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ABSTRACT

While it is universally recognized that image quality of athermal sensor is a strong function of spatial uniformity,
the metrics commonly used to assess performance do not adequately measure the effectiveness of non-uniformity
correction (NUC). Image uniformity is generally not static, particularly if correction terms are updated
intermittently (with periodic shuttering) or gradually (with scene-based NUC). Minimum Resolvable Temperature
(MRT), the most prevalent test for characterizing overall imaging performance, is poorly suited for characterizing
dynamic performance. The Triangle Orientation Discrimination (TOD) metric proposed by Bijl and Valeton,
because of its short observation window, provides better capability for evaluating sensors that exhibit non-negligible
uniformity drift. This paper compares the effectiveness of MRT and TOD for measuring dynamic performance.
TOD measurements of a shutter-based thermal imager are provided immediately after shutter correction and 3
minutes later. Thedriftin TOD performance shows excellent correlation to drift in system noise.

1 BACKGROUND

Jugt five years ago, achieving noise equivaent temperature difference (NEdT) of 100 mK with an uncooled
detector was consdered a daunting challenge; today, several uncooled cameras tout senditivity below 25 mK .
Furthermore, pixel Szes have been continuoudy shrinking while focal plane array (FPA) formats have grown
larger. Asaresult of the rgpid progress, the uncooled infrared community places considerable attention on these
three attributes— tempora NEdT, pixe sze, and array format. Indeed, these parameters have emerged as

de facto criteria by which uncooled systems are compared and judged. Unfortunately, these criteriacompletely
neglect spatid uniformity (also called spatid noise) as a component of image quadity. Consequently, the
importance of effective NUC is often disregarded despite experimental evidence that spatid noiseisin fact
more detrimental to overall performance than temporal.*

A more complete method of evauating a Forward Looking Infrared (FLIR) sysem isMRT, which is
commonly held as the best measure of overdl imaging performance. One of the positive attributes of MRT is
thet it includes patial noise in the assessment of performance. However, this advantage is undermined by the
fact that no standard methods have been defined for adequatdly representing true NUC effectiveness when
measuring MRT. For example, there are no definitive guiddines prescribing how often to update NUC terms
when evduating asystem that periodicaly employs a shutter-based correction or how to handle performance
drift between updates. Furthermore, MRT test conditions are poorly suited for ng systems that use scene-
based NUC, and there are no defined procedures for resolving thisissue either. So while MRT does not
completely disregard spatia noise, it does not dways capture true performance in rea-world conditions.
Therefore, results can be very deceiving.

Significant resources are being directed by the infrared community towards the improvement of uncooled
sensors, however, efforts to improve image uniformity are lagging. Considering thet the prevalent performance
metrics either downplay or completely ignore NUC effectiveness, the lack of emphasis on spatia-noise
reduction is hardly surprising. Thereisa clear need for more accurate reporting of true performance under
typica NUC conditions. The body of work described in this paper suggeststhat TOD is amore effective tool
than MRT for redizing thisgod.



2 MRTANDTOD EXPLAINED
21 MRT

MRT has evolved as the most prevaent metric in the infrared community for assessng overdl imaging
performance of FLIR systems. The outcome of the test isacurve of minimum therma contrast versus target
Sze asdepicted in Figure 1. Each data point in the curve is obtained by finding the minimum contrast required
for ahuman observer to resolve a standard four -bar target pattern of agiven Sze. This determination isusudly
made by dowly increasing the temperature difference of the target (relative to a uniform background) until the
observer makes a subjective judgment that the contrast is sufficient to discern dl four bars. This step isusudly
repegted for both target polarities (i.e., bars hotter than background and bars colder than background), and it is
often repested for both target orientations (i.e., horizontd bars and vertica bars). Idedly, the entiretest is
repeated for multiple observers.

The fundamenta vaue of the MRT measurement is
that it incorporates the effects of senstivity (temporad
and spatid), resolution, and the human observer into
the assessment of system performance. Although the
measurement is time-consuming, it can be performed
in acontrolled |aboratory environment in afraction of
the time and expense of full-blown field testing.
Moreover, MRT curves can be used to predict target-
acquisition range for various observation tasks, such
as recognition, classification, and identification, using
standardized Johnson cycle criteria. Becauseit isthe L —
bass for range predictions, MRT is often the Target size (resolution)
fundamenta imaging requirement that is specified for Figure 1: Typical MRT curve.
aFLIR sysem.
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Despite its degp entrenchment in the infrared community, numerous shortcomings of MRT have been cited
repeatedly.”*“>®" Two main focal points of criticism are the subjective nature of the test and the periodic test
pattern, which exacerbates diasing phenomenawhen evauating under-sampled imagers. However, another
weakness of MRT testing that has been ignored thus far in indugtry literature is the implicit assumption that
imaging performance is satic over the course of thetest. For sensors that use a shuttter or scene-based NUC to
update correction terms, performance may in fact vary with time. Since the time required to measure asingle
data point of the MRT curve can span severa minutes, performance drift over the course of the measurement
can produce variability and errors.

Figure 2 illugtrates the measurement problem caused by gradud drift of image uniformity. Asspatia noise
degrades, the four-bar pattern becomes more difficult to discern, which trandates to atrue degradation in MRT
performance (the solid curvein Figure 2). If the blackbody used to generate target thermal contrast is dewed at
rate R, (the dotted line), the bars are resolved with atherma contrast of DT;. However, if the blackbody is
dewed instead at adower rate R, (the dashed line), then the bars are not resolvable until therma contrast
reaches DT,. Thedifference between DT, and DT, represents avariation in MRT measurement caused by a
smple change in blackbody dew rate. While this Stuation is clearly undesirable, it is difficult to avoid when the
performance of the system-under-test is changing with time.
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Figure2. Variationin measured MRT value when true performanceis not static.

Another large weskness of the MRT test that has not been sufficiently addressed by the infrared imaging
community isthe difficulty of measuring systems that employ scene-based NUC. The MRT obsarvation is
generdly performed with a gatic target pattern againgt a uniform background that subtends most of the image
plane. These are worst-case conditions for most scene-based NUC dgorithms, which usudly require some
degree of scene motion. Webb and Halford have proposed adynamic MRT test with amoving test patterr?, and
this variant of the standard test is likely to be more favorable for scene-based NUC. However, the fundamenta
issue when measuring MRT on a system employing scene-based NUC istha mogt agorithms are optimized for
the expected scene conditions the system will seeinitsreakworld application. Therefore, even amoving test
paitern will not necessarily yield true performance of a scene-based NUC dgorithm. Unfortunately, there are
no provisons or guiddinesin the MRT test procedure or in indudtry literature for solving this problem.

22 TOD

Recently, Bijl and Vaeton proposed an dternative to MRT caled the Triangle Orientation Discrimination
(TOD) threshold.” Fundamentally, TOD is similar to MRT in that the result is a curve of minimum contrast
versustarget Ssze. However, there are severd key differences between the two metrics. Fird, the four-bar target
of the MRT test is replaced with an equilaterd triangle. Instead of dewing therma contrast gradudly, the test
pattern is presented at fixed contrast in one of four possible orientations— pointing left, right, up, or down. The
observers task isto discern the orientation, and an answer must be provided to each observation, eveniif it is
merely aguess. Thetarget is presented severd times at the same contradt, each time with random orientation.
After many iterations at a given contrast value, the frequency of correct responses typically ranges from 25%
(complete guess) to 100% (complete certainty). Figure 3 shows arepresentative curve of percent-correct after a
large number of iterations for Six different contrast values. After fitting a curve to the data points, the contrast
corresponding to a 75% correct-answer rate is selected as the threshold vaue. This processis repeated for
multiple target Szes to generate a curve of contrast threshold versustarget Sze. Asexemplified in Figure 4, the
TOD curveis fundamentaly smilar to that produced by MRT.
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Figure 3. Typical TOD curve of correct-answer Target size (resolution)
percentage versustarget contrast.

Figure 4: Typical TOD curve.

One of the stated advantages of TOD over MRT isthe choice of test pattern — the triangular pattern is not
periodic and therefore does not dias when the sensor-under-test is undersampled.  Furthermore, the observers
task issmple and objective, with resultsthat are Satidticd in nature. 1n comparison, MRT is based on highly
subjective criteria. Findly, TOD can aso be used as the basis for range predictions, and in limited trids, has
actualy produced better correlation to target-acquisition range than bar-target testing. ®°

An important digtinction between MRT and TOD isthe duration of the obsarvers task. When measuring MRT,
the target contrast is gradudlly adjusted as the observer Sares a theimagery. Theinterval between the start of
the observation and the declaration of aresolved target can span severd minutes. At any time during this
interval, the observer is permitted to modify sensor settings such as display brightness and contrast. For TOD
measurement, the target is presented at a single fixed therma contrast, and the observer is not permitted to
adjust sensor settings during the measurement™®  Consequently, the observation time is comparatively short,
typicaly lessthan 5 seconds, and any drift in sensor performance during observation is likely to be negligible.
An andogy can be made between observation window and exposure time of acamera. TOD dlows
messurement of performance “ snapshots’ wherees MRT will “blur” any drift in performance. By providing
more tempora resolution to the measurement, TOD is potentialy a better dternative to MRT when evauating
systems that exhibit dynamic performance.

3 METRIC ASSESSMIENT

To evauate the effectiveness of MRT and TOD as performance metrics, the following assessment criteria must
be considered:

Relationship to target-acquisition range The ultimate measure of system effectiveness for many FLIR
sysemsis sandoff range at which imaging tasks (e.g., detection, classification, recognition, identification) can
be performed rdiably. The ided metric will serve asabasisfor accurate range predictions.

Capability to measure dynamic performance. Imaging performance of aFLIR is generdly not atic but rather
can be afunction of many variables including irradiance, ambient temperature, and time. The ided metricis
flexible enough to characterize performance over arange of operating conditions, not merdly at asingle

operating point.



Compatibility with scene-based NUC. Effectiveness of scene-based NUC is highly dependent on scene
dynamics. The idedl metric adequately captures the performance of scene-based NUC dgorithmsin their true
operating conditions.

Repesatability. Theided metric showsllittle or no variaion in results if the tes is repested for the same st of
operating conditionsor even if repeated using different observers.

Resourcesrequired to perform the measurement. Theided metric will not require prohibitively expensive test
equipment and can be measured in a reasonable amount of time.

Table 1 provides aqudlitative summary rating of MRT versus TOD againg these criteria. The text following
the table provides a more detailed assessment.

Table 1: Evaluation of existing metrics against the assessment criteria.

MRT TOD
Relationship to Good. Correlationto rangeperformanceis Potentially Good Correlation to range
sandoff range well established using Johnson criteria. performanceis excdlent but based on only a

few sets of experimental data

Capability to measure | Poor. Thelong observation window makesit | Potentially Good Dynamicperformance

dynamic performance | difficult to quantitetively measure might be measured by repesting the test at
performance drift versustime. different “snapshots’ intime.

Compatibility with Poor. Test conditionsare not well-suited for | Potentially Good Test conditions are not

scene-based NUC scene-based NUC. Performancedrift during | well-suited for scene-based NUC, but
measurement isan issueif the dgorithmiis completing observation immediately after
exercised prior to measurement. exercising the agorithm in typica conditions

might facilitate scene-based NUC assessment.

Repeatability Poor. Subjective criteria; too many Potentially Good Thetest is objective and
extraneous variables (e.g. target phasing, detigtica. Variability might be reduced by
observer experience, drift, etc.). more iterations.

Resour cesrequired . Time-consuming to measure. . Time-consuming to measure with

considerablepost-test andysis.

MRT: Focusng firg on MRT, severd conclusions can be drawn from examination of Table 1. Oneof its
magjor bendfitsis that there are standard, vaidated criteriafor converting the results into range predictions.
However, there are severd sgnificant shortcomings of MRT. Firg, it has dready been noted that the
performance of the system-under-test is liable to drift sgnificantly during the period of time it takes to complete
the MRT observation. This problem leads to measurement variability and does not support measurement of
performance drift over short periods of time. It aso has been noted that MRT test conditions are not compatible
with most scene-based NUC agorithms. Findly, there tend to be large variationsin results even when MRT is
repeated with the same set of observers and especidly when repested with a different observer set. Al of these
disadvantages suggest that MRT, despite its degp entrenchment in the infrared imaging community, isfar from
an ideal metric for evauating system effectiveness.



TOD: TOD hasggnificant potentiad as a performance metric. One of the big advantages of TOD isthe short
observation window — each judgment cal is made within seconds. The short observation window makesiit
possible to measure TOD &t different sngpshotsin time (e.g. immediately after shutter carrection and again
some later time), a strategy that alows performance drift to be quantitatively characterized. The short
observation window aso makesiit feasible to assess the performance of scene-based NUC agorithms because
measurement can be performed immediatdly after exercising the dgorithm. For example, the system-under-test
can be exposed to “reakworld” imagery before quickly inserting the test target into the field of view for a
sngpshot measurement. Y et another advantage of TOD isthat it is objective and Satidtical in nature, whereas
MRT rdies on subjective criteria Consequently, it is hypothesized that TOD is more prone to repegtable
results. The primary drawback of TOD as a performance metric is thet it requires many observations ad
iterations followed by significant post-test deta reduction. Generating a TOD curve is time-consuming for even
asingle st of measurement conditions, and repeeting for amultitude of variables (e.g. versustime, irradiance,
scene temperature) would be very time-intensive.

Rather than repesting TOD for alarge number of conditions, amore practical approach to system assessment is
to correlate measurements of system noise over avariety of conditions to measurements of TOD at a subset of
those conditions. Figure 5 exemplifiesthis strategy. Thefirst step is to measure noise versus one of the system
variablesthat affect gpatid noise, such as egpsed time since update of NUC terms as shown in Figure 5a. The
next $ep isto measure TOD for two or more known values of system noise, as shown in Figure 5b. The TOD
curves are then used to predict range performance using sandard loadHline analysis. As shown in Figure 5¢, the
degradetion in range resulting from uniformity degradation can thus be quantitatively assessed. The premise
behind this strategy is that a corrdation between total perceived noise and TOD exists and can be measured.

T ® 0 sec A 300 sec
o i
9 ¢ ! Y
o = =
S R s ¢ D —
1S * * N J
@ E < A ®
p T S ———— e [a) =
T T T T \.‘
0 60 120 180 240 300 i i i
Elapsed Time Target Frequency (I/mrad)
(a) Tota noisevs. time (b) TOD measured at two different snapshotsin time
| ® (Osec A 300sec — Tgt Apparent Temp.l
_ - A
< = .-“" B 1
£ A e - :
Q B T
,9 A o 1 U
N T
o ! :
: |
Range (km) : I
I
T

|
! .

(c) Range predictions based on TOD
Figure 5: Example curves of TOD for various value of total perceived noise.



4  EXPERIMENTAL VALIDATION
41 Procedureand Reaults

The primary god of the series of experiments described in this section was to validate the combined use of
system noise and TOD as ameans of characterizing dynamic sensor performance. A secondary god of the
experiments described herein was to compare varigbility in TOD and MRT measurements. The experiment
summarized in the following paragraphs was designed around these two godls.

411 Measuretotal system noiseversustime.

The sensor selected for evaluation was the Indigo Omega™ uncooled microbolometer camera. This camera
uses an internd shuitter for periodic NUC update and generaly shows non-gtatic uniformity over short periods
of time. Tempora and spatia noise for this camerawere measured while imaging a 20 °C blackbody at room
ambient temperature. Three minutes after shutter correction, patial noise was observed to be 25% greeter than
the value measured immediately after shutter correction. Conversdly, the tempora noise measurement did not

vary appreciably with el gpsed time.

Because the human eye/brain tempordly integrates multiple frames of data from avideo sequence, the
perception of tempord noiseis reduced by the square root of the number of integrated frames. Spatia noise on
the other hand is unaffected by tempord frame integration. When random spatio-tempord noise (Sy,) and
random spatia noise (S ) are the dominant noise components (which is generdly the case for Saring infrared
FPAS), then tota perceived noise can be expressed mathematicaly as

2 1
Stvh +Sv2h’ ()
Fs %

Wperceived p-

eye

whereFristheframerate and t o isthe eye integration time. The generally accepted value of t ¢ iS 100 Msec;
and thus the peroeption of tempora noisein 30 Hz imagery is afactor of C8 less than the measured value.
Figure 6 shows normalized total perceived noise as afunction of €apsed time for the systemunder-test. Att=
3 minutes, the total noiseis 11% higher than the vdue a t = 0 minutes.

120% ‘

115% ‘| 11% degradation i

110%

105% £

Normalized total noise

100%

Time (minutes)

Figure6: Total noise versus elapsed time since shutter correction for the evaluated camera.



412 Acquire TOD test sequences.

The guiddines for measuring TOD prescribe viewing five or more target Szes, with five or more contrast vaues
per target Sze. For each contrast value, a least 16 observations of the target are recommended. Assuming three
observers, arigorous TOD curve therefore requires a minimum of 1200 total observations(5x5x 16x 3). To
reduce test time, two modifications were made to the sandard TOD test. Firdt, the scope was limited to 2 target
sizesrather than 5. The firgt target was selected to measure performance near the theoreticad sampling limit of
the evaluated camera (0.25 mrad™ = 85% of f), and the second target was sdected to measure performance at
alower spatia frequency (0.10 mrad™ = 35% of f,na). A second modification of the standard TOD test designed
to reduce test time was the use pre-recorded digita sequences.

One benefit of using prerecorded sequencesisthat dl observers witness the same imagery in pardld. Thisis
not only atime-saving measure but also a mechanism for diminating variationsin results due strictly to
variationsin observation conditions. Another considerable benefit of pre-recorded sequencesis that they make
most efficient use of the observers time. Obsarvers are not required to wait while the experimenter rotates
and/or changes target plates or while the sensor is reaching the “ snapshot” of time at which it isto be evauated.
With pre-recorded sequences, the observersthat participated in this experiment could perform al observations
of asngle target plate (160 totd sequences) in less than two hours. Without pre-recording, the same test would
easly have taken 5 to 10 times longer. The primary disadvantage of using digital sequences is thet the sysem is
not evaluated exactly as used in the field — after video processing, digital-to-anaog conversion, and display on
an andog monitor. Since the god of this test was not to make absolute measurements of the system-under-test
but rather to identify relative changes in performance, this disadvantage was not an issue.

For acquisition of TOD sequences, the triangular target was manudly rotated to the desired orientation (up,
down, left, or right), and the blackbody temperature was set to the desired contrast vdue. Then camera phasing
relative to the target was varied randomly, and the camerawas commanded to perform shutter correction.
Immediately after shutter correction, a 150-frame sequence was acquired, then a second 150-frame sequence
was acquired three minutes later. For each target contrast, this procedure was repeeted atota of 16 times—four
timesfor each of the four target orientations. Two of the sequences per target orientation were acquired a
positive contrast (blackbody hotter than target plate) and two at negative target contrast (blackbody colder than
target plate). 5 contrast values were measured for each target size, for atotal of 320 sequences.

413 AcquireMRT test sequences.

One of the stated gods of the experiment was to compare repeetability of TOD and MRT measurements.
However, it was recognized that using pre recorded sequences to measure TOD would eiminate variaionsin
observation conditions; therefore, to make afair comparison between the two metrics, it was necessary to use
pre-recorded digital sequences for measurement of MRT. The MRT sequences for eech target Sze
(0.1cycles’mrad and 0.25 cyclessmrad ) were acquired asfollows:

1. Stating at target therma contrast of 0 MK, a 100-frame sequence was acquired.
2. Thetarget contrast wasincreased by 10 mK, and another 100-frame sequence was acquired.

3. Step 2 was repeated many times until target contrast reached a va ue deemed sufficient to eesly resolve
the four bars in the target.

4. All of the 100-frame sequences were stitched together to creste a single, continuous “movi€e’ of
continuoudy increasing target contrast.

5. Theentire process was repeated for negative contrast. In other words, starting at 0 mK contradt, target
contrast was decreased 10 mK for each 100-frame sequence. Repesting the processresulted ina
second “movie’ with decreasing target contradt.



414 Observe TOD sequences

Four observers were sdlected for the experiment. All had previous experience making MRT measurements but
no experience measuring TOD. The testing was performed in a darkened room, with the only significant
ambient light coming from the video display. Thelarger of the two targets was observed on the first two days of
the experiment, and the smaller was observed two weeks later. For each trid, every observer was sested
comfortably around the display, and the experimenter started with the sequencesrecorded a t = 0 min. a the
largest contrast value (i.e, the easiest target to see). After playback of each pre-recorded sequence, eech
observer marked a private scorecard indicating whether the target was deemed to be pointing up, down, left, or
right. To maintain independent scoring, No conversation regarding target observation was permitted. After dl
16 sequences for the largest contrast val ue were scored, the experimenter proceeded to the next highest contrast
vaue and so forth down to the dimmest thermal contrast. The observers then turned in scorecards, and after a
short break, repested the entire procedure with the sequencesrecorded a t =3 min. A second identicd trid was
repeated the following day using the same obsarvers, sequences, and test conditions.

415 Observe MRT sequences

The guiddines for conducting MRT tests sate that each observer is permitted to modify display settings
(contrast and brightness) aswell as the display polarity (white-hot or black-hot) a any point during target
observation. Consequently, MRT observations could not be performed in paralld, but rather each observer had
aturndonein front of the display. The previoudy-described MRT movie recorded with positive thermal
contrast was played back for the observer, who stopped playback when he deemed contrast sufficient to resolve
al four bars of the target. The experimenter would then note the frame number and repest the test with the
negetive-contrast sequence. One of the advantages of using pre-recorded sequencesfor MRT testing isthat they
alow the observer to overshoot the minimum resolvable contrast, quickly rewind, and thusfine-tune the
judgment cal by gradudly narrowing in onit. One potentid problem with using digita sequences isthat the
observer might recdl the frame number at which he stopped playback on a previoustrid and bias his current
observetion (unintentionally or otherwise) based on that memory. For example, if the observer cdled the
contrast sufficient at frame number 1200 on iteration 1, he might be biased to find sufficient contrast & frame
number 1200 on iteration 2. To avoid that potentia bias, each time a sequence was played back, the
experimenter would intentionaly modify the correlation between frame number and actud target contrast by
ether removing frames at the start of the sequence (prior to playback) or adding additiond “fill frames’. The
observer was then informed that the frame number from a previous playback would not necessarily correspond
to the same frame number for the current playback.

416 Analyzeraw data.

After dl of the observations had been completed, it was necessary to convert raw TOD observations into
minimum threshold values. The prescribed mechanism for performing this converson isto determine a
threshold value for each observer independently, considering positive-contrast and negetive-contrast as separate
data sets and averaging the results. Minimum threshold contrast is determined by plotting the percentage of
correct answers as afunction of contrast value, mathematicaly fitting a Weibull function to the data, and
interpolating the curve to find the contrast vaue a which 75% correct answers are obtained. If the Weibull

curvefit falsa 254, test or if the 75%-correct threshold value falls outside the range of observed contrast

values, then the datais rejected . Figure 7 shows analyzed TOD results for al four observers for both iterations
of both target plates. Figure 8 shows MRT data

" See Ref. 10 for detailed procedures and guidelines for analyzing raw TOD data.



Iteration #1 Iteration #2
- Ot=0 @t=3 min 0Ot=0 @ t=3 min
X <
é 200 é 200
g 150 g 150
.g 5
0.10 g 100 4 8 100
°
mrad™* e %] = o0
= c
%3 %]
o o o 0
= Obsrvl | Obsrv2 | Obsrv3 [ Obsrv4 | Avg £ Obsrv1 [Obsrv2 | Obsrv3 [Obsrv4 | Avg
||:| t=0 142 132 164 123 146 |I:| t=0 121 129 129 157 133
Et=3min| 156 142 168 170 158 t=3min| 131 134 155 149 146
0Ot=0 [ t=3 min Ot=0 @t=3 min
< <
é 600 é 600
= 500 ° 500
g 400 E 400
g 300 S 300
0.25 o ] o ]
m_1 k=] 200 4 o 200 4
mr _8 100 1 g 100 4
1% %]
IS 0 H o 04
= Obsrvl [Obsrv2 | Obsrv3 | Obsrv4 | Avg = Obsrvl | Obsrv2 [ Obsrv3 | Obsrv4 [ Avg
|I:I t=0 333 349 362 340 346 |E|I=0 359 346 344 358 352
t=3min| 401 400 386 498 396 t:3 min | 439 366 346 544 382

Figure 7: TOD threshold data.

(Note: datashown in gray and outlined with dashed lines are rejected for failing to meet the required curvefit criteriaand
arenot included in the average.)
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42 Discusson of Results

421 Corrdation between Total perceived noise and TOD

One of the stated gods of the experiment was to
determine a correlation between total perceived noise
and TOD. Rdering back to Figure 6, the
degradation in totd perceived noise from t = Ominto
t =3 min is approximately 11% for this camera. As
shown in Figure 9, the degradation in measured TOD
for the higher spatid frequency (0.25 mrad®) is
exactly 11%, and for the 0.10 mrad® target, the
degradation is 9%. This data implies a linear
proportiondity between tota noise and TOD. In
other words, based on measurement of total noiseasa
function of egpsed time, the degradation of TOD
performance at each point in time can be accurately
predicted by smple linear scaling.

422 Observer-to-Observer Variation, TOD versusMRT
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Figure 9: TOD measurements, averaged.

A second god of the experiment described herein was to compare variation in TOD results to variation in MRT
results. Figure 10 examines variation from observer-to-observer. Shown in the left-hand pand isthe spread
between minimum and maximum observer TOD threshold vaues, while the right-hand pand shows the same
for MRT measurements. The uncertainty due to observer-to-observer variation represents 80% of the mean
MRT vdue a the upper end of the MRT curve. In contrast, observer variation is an order of magnitude lower
for TOD. Thisdata corroborates the hypothesisthat TOD results, because they do not rely on observers
ubjective criteria, exhibit far greater uniformity from individua to individual. This suggests that selection of
observersis not nearly aslikely to affect TOD results asit might MRT.
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Figure 10: Observer-to-observer variation, TOD vs. MRT.

(Datashownisfor iteration 1, TOD at t=0min.)



423

Tria-to-Trial Variation, TOD versusMRT

Another measure of repeatability is the amount that results vary from onetrid to the next. Figure 11 shows
absolute difference between data obtained intrids 1 and 2. (Datais averaged acrossdl observers) MRT data
shows dightly more variation from tria to tria than TOD at the higher spatia frequency, but less at the lower
frequency. Note that using identical pre-recorded sequencesin both trials dmost certainly reduced triak-to-trid
varidion for both metrics, compared to the likely results had different sequences been used in successive trids.
However, asillugtrated previoudy in Figure 2, MRT is more prone to variations in results semming from
vaiaionsin test conditions. Consequently, the data shown in Figure 11 would likely show a more compelling
casefor TOD if the tests had been performed in a more standard manner, using live camera imagery rather than
pre-recorded sequences.

TOD, t=0 min OTOD, t=3 min B MRT

[o2]
o

a
o

N
o

Absolute Dlfference in mK
(Iteration 2 - Iteration 1)
N w
o o

=
o o
1

i N

0.10/ mrad 0.25 / mrad

Figure 11: Tria-to-ria variation, TOD vs. MRT.

5 CONCLUSONS

TOD has anumber of notiond advantages over MRT that have been described previoudy in industry literature:

1
2.
3.

non-periodic target —no diasing
objective observer task
equd or better correlation to range performance (based on limited data)

In this paper, the following additiona feetures of the TOD metric were identified as significant advantages.

1
2.
3.

short observation window — negligible performance drift during measurement
can be reedily measured a multiple snapshotsin time

compatible with scene based NUC — measurement can be made immediately after exercising the
agorithm with rea-world imagery

less variation in results, both from observer-to-observer and from tria-to-trial



The god of the study described herein was to define and validate ametric for measuring dynamic performance
of thermal imaging systems, particularly those that use a shutter for periodic update of NUC correctionterms. A
drategy for quantitatively characterizing performance drift with TOD was verified. System noise was measured
asafunction of elgpsed time and then correlated to TOD mmeasurements made at two different sngpshotsin time.
The data suggests that asmdl but non-negligible degradation in tota noise produces a comparable degradation
in TOD. The datadso vdidates the hypothesis that variations from observer-to-observer are far lower for TOD
measurements than for MRT. These resullts suggest that TOD isahighly effective means of evauating
performance of modern thermal imagers. Becauseit is capable of accuratdy characterizing performance drift
under dynamic operating conditions, TOD provides a more redistic measure than MRT of how a system will
perform in the field, not just in alaboratory environment.

6 ACKNOWLEDGEMENTS

The authors wish to acknowledge the support of the U.S. Navy Space and Navd Warfare Sysems Command
(SPAWAR) and DARPA Microsystems Technology Office (MTO) for the body of work described in this
paper. This paper islargely derived from amore extensive report generated under contract N66001-01-C-804.

7 REFERENCES

! R. Driggers, R. Vollmerhausen, and K. Krapels, “ Target identification performance as afunction of temporal and fixed
pattern noise,” Proc. SPIE 4030, 144-150 (2000).

2 3. Mooney, “Onthe future of MRT,” Proc. SPIE 1969, 177-183 (1993).

3 P. Bijl and M. Vaeton, “Bias-free procedure for the measurement of minimum resolvable temperature difference and
minimum resolvable contrast,” Opt. Eng. 38(10), 1735-1742 (1999)

4 W. Wittenstein, “Minimum temperature difference perceived — anew approach to assess undersampled thermal imagers,”
Opt. Eng.38(5), 773-781 (1999).

® C. Webb and C. Halford, “Dynamic minimum resolvable temperature testing for staring array imagers,” Opt. Eng.33(5),
845-851 (1999).

6. Bendall, “ Automated objective minimum resolvable temperature difference,” Proc. SPIE 4030, 50-59 (2000).

" P. Bijl and JM. Valeton, “Triangle orientation discrimination: the alternative to minimum resolvable temperature and
minimum resolvable contrast,” Opt. Eng. 37(7), 1976-1983 (1998).

8 p. Bijl, M. Valeton, A. Jong, “TOD predicts target acquisition performance for staring and scanning thermal imagers,”
Proc. SPIE 4030, 96-103 (2000).

° P. Bijl, M. Valeton, J. Mathieu, “Validation of the new triangle orientation discrimination method and ACQUIRE model
predictions using the observer performance datafor ship targets,” Opt. Eng. 38(7), 1984-1994 (1998).

10 p, Bijl and JM. Valeton, “ Guidelines for accurate TOD measurement,” Proc. SPIE. 3701, 14-25, (1999).



