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Abstract;

Difficulties in determining the measurement uncertainty is an important limitation of thermal cameras
for the industrial plants and the co-operating accreditation laboratories that have implemented the qual-
ity systems according to the international norms ISO 9001-9004 and EN 45001-45003. A software that
enables calculations of uncertainties of temperature measurements with thermal cameras was devel-
oped and is presented in this paper. It and can help to remove the above mentioned limitation if only
the user of the thermal camera can estimate possible dispersion of such parameters of the measure-
ment process like: the object effective emissivity, the effective background temperature, the effective
transmittance of the atmosphere and some parameters of the thermal camera.

1 Introduction

The well known "Guide to the expression of uncertainty in measurement" published in
1992 in the name of the seven main international metrological organizations recommends
uncertainty as measure of measurement accuracy and presents methods of its calculations
[1]. Publications [2,3] from the National Institute of Standards and Technology and the Euro-
pean Cooperation for Accreditation precise Guide recommendations.

There is a general trend in industry to accept the quality systems according to the interna-
tional norms ISO 9001-9004 and in co-operating accreditation laboratories - according to
norms the EN 45001-45003. According to these documents the industrial plants and accredi-
tation laboratories are required to use reliable measuring devices and to evaluate an uncer-
tainty of measurements and present it in the certificates.

There are a few examples of calculation of uncertainty of different measurement results in
the Guide. More examples can be found in Ref.3,4 and in other EA publications. However,
there was not published any method of determination of uncertainty of measurement results
with thermal cameras. Difficulties in determining the measurement uncertainty is an im-
portant limitation of thermal cameras as a verified technique of temperature measurement
for the industrial plants and the co-operating accreditation laboratories that have implement-
ed the quality systems according to the international norms ISO 9001-9004 and EN 45001-
45003. A mathematical model of uncertainty of temperature measurement with thermal
cameras was recently developed [5,6]. On the basis of this model a software that enables
calculations of uncertainties of temperature measurements with thermal cameras was devel-
oped and is presented in this paper. It and can help to remove the above mentioned limita-
tion if only the user of the thermal camera can estimate possible dispersion of such parame-
ters of the measurement process like: effective object emissivity, effective background tem-
perature, effective transmittance of the atmosphere and some parameters of the thermal
camera.

2 Model of uncertainty of thermal cameras
The combined standard uncertainty of temperature measurement with thermal cameras

can be calculated using the square root of the sum of squares partial uncertainties due to
possible random variations of the real object effective emissivity, the real effective tempera-
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ture of the background, the real effective transmittance of the atmosphere, and the unknown
errors due to sources within the thermal camera using the following formula [5,6]
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where Tq, is the output quantity, u(g) is the standard uncertainty of determination of the ob-
ject real effective emissivity &, u(Tpa()) is the standard uncertainty of determination of the real
effective background temperature Tyap, U(7an) IS the standard uncertainty of determination
of the real effective transmittance of the atmosphere z,), u(4T,) is the standard uncertainty
due to intrinsic errors of the thermal camera.

The coefficients c,, ct, ¢, can be calculated as
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where the c; is the Planck constant, sys() is the spectral sensitivity function of the thermal
camera, & is the assumed by the user effective emissivity of the tested object, Ty, is the
assumed effective background temperature, 7, is the assumed effective transmittance of
the atmosphere.

We can see in Egs. (1-2) that in order to calculate the combined standard uncertainty
Us(Top) it is necessary to know: the output temperature T,, the spectral sensitivity function
of the thermal camera sys(A), the assumed value of the effective emissivity & and its stand-
ard uncertainty u(s), the assumed value of the effective background temperature Ty, and
the standard uncertainty u(T,a), the assumed value of the effective transmittance of the

atmosphere 7, and the standard uncertainty u(z), and the intrinsic uncertainty u(A4T;,) of
the thermal camera.

Let us now find whether is it possible to determine these parameters.
The output temperature T, is the reading temperature of the camera and is always known to
the camera user. The sys(A) can be found in camera manual or other literature. &), Toa)
and the 7, are values assumed by the user during the measurement process.
Users of thermal cameras usually do not know the uncertainties u(s), U(Toam), U(7a()-
However, they can usually be estimated as the users can almost always estimate bounds of
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the random variables &, Tpag), 7). This means that it is known that the real effective emissivi-
ty & is located within the range [e.-Ag,ex+Ag], the real effective background temperature Tpagp),
is located within the range [Tpa@) -ATva , Toa@ +4Tna], the real effective transmittance zy is
located within the range [z -A7, Ta@ -417).

Although the users can usually estimate bounds of the random variables &, Tuap, 7
they rarely can estimate type of probability distribution of these quantities. Therefore, let us
assume a uniform distribution of these quantities within the earlier specified ranges as such
an assumption is commonly made when there is no specific knowledge about possible val-
ues of quantity x within a certain range [1]. Then the uncertainties u(&), U(Tuam), U(7am) can
be calculated as

U(‘gr)zﬁ U(Tba(r)):% U(Ta(r)) At )
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Nowadays, manufactures of thermal cameras present very rarely the intrinsic stand-
ard uncertainty u(4T;,) of the thermal camera. However, we can expect that this parameter
will be commonly presented in catalogs of thermal cameras in near future.

When the intrinsic standard uncertainty u(4T;,) is not supplied by the manufacturer then it
can be determined on the basis of a set of parameters measured by the user: the minimum
error ME, the noise generated error NGE, the digital temperature resolution DTR, the tem-
perature stability TS, the measurement uniformity MU, and the measurement spatial resolu-
tion MSR.

The minimum error ME is defined as a range around the output temperature T, in which the
true temperature T, is located when the measurements are carried out in conditions identi-
cal with the conditions during calibration of the thermal camera. The noise generated error
NGE is defined as the standard deviation of the output temperature dispersion due to cam-
era noise. The digital temperature resolution DTR is defined as the smallest difference be-
tween two temperature levels that can be distinguished because of the limited resolution of
the digital channel of the thermal camera.

The temperature stability TS is defined as a range in which the results of the measurements
carried out in different environment temperatures, within limits determined by the camera
manufacturer, are located. The measurement uniformity MU is defined as a range in which
the results of the measurements are located when the tested object is located at different
places within the field of view of the camera. The measurement spatial resolution MSR is
defined as the minimum angular dimension of the tested object when there is still no the in-
fluence of limited size of this object on temperature measurement results.

Description of the calculation method of the u(4T;,) on the basis of the measured ME, NGE,
DTR, TS, MU, MSR is presented in Ref. 12.

3 Description of the Thermax software

The developed software package Thermax requires from its user to make 2 following
steps to calculate the combined standard uncertainty u.(T,.) of the output temperature T,.
1. Insert parameters characterising the measurement conditions:

- output temperature Toy,

- the temperature span of the thermal camera used during measurements,

- angular size of the tested object,

- assumed by the user value of the object emissivity &,

- assumed by the user value of the background temperature Tpag),

- assumed by the user value of the effective transmittance of the atmosphere 7,

- some indications of possible dispersions of the parameters &, Tpa@), 7a@ (the user
can insert bounds within which these parameters are expected to lie and type of dis-
tribution, or to insert the standard deviation).

2. Insert parameters characterising the thermal camera
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- the spectral sensitivity function sys(A),

- the intrinsic uncertainty.

The user of this software can choose between typical spectral sensitivity function sys(i)
for 3-5um or 8-12 um thermal cameras or define its own spectral sensitivity function sys(1).
In case of the intrinsic uncertainty of the thermal camera he has two options. First, to insert
directly the intrinsic uncertainty u(4T;,). The form x% of the T, but not less that y°C is the
default function for presentation of the intrinsic uncertainty u(4T;,). Second, the user can
insert the presented earlier parameters: the minimum error ME, the noise generated error
NGE, the digital temperature resolution DTR, the temperature stability TS, and the meas-
urement uniformity MU, the measurement spatial resolution MSR and then the intrinsic un-
certainty u(4T;,) will be calculated by the software.

On the basis of the inserted data Thermax calculates standard uncertainty or the extend-
ed uncertainty of determination of the output temperature. As we can see above there are
guite many parameters of the thermal camera required for the calculations of the uncertainty
of measurements with these cameras. However, all these parameters can be determined by
proper testing of the camera by the user or, at worst case, they can be roughly estimated by
the user.

The software Thermax works in the following systems: Windows NT, Windows 98,
Windows 95. It enables calculations of the combined standard uncertainty and the expanded
uncertainty. Two version of reports produced by Thermax : the simplified version (the esti-
mate of the output quantity and its standard uncertainty of its extended uncertainty) or the
full version (the table recommended by EA). The report may be printed, transferred via clip-
board or to data files. Two different formats are supported (Text only format or HTML). The
latter format is particularly important as it enables possibility to create sophisticated reports
in a well known format and to run such applications like Internet Explorer, Netscape Naviga-
tor to interpret it and to print from this applications.

4 Calculations

Let us carry out calculations for the case of the measurement conditions and the cam-
era parameters presented in Tab.1. It seems that similar situations like presented in Tab.1
can be met in many applications of thermal cameras.

The results of the calculations of the combined standard uncertainty of the output tem-
perature using the Thermax software are shown in Tab.2.

The calculations of combined standard uncertainty of the output temperature using the
Thermax software for the situation presented in Tab.1 or any other can be carried out within
a second. Therefore, the software Thermax can save user of thermal cameras many hours
of time spent on estimation of uncertainty of measurements with these cameras.

It is difficult to determine accuracy of the calculations carried out using the Thermax
software. We can say that the software is based on a mathematical model that was devel-
oped in according to the recommendations of the main international metrological organisa-
tions presented in Ref.1. However, accuracy of the Thermax software depends not only on
the mathematical model but also on the input data inserted by the user of this software who
is expected to estimate the possible dispersion of the assumed values of the object effective
emissivity, the effective background temperature, the effective atmospheric transmittance,
and to determine intrinsic uncertainty of the thermal camera. The accuracy of determination
of these parameters by the user can vary significantly depending on the user and applica-
tions. However, it seems that for a case of an experienced user of thermal cameras and in
typical application it is possible to determine the combined standard uncertainty of the out-
put temperature with errors smaller than 20-50%. Such a level of possible error of determi-
nation of the uncertainty is typically acceptable in many of the industrial plants and laborato-
ries that implemented the quality systems according the international standards ISO 9000
and EN 45000.
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5 Conclusions

The developed software can be a useful tool for the users of thermal cameras enabling
them estimation of uncertainty of temperature measurements, what is particularly important
in the industrial plants and laboratories that implemented the quality systems according the
international standards 1SO 9000 and EN 45000.
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Tab.1l. The measurement conditions and the camera parameters used in the calculations

Measurement conditions

output temperature Ty 400 °C
camera temperature span during measurements 100 °C
angular size of the tested object 150 mrad

assumed value of the object effective emissivity & and|0.7+0.1 (uniform distribution)
its possible dispersion

assumed value of the background temperature Tpae and|40°C +£10°C
its possible dispersion

assumed value of the effective transmittance of the at-|0.95+0.3
mosphere 7, and its possible dispersion

Camera parameters

spectral sensitivity sys(\) typical for 8-12um thermal cam-
eras
intrinsic uncertainty of the camera 2% of the output temperature but

not less than 2°C

Tab.2. Results of the calculations

Source of uncertainty Partial standard uncertainty

errors of determination of the object effective emissivity 35.3°C

errors of determination of the background effective tem-|0.68°C

perature

errors of determination of the effective transmittance of the | 8.1°C

atmosphere

intrinsic uncertainty of the thermal camera 8°C

Output temperature Combined standard uncer-

tainty

400°C 37.1°C
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Fig.1. View of some forms used in software Thermax : a) the introductory form, b) the basic
measurement conditions form, c) the basic camera parameters form, d) the camera
spectral sensitivity form, e) the final output form.




