is light, cheat and has very accurate
infrared sensors attached to it. The first and second prototype
(FIG. 8) had components that allowed adjusting sensors
locations and enabled us to search for most sensitive points.
We will use facial points because (FIG. 9): (1) human face
has considerable variations in skin surface blood vessels; (2)
facial points are not covered with clothing in office build-
ings; and most importantly (3) our preliminary experiments
on the test subjects show that they are certain points on face
that are very good representative of thermoregulation per-
formance.

BRIEF DESCRIPTION OF DRAWINGS

[0005] FIG. 1 illustrates skin blood flow responses to cold
stress and heat stress.

[0006] FIG. 2 illustrates cutaneous arteries of a male
human.
[0007] FIG. 3 illustrates three-dimensional vascular terri-

tories of all tissues between skin and bone.
[0008] FIG. 4 User interface for collecting personal ther-
mal comfort information.

[0009] FIGS. 5A-D illustrate glass with installed infrared
Sensors.

[0010] FIG. 6 shows an office space floor plan.

[0011] FIG. 7 illustrates data acquisition sensors and

receivers formation.

[0012] FIG. 8 illustrates two IR sensors mounted on a

glass frame.

[0013] FIG. 9 illustrates facial points used in a pilot study.
DETAILED DESCRIPTION

[0014] Tllustrative embodiments are now discussed and

illustrated. Other embodiments may be used in addition or
instead. Details which may be apparent or unnecessary may
be omitted to save space or for a more effective presentation.
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Conversely, some embodiments may be practiced without
all of the details which are disclosed.

[0015] Thermoregulation systems in endothermic animals
strive to maintain temperature homeostasis within the body.
The temperature homeostasis pertains to the process of
regulating internal variables of organs to keep the core body
temperature within a range (~36-38° C.). The brain part that
controls thermoregulation system is the preoptic area of the
anterior hypothalamus. One of the responses to thermal
stresses (i.e., heat and cold) relates to cutaneous vessels. The
sympathetic neural control of skin blood flow includes the
noradrenergic vasoconstrictor system and cholinergic active
vasodilator system. Accordingly, thermoregulation system
adjusts the heat dissipation to the external environment by
modifying the blood flow via cutaneous arterioles and veins.
Resting skin blood flow in the arterioles in normothermic
conditions is approximately 250 mL/min (about 5% of
cardiac output [151]), which results in a heat dissipation of
about 80 to 90 kcal/h (~the level of resting metabolic heat
production). In response to a heat stress, thermoregulatory
vasodilation can increase skin blood flow up to 6 to 8 L/min
and utilize up to 60% of cardiac output. In response to cold
stress, thermoregulatory vasoconstriction can limit the skin
blood flow to approach zero. The dual sympathetic neural
control mechanisms are performed via two populations of
the sympathetic nerves. While non-glabrous skin is covered
with both vasoconstrictor and vasodilator nerves, glabrous
skin (e.g., palms, soles, and lips) are innervated only by
sympathetic vasoconstrictor nerves. Glabrous skin has a rich
arteriovenous anastomoses which are thick, low resistance
conduits that allow high flow rates directly from arterioles to
venules, and are innervated by sympathetic vasoconstrictor
nerves. Non-glabrous skin does have a very few arterio-
venous anastomoses. The vasoconstrictor system is tonically
active in thermonetural environments. Slight changes in the
skin blood flow can result in relatively large changes in heat
transfer to the environment (an increase in skin blood flow
by 8% over the entire body results in doubling the heat
transfer to the environment). Solely through changes in
cutaneous vasomotor tone, temperature homeostasis can be
achieved. Sympathetic vasodilator system is not tonically
active in normothermia and is only activated when internal
temperature increases (e.g., during exercise or heat expo-
sure). FIG. 1 provides a detailed process of the skin blood
flow response to heat and cold stress.

[0016] As can be seen in FIG. 1, vasoconstrictor system
immediately activates and reduces blood flow during cold
stress. After removal of the cold stress, the skin blood flow
immediately returns to normothermia conditions. However,
vasoconstrictor system can yet help dissipating in heat stress
via relaxing the blood vessels to increase the blood flow.
Vasodilation system activates when the internal body tem-
perature approaches some threshold.

[0017] However, the distribution of cutaneous vessels is
not uniform across the body (FIG. 2). On areas around the
face, the density of vessels is considerably higher.

[0018] Based on the blood supply to cutaneous vessels and
the underlying deep tissues, body can be segregated into
three-dimensional vascular territories. The anatomic territo-
ries are supplied by a source (segmental or distributing)
artery and accompanying veins that span between the skin
and the bone. FIG. 3 illustrates the three-dimensional vas-
cular territories of all tissues between skin and bone.
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[0019] There are several factors that influence the perfor-
mance of an individual’s thermoregulation system: aging,
diabetes, vitamins, blood pressure, local cooling and heat-
ing, female productive hormones, and cutaneous microvas-
cular disorders.

[0020] There are several methods for measuring skin
blood flow: venous occlusion plethysmography, laser Dop-
pler blood flow, ultrasound, Thermostrom, Hertzman pho-
toelectric plethysmography, impedance, and radioactive iso-
topes. However, these methods are not yet studied in an
online learning and continuous fashion. In addition, the
performance of various cardiovascular territories in
response to thermoregulatory actions is not understood.
[0021] The methodology of the present system is based on
the fact that human face are divided into several territories
supplied with different arteries. The thermoregulation sys-
tem performance as described in the previous section are
responses to normothermia, heat stress, cold stress. Accord-
ingly, three states of operations are defined for the present
thermoregulation system as (1) neutral state as responses to
normothermia, (2) cooling state as responses to heat stress,
and (3) heating state as responses to cold stress. In order to
map the blood flow from the mentioned territories into the
thermoregulation operation states, each vascular territory is
first searched separately to find relationships with the ther-
moregulation operation state. Correlation analysis is then
implemented between environment temperature and vascu-
lar territories. All the vascular territories are then studied
together to learn operation state via use several unsupervised
learning algorithms: (1) K-Means, (2) Gaussian Mixture
Models (GMM), and (3) Hidden Markov Models (HMM).
These learning algorithms are implemented in an online
learning manner and continuously update their internal
parameters in order to fit the newly introduced input data.
[0022] The underlying assumption is that the thermal state
is controlled by several thermoregulation systems, each of
which functions differently in response to heat or cold stress.

Testing and Evaluation

[0023] In order to evaluate and compare the performance
of learning algorithms, room temperatures were collected on
four locations around each test subject as the signature of
heating and cooling happening the environment. In addition,
we designed a web interface in order to collect subjects’
thermal comfort. Room temperature represents the external
heat and cold source. Thermal comfort is condition of mind
and processed by thalamus which is located very closed to
anterior hypothalamus  (thermoregulation controller).
Although both these measures are not the exact representa-
tion of thermoregulation system operation state, they can be
used as some approximations for evaluation of the learning
techniques. Room temperature is representative of the ther-
mal stimulus to the subject. Thermal comfort votes are the
conscious perception of thermal environment whereas the
unconscious perception of thermal environment is per-
formed by thermoregulation system.

Data Collection

[0024] The data collection was completed in a climate
chamber (i.e., an office space) in University of Southern
California (USC) campus buildings. Based on the Képpen
climate classification, the climate of the area is defined as a
dry-summer subtropical climate (also referred to as the
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Mediterranean climate). For such climates, the average
temperature in the warm months is above 10° C. and in the
cold months is between -3 and 18° C.

[0025] The test subjects included students, staff, and the
faculty in the USC campus buildings. Each test subject was
given an ID number and asked to communicate his/her votes
with that specific ID number, using a user interface (FIG. 4)
while wearing a glass with infrared sensors installed on it
(FIGS. 5A-D). The test subjects were asked to communicate
theft votes while having theft regular office activities in
order to be representative of an actual implementation. We
also asked the test subjects to communicate a maximum of
10 votes per day. Our goal was to eliminate the bias of the
comfort information to a specific day or a condition. Finally,
the test subjects were asked not to communicate theft votes
very frequently, specifically they were asked to have at least
a 15-minute interval between each vote. The plan of the
office space is demonstrated in FIG. 6. Numbered tables
show the places that subjects were randomly located for the
data acquisition. The heating source in the climate chamber
was two electrical heaters and the cooling source was the
building central air conditioning system controlled with the
room thermostat. Different environmental thermal condi-
tions are created through the heating and cooling sources.
[0026] Several different machine learning algorithms have
been searched for enabling an un-supervised learning of
infrared sensors signals. Although thermoregulation opera-
tions do not exactly match the brain’s perception of thermal
comfort, preliminary results have shown that physiological
measurements can be used as a heuristic for understanding
comfort. This technique may be more applicable to real-
world and have higher chances of being used by ordinary
people and for medical purposes for the following reasons:

Advantages

[0027] The infrared sensing glass (iGlass) is cheap (sen-
sors cost less than 50$ due to recent advancements in
technology) compared to expensive infrared sensing
devices.

[0028] As long as it is carried by the end user, it continu-
ously monitors the blood vessels shrinking and widening
which represents thermoregulation performance. Therefore,
uncomfortable/harmful conditions can be detected by super-
vising the trends in measurements before the conditions
actually occur.

[0029] It requires no interactions/input from end users,
other than turn on/off. This is a huge advantage compared to
other techniques.

[0030] Humans are adapted to wear glasses. Therefore,
wearing the present sensing glass would not be annoying.
[0031] Tt may be possible to integrate the present system
into existing systems, such as Google Glass, by adding the
sensors to the hardware and the learning algorithms to the
software.

[0032] The costumers include both companies/organiza-
tions such as commercial buildings (to improve the staff
productivity and reduce costs by reducing energy consump-
tion), hospitals and fitness centers (to continuously monitor
health), and end users who care about their health and home
energy consumption costs.

[0033] Further details regarding methods, processes,
materials, modules, components, steps, embodiments, appli-
cations, features, and advantages are set forth in the attached
Appendices 1-7, as follows:
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[0034] Appendix 1: “Monitoring Body Thermoregulation
Performance and Estimate Personal Thermal Comfort Via
Infrared Thermography” (16 page);

[0035] Appendix 2: “A Thermoregulation System and
Method” (10 pages);

[0036] Appendix 3: “Thermoregulation System Operation
State Via iGlass” (2 pages)

[0037] Appendix 4: “iGlass Infrared Sensor Glass” (2
pages)
[0038] Appendix 5: “QNRF—National Priority Research

Program” (35 pages); and

[0039] Appendix 6: “Monitoring Worker Fatigue for
Improved Site Safety with DAQRI Smart Helmet” (13
pages).

[0040] Appendix 7: “Towards Unsupervised Learning of
Thermal Comfort Using Infrared Thermography” (21
pages).

[0041] The content of Appendices 1-7 is incorporated
herein in its entirety. All documents that are cited in Appen-
dices 1-7 are also incorporated herein by reference in their
entirety.

[0042] The components, steps, features, objects, benefits
and advantages which have been discussed are merely
illustrative. None of them, nor the discussions relating to
them, are intended to limit the scope of protection in any
way. Numerous other embodiments are also contemplated.
These include embodiments which have fewer, additional,
and/or different components, steps, features, objects, ben-
efits and advantages. These also include embodiments in
which the components and/or steps are arranged and/or
ordered differently.

[0043] Unless otherwise stated, all measurements, values,
ratings, positions, magnitudes, sizes, and other specifica-
tions which are set forth in this specification are approxi-
mate, not exact. They are intended to have a reasonable
range which is consistent with the functions to which they
relate and with what is customary in the art to which they
pertain.
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What is claimed is:
1. A system for learning thermoregulation performance,
the system comprising:
one or more infrared sensors operative to detect tempera-
ture of the surface of a user’s face, and to provide
temperature signals indicative of the temperature of the
surface of the user’s face;
a computer-readable non-transitory storage medium,
including computer-readable instructions; and
a processor connected to the memory and operative to
receive the temperature signals, wherein the processor,
in response to reading the computer-readable instruc-
tions, is operative to:
monitor the person’s blood vessels shrinking and widen-
ing which represents thermoregulation performance;
and
detect uncomfortable or harmful conditions by monitor-
ing trends in measurement data before the conditions
actually occur.
2. The system of claim 1, wherein the processor is further
operative to implement an unsupervised learning algorithm
of the temperature signals.
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