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Figure 1

spherical-motion average radiant temperature sensor (SMART
Sensor) device or system, and an associated method, for taking an av-
erage overall global reading while also being able to record weight -
ing for different directions easily in spherical coordinates.
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SPHERICAL-MOTION AVERAGE RADIANT TEMPERATURE SENSOR

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims benefit of U.S. Provisional Application Nos.
62/136,893, filed March 23, 2015, and 62/170,410, filed June 3, 2015, both of

which are hereby incorporated in their entirety by reference.

BACKGROUND OF THE INVENTION

[0002] In today's world, architects must design structures that take the
comfort of those inside the structure into account. As all bodies exchange
thermal radiation with their surroundings, architects and engineers often
consider the Mean Radiant Temperature (“MRT”) of a location, and how it
relates to the comfort experienced by a person. The most accurate system to date
requires a very costly and time consuming process involving multiple
radiometers taking readings across a spectrum of wavelengths at a given
location. As has been a standard practice for decades, however, those in building
sciences typically measure MRT using a black-globe thermometer. A black-globe
thermometer consists of a black globe with a temperature sensor probe placed in
the center.

[0003] However, there are drawbacks to using a black-globe thermometer.
The black-globe thermometer does not actually measure surrounding
temperatures, but rather the internal thermometer or sensor simply outputs the
mean temperature of the black globe surrounding it. Thus, a black-globe
thermometer cannot easily provide information about the MRT of multiple parts
of a location, but only the area immediately adjacent to the globe. Therefore, to
capture information about a space at a given point in time, multiple black globe
thermometers would be necessary. The globe can in theory have any diameter,
but standardized globes are made with diameters of 0.15 m (5.9 in). Large
globes are bulky and not aesthetically pleasing, but the smaller the diameter of
the globe, the greater the effect is of air temperature and air velocity on the
internal temperature, thus causing a reduction in the accuracy of the

measurement of the MRT.
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[0004] Thus, there has been a long-felt need for a single, simple cost-
effective device, system, or method that can quickly and accurately measure the
MRT, and provide information regarding multiple locations, that is not impacted

by convection effects.

BRIEF SUMMARY OF THE INVENTION

[0005] A mean radiant temperature sensor device is disclosed, comprising
a two degree-of-freedom motion system and a non-contacting temperature
sensor, preferably with a known field of view. The measurements made by the
sensor are directed using the two degree-of-freedom motion system such that
measurements can be taken comprising all or a fraction of the surface of an
imaginary sphere surrounding the device. The sensor device may include, but is
not limited to, rotating servos attached to a sensor, or one or more mirrors
directing radiation towards the sensor. The sensor device may also include a
range finding sensor, a power supply, a microprocessor, a data storage device, or
a data transceiver unit, or a protective shield with or without an opening
through which the sensor measurement is directed.

[0006] The sensor device may take multiple measurements for a given set
of readings, wherein the maximum number of measurements points the sensor
makes between a start time and an end time is either (180/FOV)*(180/FOV) or
(8360/FOV)*(180/FOV) points, where FOV is the field of view, measured in
degrees, of the mean radiant temperature sensor. The sensor may also be
programmed to obtain data points from a geodesic distribution, recording
measurements only after the sensors have traversed the FOV or any
predetermined distance.

[0007] Also disclosed is a method of measuring mean radiant temperature.
The method includes providing a sensor device for measuring a space,
determining a first rotation angle for a two degree of freedom motion system,
recording a surface temperature reading measurement from a temperature
sensor at the first rotation angle, incrementing the two degree of freedom motion
system by a predetermined amount, repeating the recording and incrementing

steps until a predetermined number of data points have been collected or the two
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degree-of-freedom motion system reaches a set limit, then calculating the mean
radiant temperature by employing a latitudinal and longitudinal weighting
procedure to weigh the data points. The predetermined amount of incrementing
may be equal to the field of view for the temperature sensor. A user may be
presented with an overall measurement of the observed mean radiant
temperature, and the data points may also be mapped, or plotted, in a manner
desired by a user. The method may also use surface geometry information and
the surface temperature measurement to determine the mean radiant
temperature at substantially all positions in the space, and compile a spatial
image providing a user a three-dimensional representation of the mean radiant
temperature/surface temperature profile of the space. Alternatively, the
weighting can occur for a standard sphere and/or elongated to an ellipsoid or
another shape to mimic the perception of a human body, so as to provide a user
with detailed information about the space being measured. Weighting can be
customized to provide information about how non-spherical bodies will perceive
the radiant temperature. The method may also involve detecting or estimating
at least one occupant surface temperature of at least one individual in the space,
and adjusting environmental conditions in the space as a result of a
determination that at least one skin temperature is not within an acceptable
range.

[0008] Also disclosed is a system for measuring mean radiant temperature,
comprising a non-contacting infrared temperature sensor, a first rotating
component and a second rotating component, and a microprocessor. The
microprocessor is adapted to direct the two rotating components such that sensor
measurements can be taken comprising all or a fraction of the surface of an
imaginary sphere surrounding the device. The microprocessor is also adapted to
receive at least a temperature reading, determine directional information
corresponding to each temperature reading, calculate a mean radiant
temperature as a weighted average of the received temperature data points, and
output the mean radiant temperature. This system may further include a data
storage unit for storing the temperature readings and directional information, a

range sensor, and/or a display.
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BRIEF DESCRIPTION OF DRAWINGS

[0009] Figures 1-2 are block diagrams of embodiments of the present
invention.

[0010] Figure 3 is a flowchart of an embodiment of the logic used while
taking measurements.

[0011] Figures 4-5 are diagrams of an embodiment of the present
invention.

[0012] Figure 6 is a flowchart describing an embodiment making

calculations and displays based on the measurements.

DETAILED DESCRIPTION OF THE INVENTION

[0013] Disclosed is a mean radiant temperature sensor device, comprising
a two degree-of-freedom motion system and at least a non-contacting
temperature sensor. The measurements made by the sensor(s) are directed
using the two degree-of-freedom motion system such that multiple
measurements can be taken that comprise all or a fraction of the surface of an
imaginary sphere surrounding the device. The two degree-of-freedom motion
system requires a system with at least two degrees-of-freedom whether that
motion relies on motion along an axis, or rotation around an axis. Although a
device or system capable of operating with three or more degrees of freedom is
envisioned, preferably only two degrees-of-freedom are utilized in a given device
or system - for most purposes, two degrees of freedom will provide sufficient
Sensor coverage.

[0014] Further, the two degree-of-freedom motion system is not limited as
to how the two degrees of freedom are controlled. The system may incorporate a
variety of servos, motors, actuators, or other system of control. One purpose of
the two degrees of freedom motion system is to alter the angles from which a
signal is received by at least one sensor. For example, the sensor itself may be
moved or rotated, or the sensor may be fixed in place, and a signal is bounced off
reflective surfaces, such as a pair of mirrors, and directed into the sensor. In all

cases, the two degree of freedom motion system adjusts the relative positions or
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angles of components such that the sensor can gather measurements from
multiple points within a space.

[0015] Figure 1 is one embodiment of the present invention. The sensor
device 10 may optionally be enclosed in a housing (not shown). This embodiment
comprises a non-contacting temperature sensor 30 and a two degree-of-freedom
motion system 20. Figure 1 also illustrates optional features for any sensor
device of the present invention, such as: at least one additional sensor 35, a
display 75, a microprocessor 80, a power supply 85, a data storage device 90, a
data transceiver unit 95, or an input/output connection 97. One skilled in the
art will recognize that other elements may be added to provide specific desired
functionality, including but not limited to keypads or switches.

[0016] In Figure 1, the two degree-of-freedom motion system 20 comprises
two servos. A first servo 40 is attached or coupled, either directly or through an
arm, plate, or other mechanism 60 to a second servo 50. The second servo is then
attached or coupled, either directly or through an arm, plate, or other
mechanism 70 to sensor 30. The optional sensor(s) 35 can be attached or coupled
to the second sensor, or to the arm, plate, or other mechanism 70, or the
sensor(s) 35 may not be coupled to the two degree-of-freedom motion system at
all.

[0017] The two servos should preferably generate rotation in orthogonal
planes. In the embodiment disclosed in Figure 1, servo 40 generates rotation in
the y-z plane, while servo 50 generates rotation in the x-z plane. The amount of
rotation each servo requires is dependent on the application. As non-limiting
examples, take the following three applications. For a stand-alone unit that is
intended to take measurements comprising all or substantially all of the surface
of an imaginary sphere surrounding the device, a 360 degree rotating servo is
preferably coupled to a 180 degree rotating servo. For a unit to be mounted
along a wall in a room, a 180 degree rotating servo is preferably coupled to
another 180 degree rotating servo. And for a unit intended to be mounted in a
ceiling corner in a room, a 90 degree rotating servo is preferably coupled to a 90
degree rotating servo. However, other configurations of servo couplings are

envisioned, depending on the application.
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[0018] The sensor 30 is a non-contacting temperature sensor. Currently,
the preferred embodiment of such a sensor is an infrared sensor. Generally, a
sensor having a known field of view is preferred. Field of view as used in herein
is interchangeable with angle of view. The field of view can be determined as

0 =2tan?! %, where 6 is the field of view, w is a dimension of an area detected

by the sensor at a distance d. The dimension measured by w depends on the
configuration of the sensor. Typically, this will be a circular area, so the
dimension will be the diameter. In other cases, for example, the sensor might
cover a rectangular area, in which case the sensor might have two fields of view
— one measured using the width of the rectangle, and one using the length of the
rectangle.

[0019] While the sensor device 10 will function with a sensor 30 having
any field of view, a sensor with a relatively small field of view is preferred. In
one exemplary embodiment, the sensor unit comprises a 5 degree circular field of
view temperature sensor, the MLX90614ESF-DCI digital non-contact infrared
temperature sensor commercially available from NV Melexis SA. This sensor is
mounted to two servos, a continual 360° rotating servo and a 180° servo, which
allow measurement of all points on an imaginary sphere’s surface with a single
Sensor.

[0020] Wind should have no effect on the accuracy of measurements of the
disclosed sensor, since the sensor being used is a non-contacting infrared
temperature sensor. This is an important feature of the disclosed approach, and
allows the application of the device to expand to outdoor spaces. The single-
sensor approach is cheap and effective, as the current standard of globe
thermometers becomes noisy in outdoor applications when wind is present.
[0021] The sensor device 10 may also include optional sensor(s) 35. These
optional sensors may include any sensor that suits a desired application. This
may include, but is not limited to, a range finder, a wind speed sensor, or a
humidity or pressure sensor.

[0022] While wind speed may not have an effect on the temperature

sensor, a wind speed sensor may also be optionally incorporated. As is known in
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the art, wind speed impacts convection rates, and thus wind speeds may
optionally be used to factor into algorithms or calculations used by the system.
[0023] If the sensor device is outfitted with a depth or range finder, that
sensor can provide distance information to the known azimuthal and
inclinational angles, which allows the space being measured to be represented in
3 dimensions. Surfaces radiant temperatures can be extracted from the overall
MRT as well with this secondary piece of information.

[0024] One embodiment of the invention preferably utilizes a directional
sensor as the optional sensor, where the directional sensor has a smaller field of
view than the temperature sensor. In one exemplary embodiment, range finding
functionality was performed by a 3° field of view LIDAR Lite sensor
manufactured by PulsedLight, Inc. with a range of 0-40 m, with accuracy within
1 inch. This fits well within the 5 degree field of view of the exemplary
temperature sensor,

[0025] The optional power supply 85 includes but is not limited to batteries
or battery packs, solar cells, or an AC power source with an appropriate
converter. If utilizing AC power, a variety of options are envisioned, depending
on the configuration. These options include, but are not limited to requiring a
cord to plug in to a wall outlet in some embodiments of stand-alone units, or
when mounted on a wall, the device may be tied directly into a building’s
electrical wiring system.

[0026] While certainly a sensor device can be controlled and managed from
a separate computer system, the sensor device may also involve the inclusion of
an optional microprocessor 80 for allowing the sensor device to handle some or
all required functions by itself.

[0027] A data storage device 90 may also be utilized with the sensor device.
One skilled in the art will recognize that any appropriate storage medium is
applicable here, including but not limited to RAM memory, a removable non-
volatile memory card such as a Secure Digital card (SD™, SDHC™, SDXC™, or
similar cards), or a hard drive or solid state drive, either connected internally, or
externally through an appropriate optional input/output connection 97, such as a

universal serial bus (USB) connection or ethernet connection.
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[0028] A data transceiver unit 95 may optionally be incorporated into the
sensor device. This data transceiver unit transmits and/or receives data from an
external source. This connection with the external source may be through any
acceptable means, and as such, the data transceiver unit may comprise one or
more connections, including but not limited to a wireless transceiver, utilizing an
appropriate protocol such as an 802.11-based protocol, and/or a network interface
controller, such as those used for ethernet. If via a network interface controller
is incorporated, the network interface controller may utilize the optional
input/output connection 97. Further, the data transceiver unit 95 also allows for
data to be stored externally, such as in a cloud-based system.

[0029] Referring now to Figure 2, an embodiment of an alternate two
degree-of-freedom motion system is illustrated. In Figure 2, device 110 includes
a sensor 130 and a two degree-of-freedom motion system 120. The system 120
includes a plurality of mirrors 170, 190, each of which are adapted to rotate
around at least one unique axis. In this case, mirror 170 is attached via optional
coupling 180 to a rotation unit 140 to form a rotating mirror component 160. The
rotation unit 140 may be any device that allows controlled rotation around a
central axis, which includes but is not limited to an electric motor. The optional
coupling 180 may include, but is not limited to, a frame holding the mirror and
bolted to the central drive shaft of rotation unit 140 or an extension of the drive
shaft onto which mirror 170 is welded. In Figure 2, the axis of rotation for
mirror 170 is the centerline of rotation unit 140, around the x-axis. Figure 2
also illustrates Rotating Mirror Component 150, which in this figure is
considered to be identical to Rotating Mirror Component 160, except component
is rotated such that the axis of rotation for mirror 190 is now the z-axis. This
configuration allows the sensor device to adjust the mirrors so as to direct
infrared light from emitting from or reflecting from various surfaces located in
the space around the device towards the sensor.

[0030] Another variant of this system may utilize a single mirror that can
be adjusted along two planes. Such a device could utilize one or more servos, or
one or more actuators, coupled to the mirror. The coupling may occur in a

variety of ways — for example, a first servo rotating in the x-y plane could be
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coupled to a second servo rotating in the y-z plane which is then coupled directly
to a mirror.

[0031] These devices generally operate by taking a series of readings from
around the device and making calculations based on that series of readings. A
preferred embodiment calculates a mean radiant temperature through an
algorithm that weights each reading, and gives directional information for mean
radiant temperature influences.

[0032] Figure 3 discloses one embodiment for taking measurements with
the device. Preferably, a microprocessor would control the actions of the sensor
device, but that is not necessary.

[0033] First, at step 210 the predetermined variables are all initialized.
This is typically accomplished by, but is not limited to, either being entered by a
user on a computer or on a keypad on the sensor device, or being read from a
location in memory where the variables had been pre-defined. These
predetermined variables may include, but are not limited to, such variables as
the field(s) of view of the sensor, orientation of the device, starting position of
any motor or actuator used in the two degree-of-freedom motion system, and the
maximum positional values of any such motor or actuator. It may also include
variables relating to where and how the measurements are to be stored or sent,
or what format the data should be utilized.

[0034] Once the variables are initialized, the device begins a given set of
data points by resetting its position at step 220, possibly to a starting rotation
position set as one of the predetermined variables, although that is not required.
The first measurement is then made at step 230. As noted previously, the
measurement may include several pieces of data, which may include but is not
limited to the date and time of the measurement, the angular positioning at
which the measurement is being made, the range to the surface being measured,
and the temperature of the surface being measured.

[0035] Depending on the exact configuration and any predetermined
variables, the measurement are then stored or sent to some location in step 240.
The wide range of options for how step 240 could be accomplished is well known

in the art. These options include, but are not limited to: storage on on-board
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memory modules, hard drive, or solid state drive; storage on removable media
such as a universal serial bus (USB) flash memory device; sending to a separate
computer or storage device via ethernet or transmitting to a separate computer
or storage device via a wireless connection. The present invention envisions a
multitude of possible wireless connections;

[0036] A determination is then made as to whether all the measurements
are complete. This may be done in numerous ways, which includes but is not
limited to verifying if all motors or actuators are at their maximum positional
values, or calculating whether the number of measurements made in the set is
equal to some value. That value may set earlier in this process, and may be
equal to one of the predetermined variables, or, in one preferred embodiment, it
may be equal to the wvalue of either (360/FOV)*(180/FOV) or
(180/FOV)*(180/FOV), where FOV is the field of view measured in degrees.
[0037] If it is determined that all measurements for the current set of data
are complete, the process stops. At this point, depending on the configuration of
the device, it may be necessary to save any data stored in a temporary storage
location. For example, if all the data for the set of measurements was stored in
random-access memory (RAM), it may be beneficial to store or send the data to a
more permanent storage location.

[0038] If it is determined the measurements for the current set of data is
not complete, the positioning of or within the two degree-of-freedom motion
system is incremented or adjusted in step 260. This may require adjusting or
repositioning components within the two degree of freedom motion system to
ensure the next measurement is taken at a specific angle or specific distance
from the previous measurement. The exact nature of the adjustment will depend
on the configuration of the device. The adjustment may involve one or more
steps, and includes but is not limited to rotating mirrors, moving an actuator, or
rotating a servo motor.

[0039] In Figure 4, one embodiment of these adjustments are shown.
Sensor device 310 is positioned on tripod 320 within space 330. Space 330 may
be indoors or outdoors. The centerline 350 of a first sensor reading gathers a

data point by measuring one area on surface 380. Once the first sensor reading

-10-
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has been captured, the positioning of the two degree-of-freedom motion system is
adjusted such that the second centerline 360 is at an angle 370 relative to the
first centerline. In this figure, angle 370 is in the x-z plane. One the second
sensor reading has been captured, the positioning of the two degree-of-freedom
motion system is adjusted such that the third centerline 390 is at an angle 395 to
the second centerline. In this figure, angle 395 is in the x-y plane. In a preferred
embodiment, the adjustment amount is configured so that angles 370 and 395, as
measured in degrees, is substantially equivalent to the field of view of the sensor
in that direction. Thus, in this preferred embodiment, the total number of
measurements for a given set of readings, or from a given start time to a given
end time, is either (180/FOV)*(180/FOV) or (360/FOV)*(180/FOV) points, where
FOV is the field of view, measured in degrees, of the mean radiant temperature
Sensor.

[0040] Note that while adjusting the angle to be essentially equal to the
field of view of the sensor is generally preferred, there may be a benefit to using
other settings. For example, if the sensor captures images, and those images will
be photostitched together at some point, a relatively small amount of overlap of
the measured areas (up to 15 to 30%) between one image and the next can be
beneficial — thus, in those cases, the angle would need to be adjusted to less than
the field of view.

[0041] In one example of a preferred embodiment, a sensor with a 5 degree
field of view is attached to a two degree-of-freedom motion system comprising a
360 degree continuously rotating servo attached to a 180 degree rotating servo.
Starting with both servos at a 0 degree rotation, the 360 degree rotating servo is
incremented 5 degrees following each measurement. Whenever the 360 degree
rotating servo reaches 360 degrees (i.e., returning to the 0 degree rotation), the
180 degree rotating servo rotates 5 degrees further away from the O degree
rotation. A measurement is taken, and then 360 degree rotation continues.
Thus, the measurements are taken at angular positions (as measured in degrees)
of (0,0), (5,0), (10,0) ... (350,0), (355,0), (0,5), (5,5), (10,5) ... (350,5), (355,5), (0,10)
... (365,180), for a total of 2,592 measurement points.

-11-
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[0042] Figure 5 discloses one embodiment of the present invention. In
Figure 5, sensor device 410 is being used to take measurements of space 430.
While only a single sensor device 410 is shown, space 430 may contain multiple
sensor devices, each located in appropriate positions in space 430. These
multiple sensor devices may communicate among themselves, and/or may
communicate with a central control system or unit. Further, space 430 is not
required to be an entire room; space 430 may be outdoors, or only a small portion
of a room.

[0043] In Figure 5, sensor device 410 has an optional protective or
decorative shield 420 in place. The protective or decorative shield 420 may be
any appropriate geometry, including but not limited to a hemispherical dome,
and may have an opening through which measurements may be taken. The
shield 420 may be made of any appropriate material, including polyethylene or
polypropylene.

[0044] In this embodiment, sensor device 410 may be attached or
embedded in any appropriate location that will allow readings of space 430,
which includes but is not limited to being attached or embedded in the ceiling,
floor, or walls of space 430, or being attached or embedded in a location outside of
space 430 that allows measurement of surfaces in space 430. Alternatively, a
sensor unit may be temporarily placed in a location for measuring space 430,
including but not limited to being attached to a tripod or being placed on a table.
[0045] Figure 5 also shows a sensor device receiving measurements. While
Figure 5 only illustrates two measurements being taken, and the angle between
successive centerlines is only illustrated as existing within a single plane, one
skilled in the art will recognize that when multiple measurements are made, the
angle between successive centerlines may also exist along other planes, and the
two degree-of-freedom motion system may be repositioned between
measurements in any appropriate fashion as described previously. Typically, a
temperature reading 450 is taken of one or more surfaces 470 within or around
space 430. In Figure 5, the surface 470 happens to be a floor, but the surface
need not be a single surface, nor a solid surface; any surface capable of reflecting

or emitting electromagnetic radiation of a frequency the sensor is designed to

-12 -
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receive is envisioned. For example, a sensor could take a measurement of a
surface of a water curtain, where the surface may be several individual streams
of water. Further, in one embodiment, a temperature reading 460 is received
from a surface 470, where the surface 470 is an occupant or object 440.

[0046] It must be noted that while in a preferred embodiment, the
occupant is a live human being, this is not required. The occupant or object 440
may include, but is not limited to: humans, animals (e.g., at a zoo or in a barn),
objects being kept at stable temperatures (e.g., meat in a walk-in meat locker,
wine bottles in a wine cellar, or packaging in a pharmaceutical stability test
chamber), or sensitive test equipment.

[0047] Further, if the occupant is human or animal, the reading may be
from any portion of the occupant’s body, and may include either clothed or
unclothed portions of the occupant’s body.

[0048] Referring now to Figure 6, there are additional steps that could be
taken to provide additional benefit for users. First, the measurements must be
received in step 510. This may take many forms, including but not limited to
sending the data to a microprocessor onboard the sensor unit, sending the
measurements to a computer wirelessly or through an ethernet cable, or by
removing storage media from the sensor unit and plugging it into a computer.
[0049] Once the measurements have been received, step 520 requires the
use of an algorithm to determine the mean radiant temperature of a space. The
algorithm utilizes a latitudinal and longitudinal weighting procedure.
Numerous variations can be utilized here; for example, weighting can occur for a
standard sphere, such as a standard globe thermometer, to determine the
measurement a globe thermometer would record without wind, or elongated to
an ellipsoid or another shape to mimic the perception of a human body. One

preferred embodiment uses the following latitudinal and longitudinal weighting

scheme:
[0050] Latitudinal weighting
[0051] Weighting latitudinal measurements requires knowing the relative

area of a set of latitudinal measurements on the imaginary sphere’s surface

compared to the surface area of the entire sphere. To do this, use r to represent
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WO 2016/154282 PCT/US2016/023735

the radius of the sphere, 6 to be the 0 to 360°, or 0 to 2o, azimuthal angle, and ¢
to represent the angle of inclination, ranging from 0 to 180° or O to m radians.
Additionally, use § to represent the field of view of the sensor. Since angles and
relative surface area are involved, the relative surface area of a ring compared to
the overall spherical surface area will be the same regardless of radius, so the
choice of radius should not matter. If one divides the sphere into latitudinal
segments equal to §, then there are 180/0 latitudinal regions. More precise
treatment to the algorithm must be given if 180 is not a multiple of 6. To
calculate a relative weighting factor for radiant temperature measurements in
an arbitrary latitudinal ring, the following formula is employed.

+5 .
anzf(;p sin xdx

_1 p+5 . _ 1, o+
[0052] = zftp sinxdx = >[—cosx],"" (Eq. 1)

4112

[0053] This works for any sphere of radius r, and the equation inside the
initial integrand can be changed to allow for the weighting of an ellipsoid (to
simulate a human body) or any other shape with known equation.

[0054] Longitudinal weighting

[0055] For the same coordinate system, it should be known the size of the
path carved out in the azimuthal rotation compared to the field of view to
determine the longitudinal weighting scheme. For example, in the latitudinal
band from O to 6, even for small 6 there is significant overlap between
measurements. Therefore one must determine the average circumference of the

latitude given by

2 . (ote+s

[0056] 21r~ sin (—2 )
[0057] and the number of divisions separated by the field of view, given by
[0058] s

5
[0059] Therefore, each measurement should be weighted by simply
multiplying each measurement by

2mr? sin(—(p+(p+6)
[0060] TZ (Eq. 2)

S5

[0061] to reduce the weight of each measurement by the fraction desired.

Then, the same fraction of wedges symmetrically before and after must be added

until the field of view is composed of fractional measurements.
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[0062] Final Algorithm

[0063] In this scenario, longitudinal weighting occurs first to create a new
array of values, followed by latitudinal weighting, although that is not required.

[0064] Weighting scenarios do not require a fixed number of data points,
generally a (360/FOV)*(180/FOV) or (180/FOV)*(180/FOV), where FOV is
measured in degrees, maximum number of points. The number of points is
specific to the latitudinal and longitudinal weighting scheme. The disclosed
approach is not limited by geometries or weighting schemes. Points have been
developed for other options, including but not limited to using the sensor to
measure with equal weights (geodesic distribution with points depending on the
FOV), as well as a sweeping motion where measurements are only taken after
the sensor travels a path that defines a unique view, given simply by Eq. 2.
Additionally, the weighting algorithms are not limited to the above mentioned
sensor information. For example, range information or other sensor data may be
included in the weighting schemes above to further refine the MRT calculation.

[0065] Other latitude and longitude weighting schemes are envisioned.
For example, another weighting scheme uses a geodesic measurement
distribution. In such a scenario, measurements of surface temperature, distance,
and servo or mirror positions are taken only after the sensor have traversed a

predetermined distance. This distance is given by the following formula.

FOV.

tan(——)
[0066] 360 x—== (Eq. 3)
[0067] wherein FOV is the field of view of the sensor, measured in degrees,

and 8 to be the 0 to 360° or O to 2m, azimuthal angle angle of rotation. This
formula calculates the distance that needs to be traversed such that there is no
overlap between readings. The benefit to this geodesic pattern is that the MRT is
simply the average of all readings for a full measurement, and there is no need
for additional weighting. We expect this equation can be used to produce
measurements that are in constant longitudinal steps, but horizontal steps differ
as given by Eq. 3.

[0068] Once the MRT has been determined in step 520, it can then be
displayed to a user, either on a computer display or on a display on the sensor

device. Further, in step 530, a determination can be made as to whether the
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MRT is within a desired range. Preferably, this would be the comfortable range
for humans, which is well understood in building science. However, depending
on the purpose of the space, that may not be the appropriate range.

[0069] If the MRT is not within the desired range, step 540 involves
requesting a change in the environmental controls for the space. Control
systems are well known in the arts; and how this is accomplished will depend on
the configuration of the systems involved. Preferably, a signal containing at
least the MRT is required to be sent to a separate control unit. In spaces
involving multiple sensor devices, such a configuration would likely be required,
as conflicts between signals could be confusing for an environmental system (e.g.,
if a device on one side of a space is requesting the temperature be raised while a
second device on the opposite side of the space is requesting the temperature be
lowered). However, as one alternative, a microprocessor on the sensor device
could compare the MRT with a predefined target MRT, determine the
appropriate change in temperature, and send a signal to a separate control unit
requesting that the temperature in the space be raised or lowered by an
appropriate amount.

[0070] Other factors and communication between sensor units is
envisioned as well. As one example, the microprocessor on a sensor device could
first determine whether there are occupants near the sensor, or how many
occupants are near the sensor. If so, the microprocessor would determine if the
occupants are comfortable based at least partially on the MRT. If not, the sensor
unit would communicate with any surrounding sensor units to determine what
adjustments should be made. If all the sensors with occupants near them have
MRTs that are too warm for comfort, the temperature would need to be lowered
by an amount that would keep most people in the comfort zone. But if there is a
conflict, the determination could be made by giving weight to the number of
occupants near each sensor, i.e., if most people are too warm, and only a handful
are too cold, the temperature would be lowered to an amount that kept the most
people comfortable. Depending on the configuration of the environmental
system, the microprocessor may simply adjust the temperature setting directly,

or may request that the temperature setting be adjusted by a certain amount.
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[0071] If desired, and exclusive of other steps, once the measurements
have been received, step 550 may occur and a graphical representation of the
data may be displayed. In an industrial setting, this is done at a centralized
location, such as on the computer of a facilities manager. The display may be a
two-dimensional map, or a three-dimensional representation of the surfaces and
surface temperatures in the space. The software requirements for graphically
displaying data are well known in the arts. This device and system enable,
among other features, near real-time generation of graphical displays of a given
space, allowing a user to make determinations about how well a facility’s heating
ventilation and air-conditioning (HVAC) system is functioning, or to predict or
prevent HVAC problems from occurring or respond quickly when such problems
do arise.

[0072] A system for determining mean radiant temperature is also
disclosed. The system includes a non-contacting infrared temperature sensor
and a two degree-of-freedom motion system. However, the two degree of freedom
motion system may be comprised of a first and second rotating component, each
adapted to revolutions of up to at least 90 degrees on a first and second plane to
the sensor, respectively. In a preferred embodiment, the two rotating
components rotate 180 degrees and 360 degrees, respectively.

[0073] The system also includes a microprocessor. The microprocessor
may be an onboard chip or on a separate computer. The microprocessor is
adapted to direct the two rotating components such that sensor measurements
can be taken comprising all or a fraction of the surface of an imaginary sphere
surrounding the device. This is typically accomplished using a method of
alternatively taking a reading, and as previously described, preferably in
accordance with Figure 3.

[0074] The rotating components may be any two components that,
together, provide a motion system having two degrees-of-freedom. This may
include, but is not limited to, two rotating servos coupled to each other, or a pair
of rotating mirrors, where each mirror is coupled to an electric motor.

[0075] The microprocessor is also adapted to receive at least a temperature

reading and determine directional information corresponding to each
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temperature reading. This may be accomplished simply by reading the
positional information of the two degree-of-freedom motion system with the
temperature reading taken at that position. As one alternative example, the
temperature readings and positional data may be sent from a sensor device to a
computer wherein the data packet or packets being sent contain the temperature
reading and positional data. In such a case, the microprocessor must utilize an
appropriate algorithm for reading the appropriate data in the data packet(s),
based on the format of the packets. The microprocessor then calculates a mean
radiant temperature as a weighted average of the received temperature data
points, per a method as described previously, and outputs the mean radiant
temperature.

[0076] This system may also comprise a range finding sensor, wherein the
microprocessor is further adapted to receive a range data point from the range
finding sensor corresponding to each temperature reading. That range data
may optionally factor into the calculation of the mean radiant temperature.
[0077] The mean radiant temperature may also optionally incorporate one
or more sensors. In such cases, the algorithm may utilize a filter for a given
temperature reading to determine whether identical or overlapping surface
temperature readings are being presented. This filter may involve the known
location of the sensors along with the positional data, and preferably also range
data. In one embodiment, such an algorithm uses the known location of the
sensors, the positional and range data for a given temperature reading to
determine an absolute position within a given space. The absolute position for
each temperature reading for all sensors within a given space is determined. As
each position is being determined, the distance to all other known absolute
positions already determined is calculated. If that distance is determined to be
within the field of view of the sensor, it is considered to “overlap”. In such cases,
the algorithm may deal with the identical or overlapping readings in an
appropriate manner, including but not limited to averaging them or selecting the
highest or lowest temperature recorded.

[0078] This system may also include a display for outputting a plot

comprising the temperature readings. Preferably, the plot will display a three-
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dimensional representation of the surface temperature data within a given
space, and may incorporate data from one or more sensors. Graphing software
is well known in the industry. One skilled in the art will recognize that the use
of any appropriate graphing software, whether commercially available or
developed specifically for this system, is envisioned.

[0079] Various modifications and variations of the invention in addition to
those shown and described herein will be apparent to those skilled in the art
without departing from the scope and spirit of the invention, and fall within the
scope of the claims. Although the invention has been described in connection
with specific preferred embodiments, it should be understood that the invention

as claimed should not be unduly limited to such specific embodiments.
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What is claimed is:
1. A mean radiant temperature sensor device, comprising:

a two degree-of-freedom motion system; and
a non-contacting, temperature sensor,
wherein measurements made by the sensor are directed using the two
degree-of-freedom motion system such that measurements can be taken
comprising all or a fraction of the surface of an imaginary sphere
surrounding the device.

2. The sensor device of claim 1, wherein the two degree-of-freedom motion
system comprises a first rotating servo adapted to rotate in a first plane;
a second rotating servo mounted to the first rotating servo, and adapted to
rotate in a second plane orthogonal to the first plane; and
the non-contacting temperature sensor is mounted to the second rotating
Servo,
wherein the first and second rotating servos are independently either up
to a 180 degree rotating servo, or a 360 degree rotating servo.

3. The sensor device according to claim 2, wherein a 360 degree rotating
servo rotates in a first plane and a 180 degree rotating servo rotates in a
second plane orthogonal to the first plane.

4. The sensor device of claim 1, wherein the two degree-of-freedom motion
system comprises at least one mirror, wherein the at least one mirror is
adapted to rotate around at least one unique axis, and wherein the at least
one mirror is adapted to direct infrared light towards the non-contacting

temperature sensor.
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5. The sensor device according to claim 1, further comprising a range finding
Sensor.

6. The sensor device according to claim 1, further comprising a power supply.

7. The sensor device according to claim 4, further comprising a
microprocessor.

8. The sensor device according to claim 5, further comprising a data storage
unit.

9. The sensor device according to claim 4, further comprising a data
transceiver unit.

10.The sensor device according to claim 1, wherein the number of
measurements the sensor makes between a start time and an end time is
either (180/FOV)*(180/FOV) or (360/FOV)*(180/FOV) points, where FOV
is the field of view, measured in degrees, of the mean radiant temperature
Sensor.

11.The sensor device according to claim 1, further comprising a protective
cover.

12.The sensor device according to claim 7, wherein the protective cover has
an opening through which the sensor measurement is directed.

13. A method of measuring mean radiant temperature, comprising the steps
of:
a. providing a sensor device for measuring a space, comprising a non-
contacting temperature sensor, and a two degree-of-freedom motion
system,;

b. determining a first rotation angle for the two degree-of-freedom motion
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system,;
c. recording a surface temperature measurement from a temperature
sensor at the first rotation angle for the two degree-of-freedom motion
system,;
d. incrementing the two degree-of-freedom motion system by a
predetermined amount;
e. repeating steps ¢ and d until a predetermined number of data points
have been collected or the two degree-of-freedom motion system has
reached a defined limit;
f. calculating the mean radiate temperature by employing a latitudinal
and longitudinal weighting procedure to weigh the data points.
14. The method of claim 11, wherein the predetermined amount of
incrementing is equal to the field of view for the temperature sensor.
15.The method of claim 12, further comprising mapping the individual data
points recorded by the sensor device.

16.The method according to claim 11, further comprising using surface
geometry information and the surface temperature measurement to
determine the mean radiant temperature at substantially all positions in
the space, and wherein a spatial image is compiled providing the user a
three-dimensional representation of the mean radiant
temperature/surface temperature profile of the space.

17.The method according to claim 11, wherein weighting can occur for a

standard sphere and/or elongated to an ellipsoid or another shape to
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mimic the perception of a human body, so as to provide a user with
detailed information about the space being measured.

18.The method according to claim 11, further comprising:
detecting or estimating at least one occupant surface temperature of at
least one individual in the space; and
adjusting environmental conditions in the space as a result of a
determination that the at least one skin temperature is not within an
acceptable range.

19.The method according to claim 11, wherein a user is presented with an
overall measurement of the observed mean radiant temperature.

20.The method according to claim 11, wherein weighting can be customized to
provide information about how non-spherical bodies will perceive the
radiant femperature,

21.A mean radiant temperature measurement system to calculate mean
radiant temperatures, comprising;
a non-contacting infrared temperature sensor;
a first rotating component adapted to revolutions of up to at least 90
degrees on a first plane to the sensor;
a second rotating component, adapted to perform revolutions of up to at
least 90 degrees on a second plane to the sensor; and
a Microprocessor;
wherein the microprocessor is adapted to direct the two rotating
components such that sensor measurements can be taken comprising all

or a fraction of the surface of an imaginary sphere surrounding the device,

-23-



WO 2016/154282 PCT/US2016/023735

and
wherein the microprocessor is adapted to receive at least a temperature
reading, determine directional information corresponding to each
temperature reading, calculate a mean radiant temperature as a weighted
average of the received temperature data points, and output the mean
radiant temperature.

22.The system of claim 18, further comprising a data storage unit, wherein
the microprocessor is further adapted to store the temperature readings
and the directional information corresponding to each temperature
reading on the data storage unit.

23.The system of claim 18, further comprising a range finding sensor,
wherein the microprocessor is further adapted to receive a range data
point from the range finding sensor corresponding to each temperature
reading.

24.The system of claim 18, further comprising a display for outputting a plot

comprising the temperature readings.
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