Optical Engineering

OpticalEngineering.SPIEDigitalLibrary.org

Radiometric calibration of infrared
imagers using an internal shutter as
an equivalent external blackbody

Paul W. Nugent
Joseph A. Shaw
Nathan J. Pust

SPIE.



Optical Engineering 53(12), 123106 (December 2014)

Radiometric calibration of infrared imagers using an
internal shutter as an equivalent external blackbody

Paul W. Nugent, Joseph A. Shaw,* and Nathan J. Pust

Montana State University, Department of Electrical and Computer Engineering, 610 Cobleigh Hall, Bozeman, Montana 59717-3780, United States

Abstract. Advances in microbolometer long-wave infrared (LWIR) detectors have led to the common use of
infrared cameras that operate without active temperature stabilization, but the response of these cameras varies
with their own temperature. Therefore, obtaining quantitative data requires a calibration that compensates for
these errors. This paper describes a method for stabilizing the camera’s response through software processing
of consecutive images of the scene and images of the camera’s internal shutter. An image of the shutter is
processed so that it appears as if it were viewed through the lens. The differences between the scene and
the image of the shutter treated as an external blackbody are then related to the radiance or temperature of
the objects in the scene. This method has been applied to two commercial LWIR cameras over a focal
plane array temperature range of +7.2°C, changing at a rate of up to +0.5°C/ min. During these tests, the

rms variability of the camera output was reduced from +4.0°C to +0.26°C. © The Authors. Published by SPIE under a
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1 Introduction

Obtaining quantitative data from thermal infrared imagers
requires a radiometric calibration to relate the camera output
digital number to a quantity such as radiance or brightness
temperature. This is most commonly done by measuring the
output while the camera views two or more blackbody
sources to create a relationship between the digital number
and the radiometric value. This relationship often is assumed
to be constant over some length of time; however, for micro-
bolometer detectors that lack a thermoelectric cooler (TEC)
to stabilize the focal plane array (FPA) temperature, the cal-
ibration must be updated nearly continuously. In such TEC-
less imagers, the camera output responds to changes in both
scene temperature and FPA temperature. There is a need for
methods to frequently update camera calibration during
operation.

A general method of updating the calibration is to peri-
odically view one or more external blackbody sources. The
level of correction depends on the number of sources used: a
single source provides a one-point offset calibration, whereas
two or more blackbody references allow for correction of
both offset and gain. A number of variations are described
in the scientific and patent literature for achieving radiomet-
ric calibration with TEC-less cameras. These methods
include a per-pixel calibration at every FPA-temperature to
be experienced during operation,' a polynomial curve fit to
relate variation in output digital number to variation in FPA
temperature’ and/or lens-temperature,’ alterations to camera
operating parameters,*”’ Kalman filters to update the gain
and bias of each pixel as it drifts over time and with FPA
temperature,8 corrections based on measurements of the
camera response over a wide range of temperatures,”'" cor-
rections based on consecutive images of a constant scene

*Address all correspondence to: Joseph A. Shaw, E-mail: jshaw @ montana.edu

Optical Engineering

123106-1

and a shutter as the camera temperature changes to derive
an FPA-temperature-dependent calibration,!! an autoregres-
sive moving average to compensate for dynamic changes in
the camera’s FPA temperature,12 and at least one method to
estimate and remove nonscene energy to enable calibration.!?

Our motivation for pursuing high-accuracy and high-pre-
cision calibration of compact, TEC-less thermal imagers was
provided by research into the use of microbolometer imagers
to implement infrared cloud imager (ICI) systems for meas-
uring the spatial and temporal variations of clouds and their
radiative properties.'*'® The ICI data are calibrated radio-
metrically to allow removal of the atmospheric emission
to isolate the cloud signature. Previous versions of this sys-
tem used a blackbody calibration source to track the changes
in camera calibration over time,'>'7 but in the newer, com-
pact ICI systems there is no room for a blackbody.'*!®
Furthermore, in many other remote sensing applications, it is
desirable to use a compact system that does not include a
large, heavy, and expensive large-area blackbody source.
Examples of such applications include monitoring beehives,"”
measuring vegetation to detect leaking CO, gas,” and air-
borne imaging. Therefore, a method of providing real-time
correction of the radiometric calibration on field-deployed
infrared imagers is needed.

We previously described a method that relies on charac-
terizing the camera’s response over a range of camera tem-
peratures,”’*? and in this paper, we describe a method that
can be used in combination with or in place of that method.
The method described here provides a real-time update to the
radiometric calibration by using the camera’s internal shutter
as an equivalent blackbody source. This method is imple-
mented by modifying internal-shutter images to compensate
for the optics, thereby simulating an image of an external
blackbody source. The following sections describe the
mathematical development of this method, describe how to
determine the required calibration coefficients, and illustrate
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the application of the method to calibrate a TEC-less micro-
bolometer camera subjected to a systematically varying
ambient temperature.

2 Calibration Process

2.1 Camera Response Model

The method described here is presented in terms of a linear
camera response, r,., relating output digital numbers to
scene radiance L,.. We illustrate the application of this
method to an FLIR Photon 320 microbolometer long-
wave infrared (LWIR) camera, which responds linearly
over a large range of scene radiance, in which the response
can be described in terms of camera gain G and offset D,
according to

ree = GLg. + D. (1)

In a calibration, this equation is rewritten to express the
scene radiance in terms of the output digital value

Ly = gerse + 0o, )

with g, representing the calibration gain and o, the calibra-
tion offset

0, =——. 3)

Typically, g. and o, are determined in a laboratory setting
through the use of blackbody source images at a variety of
temperatures and knowledge of the camera’s spectral
response.

2.1.1 Offset correction from a single blackbody
source

During deployment, a calibration can be updated with a sin-
gle blackbody source. This reference is used to cancel the
offset term, thereby reducing the FPA-temperature depend-
ence. To do this, the digital responses to two scenes, r; and
r,, are observed for a scene radiance to be calibrated, L, and
known blackbody-source radiance L,. Assuming a constant
offset and gain for these images, the difference between r,
and r, gives

rl—r2=GL1+D—GL2—D, (4)
or
Ar = G(L, - L,). (5)

The difference removes the dark signal or offset of the cam-
era, and multiplying this difference by the calibration gain
g. = 1/G [Eq. (3)] isolates the radiance difference

gAr =L —L,. (6)

The blackbody source radiance L, can be calculated from the
known source temperature and the spectral response of the
camera and then added to Eq. (6) to determine L,

Ly = g.Ar+ L. )

This shows that the scene radiance, L, can be determined if
the calibration gain is known, and this result is independent
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of the changing camera offset. This single-blackbody
calibration technique is typically applied with an external
blackbody source, but our technique instead uses the internal
camera shutter [which typically is used to perform a flat-field
nonuniformity correction (NUC)] as an equivalent black-
body source.

2.1.2 Internal shutter as an equivalent external
blackbody

The use of the internal shutter as an equivalent external
blackbody source requires careful characterization of the
lens and the shutter, which is typically located between
the detector array and the lens. The radiometry is illustrated
in Fig. 1 for a pixel viewing the blackbody and in Fig. 2 for a
pixel viewing the shutter. The expression for the optical
power detected at a pixel viewing the blackbody is given
in Eq. (8), and the corresponding expression for a pixel view-
ing the shutter is given in Eq. (9).

P, = Lbb(Tbb)AZQifole(Tl)Tf(Tf’ ﬁ)
+ Li(T)A,Q7s(Ty. ), ®)

Py = L‘V(TS)ApQ'STf(Tf?)“)' €))

In Eq. (8) describing Fig. 1, the pixel views the blackbody
through the lens with the following parameters. P, is the
power detected at the pixel through the lens, L, is the radi-
ance emitted by the external blackbody at temperature 7',
A, is the area of the lens (pupil), €4, is the projected solid
angle of the pixel’s instantaneous field-of-view determined
by the pixel area and lens-to-detector distance, 7,(T;) is the

Blackbody scene

FPA

Pixel

Fig. 1 Geometric optical layout of the camera focal plane array (FPA)
viewing an external blackbody with instantaneous field-of-view (ifov)
solid angle Q;,, determined by the pixel area and the lens focal
length.

Lens
FPA

Pixel

Fig.2 Geometric optical layout of the camera FPA viewing the shutter
with solid angle Q4 determined by the shutter area and shutter-to-FPA
distance.
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temperature-dependent spectral transmittance of the lens,
77(Ty, A) is the combined temperature- and wavelength-de-
pendent filter spectral transmittance and detector responsiv-
ity, L,(T;) is the temperature-dependent lens radiance that
includes emitted and reflected components, A, is the pixel
area, and €; is the projected solid angle of the lens as seen
from the pixel. Many of these terms are wavelength depen-
dent, but, in this paper, we assume the dependence is domi-
nated by 7(4).

In Eq. (9) describing Fig. 2, the pixel views the shutter
directly. In this case, P, is the power detected by the pixel
from the shutter, L, is the temperature-dependent radiance
emitted by the shutter and €; is the projected solid angle
of the shutter seen from the pixel.

If the camera were to view an external blackbody whose
temperature was set equal to the focal-plane-array tempera-
ture, T¢pqs assumed equal to the lens and shutter tempera-
tures, and if the shutter had emissivity = 1, then the ratio
P, /P4 would become

E _ th(Tfpa)AIQifole(Tfpa) + Ll(Tfpa)ApQZ
Pds Ls(Tfpa)Ast

(10)

The function L;(T,,) (the emitted and reflected radiances
from the lens) can be described with the lens emissivity &,
blackbody emission at the FPA temperature (assumed equal
to the lens temperature) L,(T,,), the lens reflectance p;,
and the FPA emissivity &¢,

Ll(Tfpa) = glLbb(Tfpa) +p18fpaLbb(Tfpa)' (11)

Substituting this into Eq. (10) for a shutter with emissivity =
1 yields

Py AQifo Q
Py = Ast z'I(Tfpa) + (81 +pl€fpa)Q_X' (12)

This expresses the detected-power ratio of P, (power from
the lens) and P, (power from the shutter) in terms of camera
and lens properties.

The temperature-dependent Eq. (12) can be determined
through laboratory measurements. First, the detected-
power ratio is measured over a range of FPA temperatures in
a laboratory by alternately viewing the internal shutter and a
blackbody at the same temperature. Since there is a direct
relationship between power on the detector and the digital
response of the detector, the ratio can be measured using dig-
ital-number images of the shutter and blackbody in close tem-
poral succession. Once the ratio is determined over a wide
range of shutter (FPA) temperatures, a first-order linear model
can be determined for each pixel (relating response to T'¢,,).
This model will be referred to as Sg(7T';), where T, is the FPA
temperature at the time the shutter image was acquired. This
model is used to convert images of the shutter, represented by
response r,, to equivalent-external-blackbody images repre-
sented by response r,,;, through the following equation:

rpp = 1sSg(Ty). (13)

2.2 Method to Determine the Conversion Coefficients

The function for the shutter-temperature-dependent ratio
Sr(T,), used to convert an internal shutter image to an

Optical Engineering

123106-3

equivalent external blackbody image, can be calculated
from a series of measurements made with the camera view-
ing a blackbody in a thermal chamber. The chamber is held at
a constant temperature, while the FPA-temperature stabilizes
the blackbody set-point temperature is continually adjusted
to equal the camera temperature (i.e., the FPA temperature).
Once the camera temperature is stable and the blackbody has
been at the camera temperature for a sufficient length of time,
a series of images is taken, alternating between images of the
shutter and images of the blackbody (taking care not to
change the shutter temperature by flipping it too often).
The flat-field function of the camera should be used during
this data collection if it is to be used during deployment.

Once a large data set has been collected at one FPA tem-
perature, the thermal chamber temperature is increased. The
process is repeated for multiple FPA temperatures, and the
resulting data are used to calculate S, as the per-pixel
ratio between the blackbody image and the shutter image
at each FPA temperature; for example,

P
at Ts =T, Sg(Ty) =52, (14)
Pdsl
_ P
at TS = T2 SR(Tz) - P 5 (15)
ds2
_ _ Pys
at Ty =T3 Sg(T3) = P and so on, (16)

After collecting data at a sufficient number of points, a func-
tion Si(T,) can be derived for each pixel. This function
allows the shutter ratio to be calculated for any shutter tem-
perature 7', that lies within the range of the thermal-chamber
measurements.

2.3 Shutter-Based Offset Correction with
FPA-Temperature-Dependent Response

Using the shutter as a blackbody reference taken consecu-
tively with the scene image will cancel out the FPA-temper-
ature-dependent offset. To show this mathematically, first we
start with the microbolometer system model from Eq. (1) and
extend it to describe an FPA-temperature-dependent camera
by redefining D and G as a sum of temperature-independent
terms, D, and G,, and temperature-dependent functions,
Dt(Tfpa) and Gt(Tfpa)

D =D, + D,(Tfpa), an

G = G0+G1(Tfpa)' (18)

In this case, the response to the scene becomes
rse =[Gy +G(Tspa)lLse +Dy+ D(Typ,). (19)

In Sec. 2.1.2, it was shown that an image of the shutter
could be converted into an equivalent external blackbody
response, ;. Using Eq. (19), the response to that equivalent
external blackbody can be described as
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oo =[Gy + G(Typa)Lpp + Dy + Di(Typ,)- (20)

Subtracting the blackbody image rp;, from the scene image
. and reducing terms gives

Fse = Tpp = [Go + Gt(Tf[m)](Lsc - Lbh)' (21)

We have found that the temperature dependence in the
gain can often be described as simply a scalar multiplied
by Tpqe in which case Eq. (21) can be reduced to

Fse = Thp = (Go + Gtchpa)(Lsc - Lbb)’ (22)

where G, is a constant term that can be derived as part of the
system calibration process by including it within the system
calibration matrix. This equation can be rearranged to
express the scene radiance L. in terms of the blackbody
radiance L, measurements of ry., ryy,, and Ty, and the
camera response terms G, and G,,., as follows:

Tse — Tbp
L,=—"—"+41L,. 23
sc (Go ¥ Glchpa) + bb ( )

In the particular case when G, Ty, is negligibly small,
Eq. (23) reduces further to

T'se Tbb )
sc Go bb ( )

L

The values of G, and G,,. can be derived from a laboratory
calibration, and the value of L,, can be calculated by inte-
grating the Planck function over the spectral response of the
camera, with the Planck function evaluated at the measured
FPA temperature (assuming the FPA temperature accurately
describes the shutter temperature). With these values deter-
mined, Eqgs. (23) or (24) can be used to determine the radi-
ance of the scene from the raw digital number images of the
scene and shutter.

2.4 Method to Derive the Gain Terms G, and G,

To determine G, and G,,, first a large set of shutter images
and blackbody images is collected over a large range of shut-
ter and blackbody temperatures. For each image within this
set, the difference in response between the camera viewing
the shutter and the external blackbody, Ar, is determined.
Unlike the procedure in Sec. 2.2, the blackbody and the shut-
ter should not be at the same temperature. Next, the radiance
difference between the blackbody and a blackbody at the
shutter temperature, AL, is calculated. From Eq. (22), the
response differences are written as a matrix equation of
the form

A}"l ALI ALlepal
AVZ — ALZ AL2Tfpa2 GO :| . (25)

tc

The values of G, and G,, can be calculated from these matri-
ces. Since the matrices are overdetermined, the pseudoinver-
sion of the central matrix is required to determine the gain
factors.
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AL] AL] Tfpal -1 Arl
|:go — ALQ ALZTfpaZ Arz . (26)

tc

2.5 Final Calibration Function

Combining Egs. (13) and (23) yields the final calibration
equation

Fse — r‘vSR(TX)

Ly =
(Go + Gtchpa)

+ Lypyp. 27

This equation allows calculation of the scene radiance L.
from the laboratory characterization of the shutter-to-black-
body power ratio Si(7) and the laboratory characterization
of the gain and gain FPA-temperature dependence (G, and
G,.), using consecutive images of the shutter and scene.
This function can be further reduced if it is assumed that
G, is small, as in Eq. (24), in which case Eq. (27) can
be reduced to

Foe — FSp(Ty
Ly = %R() + Lypp- (28)

3 Application of the Calibration

The calibration methodology described in the previous sec-
tions was applied to a Photon 320 long-wave microbolom-
eter camera with an Ophir 14.25 mm, f/1.2, athermalized
lens. The camera was placed in an environmental chamber
while viewing a blackbody calibration source whose temper-
ature was varied between 10°C and 50°C. The chamber tem-
perature was varied between 10°C and 30°C. During this
experiment, data were collected in the following manner.
First, a standard NUC was performed using the shutter in the
manufacturer’s intended fashion. Next, an image of the
blackbody (scene) was recorded, along with the FPA temper-
ature. Next, the camera shutter was closed and an image of
the shutter was acquired. Figure 3 shows the blackbody tem-
perature (black dashed line) and the camera FPA temperature
(red solid line) measured during this experiment. It was
assumed that the FPA temperature was an accurate represen-
tation of the shutter temperature.

55 T
=== Blackbody temperature
Camera temperature

50| |——Cemeratemperare | ememmee
451
40t
35}

30

Temperature °C

25}

20

15

10+

5 1 L 1 1 L L 1
0 200 400 600 800 1000 1200 1400

Minutes

Fig. 3 Blackbody temperature (black dashed line) and camera FPA
temperature (red solid line) during the calibration experiment.
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Images of the blackbody acquired during this experiment
were calibrated using three different methods: (1) without
correction for FPA-temperature dependence; (2) using the
shutter as an equivalent external blackbody, assuming G,.
was insignificant [as in Eq. (28)]; and (3) using the shutter
as an equivalent external blackbody, including compensation
for the FPA-temperature dependence of the gain [as in
Eq. 27)].

3.1 Calibration Without FPA-Temperature Correction

The calibrated response from the camera without any FPA-
temperature compensation is shown in Fig. 4 and a histogram
of the error relative to the blackbody set-point temperature is
shown in Fig. 5. For computational efficiency without spatial
or temporal averaging, the histogram was calculated using
five randomly selected pixels from each frame. These figures
show that there are significant errors caused by the camera
output changing in response to its own temperature changes
instead of to just the changing scene.

55

T T . . . .
-=-=- Blackbody temperature
50 |— Calibrated data -1 |

45

40

35

30

Temperature °C

25

20F

15

10

5 1 1 1 | 1 1 1
0 200 400 600 800 1000 1200 1400
Minutes

Fig. 4 Time series plot of the blackbody set-point temperature (black
dashed line) and the camera output calibrated in a conventional man-
ner without a correction for FPA temperature changes (red solid line).
The spatial standard deviation is comparable to the thickness of the
solid line.

3000 T T T T T
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N
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1000

500

-2 0 2
Temperature error °C

Fig. 5 Histogram of temperature errors when the camera output was
calibrated without a correction for changing FPA temperature. The
errors are centered near zero but are widely dispersed and do not
show a Gaussian-like distribution.
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3.2 Shutter-Based FPA-Temperature Correction

To calibrate the camera output with shutter-based FPA-tem-
perature compensation, first it was assumed that G,., the
FPA-temperature-dependent component of camera gain,
was small. The results of this method, using Eq. (28),
are shown as a time series of calibrated data and blackbody
set-point temperature in Fig. 6, and as a histogram of the
error between the calibrated temperature and blackbody
set-point temperature in Fig. 7 (both of these figures were
created using five randomly selected pixels from each
frame, as was done for Fig. 5). The shutter-based calibration
process greatly reduced the FPA-temperature-dependent
errors, and the temperatures reported by the camera closely
follow the blackbody set-point temperature. The histogram
of the calibrated data is centered near zero (0.097°C), and
has a Gaussian-like distribution with a standard deviation
of 0.33°C.

Finally, the shutter-based FPA-temperature compensa-
tion, with an FPA-temperature-dependent gain term, was
applied to the images using Eq. (27). The results of this

55

T T T T T
-=-=- Blackbody temperature
50 |- |— Calibrated data
45
40
O a5
(o]
2
@ 30
(73
o
5 25f
2
20+ = =
15+ B
10+ 8
5 1 L L L 1 1 1
0 200 400 600 800 1000 1200 1400

Minutes

Fig. 6 Time series plot of the blackbody set-point temperature (black
dashed line) and camera output calibrated using the shutter as an
equivalent blackbody (red solid line), but without a correction for
Gic, the FPA-temperature-dependent gain [Eq. (28)]. The spatial stan-
dard deviation is comparable to the thickness of the solid line.
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Fig. 7 Histogram of temperature errors when the camera output was

calibrated with the shutter-based method without including an FPA-
temperature-dependent gain G, [Eq. (28)].
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Fig. 8 Time series plot of the blackbody set-point temperature (black
dashed line) and camera output calibrated using the shutter as an
equivalent blackbody (red solid line), this time including the FPA-tem-
perature-dependent gain G;. [Eq. (27)]. The spatial standard
deviation is comparable to the thickness of the solid line.

Number of occurrences

0 L 1 ! L 1 - T L
-10 -8 -6 -4 -2 0 2 4 6 8 10
Temperature error °C

Fig. 9 Histogram of temperature errors when the camera output was
calibrated with the shutter-based method that included an FPA-tem-
perature-dependent gain Gy [Eq. (27)].

method are shown as a time series of calibrated data and
blackbody set-point temperature in Fig. 8, and as a histogram
of the error between the calibrated temperature and black-
body set-point temperature in Fig. 9. Relative to the results
using Eq. (28), the histogram for these results exhibits a
slightly larger mean error (0.25°C) and a slightly smaller
standard deviation (0.24°C).

3.3 Summary of the Calibration Results

Table 1 lists the errors of the data calibrated both with and
without a shutter-based correction. Application of the shut-
ter-based calibration method induces a slight increase in the
spatial standard deviation across an image, suggesting that
the calibration has a slight negative impact on the factory
NUC. Table 2 shows the final 1 — ¢ uncertainty, assuming
that the spatial and random errors had a covariance of zero.
In this case, these errors are independent and combine in
quadrature to yield the final system variability.

Optical Engineering

Table 1 Camera output errors with and without shutter-based
calibrations.

Mean error Std (time) Std (space)
Calibration (°C) (°C) (°C)
Uncalibrated -0.62 3.98 0.041
Shutter only 0.097 0.33 0.043
Shutter and gain 0.25 0.24 0.044

Table 2 Final 1 — o calibration uncertainty.

Calibration Final accuracy (°C)
Uncalibrated +3.98
Shutter only +0.33
Shutter and gain +0.26
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The same process was applied to another Photon 320 with
the same lens model. The results were very similar (with final
1 — o uncertainties of 2.91°C, 0.26°C, and 0.21°C). In both
cameras, the lens was smaller than the camera, and therefore
had less thermal mass. However, when this technique was
applied to a Photon camera with an IEM 6.8 mm, F/1.1
lens, the algorithm produced degraded results. This lens was
much larger and heavier than the Ophir lens, and was, in fact,
larger than the camera body. This suggests that the temper-
ature-induced changes in the lens could be tracked using the
FPA temperature for small lenses, while this no longer held
true with larger lenses. Finally, we note that this method
compares well with the method we published previously,?>?
which is based on characterizing the changing response as a
function of camera temperature. The temperature-response-
compensation method®>?* generally produces smaller errors
over time than the shutter-based method alone, but it is com-
putationally more intensive and tends to increase the spatial
uncertainty of the sensor. For comparison, use of the earlier
published method with the same test data that produced an
uncertainty in time of 0.24°C and an uncertainty in space of
0.04°C (total of 0.26°C) shown in this paper, produced an
uncertainty of 0.12°C in time and 0.19°C in space (total
of 0.22°C).

4 Discussion and Conclusions

This paper has presented a method for reducing large cali-
bration errors that result when a TEC-less microbolometer
camera is used in a situation where the camera temperature
changes. The method is based on interpreting images of the
internal camera shutter in terms of an equivalent external
blackbody source. This method is computationally simpler
than a previously published method that relies on character-
izing the camera response as a function of camera temper-
ature.”! The previous method is essentially the same as
including the nonzero temperature-dependent gain discussed
in this paper, but without the use of an internal shutter. Use of
the shutter method alone simplifies the real-time calibration,
but as mentioned at the end of Sec. 3, the FPA-temperature
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compensation method is more robust than the shutter
method, as presently implemented.

To be applied to a camera, the method described here
requires the following: (a) an internal shutter; (b) an internal
sensor that measures the temperature at or near the shutter;
(c) an internal sensor that measures the temperature at or near
the detector array (this could be the same as the shutter-tem-
perature sensor); (d) laboratory measurements of an external
blackbody to derive the effect of the intervening optics
between the shutter and the external scene; and (e) laboratory
measurements to quantify the imager’s gain and the change
in gain with temperature.

When applied to a Photon 320 with an Ophir 14.25 mm
f/1.2 lens, both methods performed well and were able to
produce highly accurate measurements during laboratory
tests, 0.26°C to +0.33°C (depending on which correction
method was used) for an FPA-temperature range of 20°C to
32°C. However, when applied to a Photon 320 with a larger
aftermarket lens, this method produced a degraded uncer-
tainty relative to the correction with a smaller lens, presum-
ably because of its larger thermal mass. As presently
implemented, this technique relies on the FPA temperature,
which we believe is insufficient to estimate the temperature-
dependent properties of the larger lens because of its larger
thermal mass.
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