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Compact Emissivity and Temperature Measuring Infrared Detector

Technical Field

The invention relates to a compact, man-portable, infrared camera that is
usable in an operational military environment by military personnel. The camera uses
two-color radiometric techniques to determine the emissivity and temperature images
displaying the spatial distribution of temperature and emissivity for extended objects.
The process includes corrections for the atmospheric path through which the object is
being viewed and for the environmental radiance being reflected off the object. The
camera is designed for the decoupling of the reflected and emitted radiation from the

object and the direct solution for the emissivity.

Backeround Art

All surfaces emit thermal radiation. However, at any given temperature and
wavelength, there is a maximum amount of radiation that any surface can emit. If a
surface emits the maximum amount, it is known as a blackbody. A blackbody has an
emissivity of 1.0 at all temperatures and wavelengths. Most surfaces are not
blackbody' emitters, and emit some fraction of the amount of thermal radiation that a
blackbody would. Emissivity is the ratio of radiation emitted by a surface and the
theoretical radiation predicted by Planck’s law.

The problem to be solved is to develop a robust, hand-held infrared
measurement device to evaluate the infrared characteristics of an object of interest,
such as aircraft and other vehicles. There are currently available laboratory
instruments capable of measuring emissivity. These instruments are large, difficult to
operate, and require careful control of the laboratory environment. As such, they are
unsuitable for robust, simple, and man-portable field operations. There are also

satellite instruments that attempt to measure emissivity from orbital platforms. These
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devices have been deployed for many years. They typically use broadband
radiometers and/or a collection of narrow band measurements. Often they also
include some sort of ground truth measurement to support the space-based
measurement. These instruments are again unsuitable for robust man-portable
operations.

Field instruments do exist, however. One class of instruments normally
attempts to measure emissivity by measuring reflectance and calculating the
emissivity based on this measurement. Surface emissivity is measured indirectly by
assuming that € = 1 - reflectivity. In general, a single energy bounce is measured and
the reflected energy is measured. Typically, a large intensity laser is used as a
radiation source and the strength of the reflected intensity is measured. This allows
for the calculation of measured reflectance and hence resultant emissivity at the
wavelength of the laser. These laser instruments can work adequately in radiation
bands in which there is no emission, such as the visible band, but become problematic
if thermal emission sources in the object being measured must compete with reflected
laser intensities. These laser devices also suffer from the fact that they are inherently
based on measurements at a single wavelength or, at best, a small number or
wavelengths and they generally do not provide large field of view emissivity images
of the object of interest.

Another class of field instruments for measuring emissivity contains single
band radiometers. These unfortunately require knowledge of the surface temperature
and again suffer from an inability to unravel reflected and emitted light from the
source.

For example, U.S. Patent No. 5,272,340 to Anbar shows an infrared imaging

system for simultaneous generation of temperature, emissivity, and fluorescence
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images that determines temperature, reflectivity, and fluorescence of a surface. U.S.
Patent No. 5,868,496 to Spitzberg shows a method to calculate surface temperature
from an object by measuring radiated energy in multiple wavelength bands. U.S.
Patent No. 4,659,234 to Brouwer et al. shows a method to correct emissivity readings
for a radiation thermometer by measuring radiated energy at two wavelengths. U.S.
Patent No. 4,974,182 to Tank shows a method for measuring the emissivity and
temperature of an object by successive determination of radiance in multiple
wavelen gth bands.

Thus, although substantial effort has been devoted in the art heretofore
towards development of methods to measure temperature and emissivity, there
remains an unmet need for a robust device which is easier to use and which can be
deployed to an operational military environment. Likewise, there remains an unmet
need for a method to measure temperature and emissivity that corrects for

atmospheric conditions and environmental radiance.

Disclosure of Invention

The present invention proﬁdes a hand-held, fleet deployable infrared device
having a camera with integrated hardware and software providing real time
processing of infrared images. The device measures and corrects for reflected
environmental radiation from a selected object of interest and corrects for the
atmospheric path through which the object is viewed. The device senses and displays
variable temperature images over the object of interest. It also senses variable
emissivities over the object. The output from the device is an image of the object of
interest with representations of temperature and emissivity over the entire object of

interest.
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A calibrated reference patch having known emissivity and reflectance is
attached to an object of interest and viewed through an infrared camera. The
calibrated patch is used to provide correction for the environmental radiation reflected
off the object. Once the environmental radiation correction is known, it can be used
to correct additional measurements taken from the rest of the object of interest.

It is, therefore, an object of the present invention to enable an emissivity and
temperature measuring infrared device that avoids the disadvantages of the prior art.

It is another object of the present invention to enable obtaining two-color
;adiometn'c image measurements. It is a related object of the present invention to
define a system for removing reflected radiation, correcting for atmospheric path
absorption, and calculating temperature and emissivity spatial distributions from two-
color infrared image radiometric measurements.

It is another object of the instant invention to enable an emissivity detector
that incorporates real-time image processing hardware and software. It is a related
object of the instant invention to enable a device integrating an infrared camera,
digital image processing hardware, range measurement, and a user interface into an
easy-to-use, robust, hand-held system.

In accordance with the above objects, a robust, emissivity and temperature
measuring device is disclosed. Some of the advantages of the device include a
camera that can sense variable temperature images over an object, a camera that can
sense variable emissivities over an object, and a system that can sense and correct for

reflected environmental radiation.
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Brief Description of the Drawings

The above and other features, aspects, and advantages of the present invention
are considered in more detail, in relation to the following description of embodiments
thereof shown in the accompanying drawings, in which:

FIG. 1 shows an isometric view of a detector in accordance with one
embodiment of the present invention;

FIG. 2 shows features of the two-color measurement concept;

FIG. 3 shows features of the measurement concept using a calibrated patch;

FIG. 4 illustrates the calculations to determine environmental radiance in
accordance with one embodiment of the present invention;

FIG. 5 illustrates the calculations to determine surface temperature and
emissivity in accordance with one embodiment of the present invention;

FIG. 6 is a flowchart of the software functions in accordance with one
embodiment of the present invention;

FIG. 7 is a functional block diagram of the system according to one
embodiment of the present invention;

FIG. 8 shows a filter wheel interface according to one embodiment of the
present invention;

FIG. 9 illustrates features of the filter wheel of Figure 8; and

FIG. 10 shows the timing sequence for a filter wheel of Figure 8 according to’

one embodiment of the present invention.

Best Mode(s) for Carrying Out the Invention

Referring to the drawings, Figure 1 shows a depiction of a detector, indicated
generally as 7, according to the present invention. The detector 7 is compact, man-

portable, and usable in an operational military environment by military personnel.

-5-
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Detector 7 has a case 10 that includes an infrared camera portion 13 having an optics
portion 16. Detector 7 also includes a user interface portion 19 and a display portion
22. In some embodiments, detector 7 may also include handles 25, 26 and a camera
optics guard, such as 29. In a preferred embodiment, processing components for the
system as taught herein are enclosed inside case 10. The algorithms taught herein
may be installed on circuit boards within case 10.

Detector 7 uses two-color radiometric techniques to determine the emissivity
and temperature images displaying the spatial distribution of temperature and
emissivity for extended objects. The process of determining temperature and
emissivity includes corrections for the atmospheric path through which the object is
viewed and for the environmental radiance reflected off the object. In fact, the
detector 7 is designed to allow for decoupling of the reflected and emitted radiation
from the object and the direct solution for the emissivity. Detector 7 presents the user
with a large field-of-view of both temperature and emissivity images on display
portion 22. These images contain tens of thousand pixels each representing average
equivalent blackbody temperatures and emissivities over some region of the object of
interest.

The infrared camera portion 13 collects photons with its optical system and
focuses those on a focal plane array sensor. The sensor elements convert the photons

to electrons that are then converted through internal processing mechanisms into

‘digital counts. The output of the camera 13 is then digital counts as a function of the

scene to which the optics portion 16 is directed. Before the digital counts can be
useful, however, two steps are required: uniformity correction of the focal plane array

and radiometric calibration.
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The focal plane array (sensor) is made up of many individual pixels that each
collect radiation from a particular location in the scene. These pixels inherently do
not respond the same. Hence, a uniform input into the optics portion 16 would
present a grainy output on the display portion 22. This output is corrected by a
software algorithm so that a uniform input results in a uniform oﬁtput. This
conversion is called a uniformity correction.

After the uniformity correction, the output from the camera portion 13 is
uniform. However, this output is in digital counts. Digital counts are not useful for
analysis because the relationship between the digital counts out and the photons into
the optical portion 16 is unknown. The process of radiometric calibration relates the
digital counts out to a useful measure of the photons in.

In the system taught herein, the non-uniformity correction and the radiometric
calibration are performed in one step using a blackbody that emits radiance as a
function of its temperature according to Planck’s function. The temperature of the
blackbody is determined and the blackbody is placed directly in front of the camera
optics 16 to allow a known ;adiance to be collected by the camera 13. The digital
counts output associated with such known radiance are recorded for a first
temperature. The temperature of the blackbody is changed and the process is repeated
for another known radiance. The digital counts associated with the second radiance
are recorded. Based on these two associations of digital counts and radiance, a linear
relationship between radiance and digital counts is computed, which is the calibration
equation. A separate equation is calculated for each pixel in the focal plane array. It
should be clear that the process of doing radiometric calibration in this fashion will

provide not just a calibrated output but also a uniform output.
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As explained above, the radiometric calibration calculated for each pixel is a
linear relationship bétween radiance into the lens and digital counts out of the camera
clectronics. The linear relationship between digital counts and radiance is uniquely
defined by its slope (or gain) and y-axis intercept (or offset). Once calibrated, the
camera has a very stable gain. That is, the slope of the calibration line does not
change significantly with time. Unfortunately, the intercept (or offset) does drift. To
correct for the drift of the offset, a calibration lens cap is placed over the lens and the
radiance is recorded. The lens cap has a known temperature and presents a ﬁniform
radiance through the optics to the focal plane array. This uniform radiance can then
be used to correct the offset for drift.

The camera described herein is capable of measuring light with wavelengths
from 3-5 microns. The two non-overlapping infrared bands used in the present
invention are selected to optimize the choice within the capability of the camera. The
infrared bands were selected to not use wavelengths of light iﬁ which the atmosphere
is not transparent and to reduce the sensitivity to noise. Since there is a carbon
dioxide absorption band from about 4.15 to 4.35 microns, that range is avoided.
Furthermore, studies showed there is less sensitivity to noise in the 4.5 to 5 microns
band. In a preferred embodiment, the bands are nominally 3-4.15 microns and 4.5-5
microns.

Figures 2 and 3 show a depiction of the basic measurement concept of taking
two calibrated infrared images of an object in selected infrared bands. While Figures
2 and 3 show the infrared sensor as a separate element from the processor, in a
preferred embodiment, both elements would be enclosed in a single case 10. The
images are corrected for atmospheric transmission, and then calculations are

performed on the images to generate temperature and emissivity images. An integral
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part of the measurement concept according to the present invention is the correction
for environmental radiation reflected off the target. This correction is done using a
calibrated patch and a thermal probe. Figure 3 shows the same object as Figure 2
with a calibrated patch located on the nose of an aircraft in preparation for a
radiometric measurement of the aircraft’s nose section by the two-color infrared
detector system as described herein. The calibrated patch attached to the surface of
the aircraft will be in the field of view of each image taken and processed by the
system. The calibrated patch has known emissivity and reflectance. The temperature
of the patch is measured with a thermal probe at the time of the measurement.

The atmospheric transmission correction is performed based on a standard
atmospheric model (MODTRAN). A user selects the type of atmospheric model to be
used from a menu, such as tropical summer or artic winter, depending on the location.
The user also inputs the rangé from the detector to the object of interest. Range (R)
can be determined by measuring using a tape measure or other appropriate range
finder. The correction for atmospheric uansmission is applied separately in each band
as shown by the equations in Figure 4.

The correction for the environmental radiation reflected off the object in each
band relies on the calibrated patch. Since the emissivity and reflectivity of the
calibrated patch is known and the temperature of the calibrated patch can be
determined, the environmental radiance in the vicinity of the calibrated patch can be
calculated. Once the incident environmental radiance is determined based on
measurements of the calibrated patch, this environmental radiation is then used to
correct the measurements in the rest of the scene.

Figure 5 illustrates the equations for measuring temperature and emissivity

using two-color thermometry by decoupling reflected and emitted radiation. As
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described above, the environmental radiance incident on the object is measured using
the calibrated patch. The software algorithms then are able to manipulate the
measurement equations from the two bands to solve for the objects temperature.
Based on the temperature and the incident environmental radiance the emissivity of
the object can then be computed.

Figure 6 is a flow diagram of the algorithms used to calculate the temperature

and emissivity images. The Algorithm Flow Chart gives an overview of the software

"used in calculating the temperature and emissivity of the unknown object. The

process starts with a number of inputs and pre-calculated functions. The inputs are:

Range: distance from the camera to the object being measured

Atmospheric model selection: Pick a standard MODTRAN model
(Arctic summer for example)

Tpach: Calibrated patch temperature as measured by a thermal probe
AA; and 44,: Wavebands of the two camera spectral filters

Patch size (y*z): Number of pixels being averaged for the
measurement of the background environment

Tienscap- Measured lens cap temperature
€lenscap:  Pre-measured and calibrated lens ca emissivit
p

my and my: Arrays of radiometric gains in the lower and upper bands
as determined during the laboratory calibration

¢; and €;: Known emissivities of calibrated patch in the two
wavebands

p1 and p,: Known reflectivities of the calibrated patch

The definitions of the quantities in the calculations are:

T = f(ratio): Temperature versus ratio lookup table

71 and 7,: Average atmospheric transmission from the MODTRAN
atmospheric model

Jip and Jop: Emitted radiance from the calibrated patches as calculated
from Planck’s function

DIMD; and DIMD; (x; and x;): Two arrays of digital counts output by
the camera’s focal plane array in two successive frames (one
for each band) during the actual object measurement

-10 -
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DIMD; and DIMD, (£, and £,): Two arrays of digital counts output
by the camera’s focal plane array in two successive frames (one
for each band) during the lens cap measurement

by and by: Radiance calibration offset correction calculated from the
lens cap measurement

E;/Q and E»/Q: Arrays of radiance in each band as calculated from the
calibration and the measurement

S1(yxz) and Sy(yxz): Arrays of calculated environmental radiance in
the two bands

Sy and Szay: Average environmental radiance in the two bands

J; and Jp: Calculated radiance (from Planck’s function) in the two
bands

T: Temperature in Kelvin

A4 and 42,: Wavebands 1 and 2

ratiomxn: Array of ratios measured for each pixel in each band
Tmxa: Array of temperatures calculated based on the measurement

¢, and €, (mxn): Array of emissivities output as a result of the
measurement and calculations (one array for each band)

The software receives the external inputs as described above as either
imbedded data or as data that is keyed in by a user. Based on these inputs, corrections
for the atmospheric transmission are tabulated and made ready for use in the
environmental radiance and ratio calculations. In addition, calibration tables for each
pixel in eéch band are prepared. A measurement starts with a lens cap measurement
to prepare an array of offset corrections for use in the calibfation. Once this is
complete, the calibration tables are ready for use. The calibrated patch is then
positioned on the object of interest and the camera measures a region of the object
that includes the calibrated patch. The calibrated patch measurements are input to the
environmental radiance calculation. All measurements are also sent into the ratio
measurement and emissivity calculation.

The first step is to use the known properties of the calibrated patch and the
measured measurements to calculate the average background radiance. This is then

sent into the ratio table calculation for setting up the ratio table, the ratio measurement

-11 -
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calculation, and the erﬂissivity calculation function. The measured ratio is then
matched with a value in the ratio lookup table to obtain the measured temperature of
each point in the array. This temperature measurement is then sent to calculate the
emissivity. Finally, the emissivities in each band are computed for the entire array.
Two color radiometric techniques have the advantage of being able to measure
temperature of a greybody object optically without prior knowledge of the object’s
emissivity. This is a very powerful approach to optical thermometry.

As shown above, the system forms ratios of the measured radiances in each
band (corrected for environment reflections). These ratios of corrected radiances are
independent of unknown object emissivity and enable determination of the
temperature of the object of interest from calculated lookup tables. Once the
temperature is calculated, it can be used with the other measurements to calculate the
surface emissivity.

Figure 7 shows the functional block diagram for the system. In one
embodiment, the camera is a 3-5 micron infrared imager with a 256x320 pixel focal
plane array (FPA). The camera collects images at a 30 Hz rate. The optical system
uses a lens with a rotating spectral filter 35 (Figure 8). Half of this circular filter
passes radiation in the 3.0-4.15 micron band and the other half passes in the 4.5-5
micron band. The filter must be rotated at a rate such that alternate frames collected
by the camera 13 are in different bands. That is, out of 30 frames, 15 are in one band
and 15 in another and every other frame is in a different band. A motor and controller
38 is used to rotate the filter at the correct speed and insure it is properly positioned.
This controller 38 is driven by a video syﬁchronization signal from the camera. The
output of the camera goes into the processor 41 to do the computations described in

the algorithm flow diagram. The processor 41 receives inputs from the user interface

-12-



WO 2006/044883 PCT/US2005/037409

10

15

20

25

portion 19 and outputs to the display portion 22. In some embodiments, the display
portion 22 may be an LCD video display. Additionally, in some embodiments, the
video display may be saved to an external permanent storage medium. The system is
powered by batteries and the electronics cooled by a fan.

Figure 9 shows the camera and integrated optics and filter wheel. The custom
rotating filter wheel is designed to alternate images between the 3-4.15 (lower) band
and the 4.5-5 micron (upper band). The filter wheel transmits only in the lower band
on one side and only in the higher band on the other. Its rotation rate and position is
synced with the frame rate of the camera. Thus, a camera collecting images at 30
frames per second as is standard would collect 15 images in our lower band and 15
images in our upper band per second. These images are of course alternated. In order
to monitor the position and rate of rotation of the filter wheel, a number of markings
are placed on the wheel. A sensor is used to locate these marks and a controller
operates the motor in a fashion such that the images alternate between the two bands.

Figure 10 illustrates the filter wheel 35 and camera synchronization sequence.
On startup, the filter wheel controller 38 initially drives the filter wheel 25 at
approximately 900 RPM. The camera 13 sends digital images to the processor 41 at
60 Hz. The camera 13 also sends a synchronous 30 Hz signal to the filter wheel
controller 38. The sensor in the camera optics 16 sends an identification pulse to the
controller 38 based on the position of the filter wheel 35. The filter wheel controller
38 adjusts the rotational speed of the filter wheel motor to correctly align the phase
angle of the filter wheel 35 relative to the camera frames. The filter wheel controller
also sends filter wheel position data to the processor 41.

Besides the main purpose of the present invention, which is to sense the

temperature of an image and then compute the emissivity distribution, it is also

-13 -
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possible for this instrument to be used purely for calculating the temperature of an
object. In cases where the emissivity is unknown but locally constant or in which it
varies over the scene, this will be a powerful tool. That is, standard thermal optical
radiometry measures temperature in cases where the emissivity is known. However,
the present invention enables the capability to measure the temperature optically in
cases where the emissivity is not known and varies over the scene. In an alternate
embodiment, the integrated optics and filter wheel can be replaced with an inherent
two-color infrared sensor. In a further alternate embodiment, an infrared sensor with
two (or more) separate optical trains may be used. Each optical train would focus
energy from the image in each band on one-half the focal plane array. Another
alternate embodiment uses a hyperspectral imager. In some bands (such as the
visible), it is reasonable to use two independent sensors each with an appropriate
spectral filter rather then one sensor with a rotating filter.

It is also important to emphasize that the spectral band to be used in any
implementation of the system is a variable that is optimized depending on the
temperature and emissivities to be measured and the measurement environment.
Examples include the possibility of dropping into the visible or near infrared band to
measure very hot objects or pushing out into the long wave infrared band to measure
cooler objects. Again, the process of optimizing the filters and measurement device is

§

anovel element in this technology.

Industrial Applicability

For the industrial application of the detector described herein, it is desirable to
provide an infrared camera that senses variable temperature images over a selected
object of .interest and senses variable emissivities over the object. The detector

measures and corrects for reflected environmental radiation as well as corrections for

14 -
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the atmospheric path through which the object is viewed. It also senses variable
emissivities over the object. The output from the device is an image of the object of

interest with representations of temperature and emissivity over the entire object of

interest.
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Claims

What is claimed is:

1. An emissivity detector comprising:

a. a housing;
b. a camera arranged in said housing, said camera comprising:
(1) alens;

(2)  aplurality of infrared sensitive detector elements arranged as a
two-dimensional array; and
(3)  means for alternating the band of wavelength of infrared
signals incident upon said detector elements;
C. a processing circuit, including a memory adapted to have stored therein
a plurality of atmospheric models for selection, said atmospheric
models being used to correct the atmospheric transmission path of
infrared signals from an object of interest ‘to said camera; and
d. a screen that is arranged to display an image representing emissivity of
an extended object of interest.
2. The emissivity detector of claim 1, wherein said band of wavelengths
alternates between 3 - 4.15 microns and 4.5 - 5 microns.
3. The emissivity detector of claim 2, further comprising:
a filter wheel wherein one-half of said filter wheel passes radiation in the 3 -
4.15 micron band and one-half of said filter wheel passes radiation in the 4.5 - 5
micron band.
4. The emissivity detector of claim 3, wherein correction for the atmospheric

transmission path is performed in each wavelength band.

-16 -
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1 5. The emissivity detector of claim 3, further comprising:

2 means for rotating said filter wheel in front of said lens in synchronization

3 with the frame speed of said camera.

1 6. The emissivity detector of claim 1, said processing circuit further comprising:
2 software including equations to correct for environmental radiation reflected
3 off an object of interest and to calculate the temperature profile of said object of

4  interest.

1 7. The emissivity detector of claim 6, wherein said processing circuit further

2 computes the emissivity of the object of interest based on the temperature and the

3 environmental radiance.

1 8. The emissivity detector of claim 1, further comprising:
2 a user interface wherein a user can input data to said processing circuit.
1 9. The emissivity detector of claim 8, wherein said user interface enables input of

2 aselected atmospheric model.
1 10. The emissivity detector of claim 8, wherein said user interface enables input of

2 the range between said detector and an object of interest.

1 11. A method for measuring emissivity and temperature of an object, comprising:
2 a. providing a detector that receives energy in a plurality of wavelengths;
3 b. providing a patch, attached to said object wherein said patch has a

4 known emissivity;

5 c. determining the temperature of the patch;

6 d.”  measuring the ran;ge between the patch and said detector;

7 e. correcting the received energy for the atmospheric path along the range
8 from the patch to the detector;

-17 -
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f. decoupling reflected radiation from the radiation emitted by the object;
and
g. calculating the temperature of the object.
12. The method of claim 11, further comprising:
calculating the emissivity of the object based on said calculated temperature.
13. The method of claim 11 wherein said detector receives energy in two
alternating infrared wavelength bands.
14. The method of claim 13 wherein said two infrared wavelength bands are 3 -
4.15 microns and 4.5 - 5 microns.
15. The method of claim 11 wherein the step of correcting the received energy of
the atmospheric path includes selecting an atmospheric model based on the location of

the object.
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