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Abstract. Herein we introduce a novel methodology to estimate the measurement uncertainty of thermal imagers due
to the non-uniformity correction (NUC) procedure. NUC technique is largely discussed in the literature, on the other
hand, its metrological accuracy is not so often debated. NUC is the most important step during the calibration of thermal
imagers, and it corrects the precision of each pixel in the matrix. Despite being an efficient method to mitigate spatial
noise (spatial precision), the NUC method does not provide a temperature correction, thus it must be made in a similar
fashion as for the calibration of thermocouples. The scientific community fails not providing a gold standard method to
relate non-uniformity correction procedures with temperature uncertainty. In this study, we introduce a novel method to
mitigate the aforementioned issues, proposing to evaluate the uncertainties of the traditional two-point NUC using raw
data and a blackbody radiator as the reference source. Three thermal imagers were tested under controlled conditions
and the results for the performance evaluation of the NUC model show that the two-point NUC technique is an efficient
method to reduce spatial noise in a narrow range of operation. The uncertainty propagation showed that the components
related to the blackbody radiator were dominant in the proposed model, followed by the standard deviation and correction
model uncertainties. To fully categorize the uncertainties in the correction model, a further examination of the thermal
imager components must be made, considering the spectral response, intrinsic errors and detector’s self emission.
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1. INTRODUCTION

Spatial non-uniformity in thermal images is the most relevant aspect regarding the thermal imager operation. These
non-uniformity arise during manufacturing process and camera operation, when electronic noise disturbs the detector
response into becoming non-homogeneous, which decreases the quality of the measurement (Poncelet and Witz, 2011;
Saux and Doudard, 2016; Nelson et al., 1991). To balance detector’s response, a correction procedure is necessary.
These methods are called non-uniformity corrections (NUC), divided into two categories consisting of reference-based
techniques (Chang and Li, 2019; Li et al., 2017; Miao et al., 2009) and scene-based techniques (Rui et al., 2009; Redlich
et al., 2015; Zhou et al., 2009). These traditional procedures are often categorized as calibration techniques and are mostly
done by the camera’s manufacturer, but the calibration certificates issued lack key information about the methodological
process, making the correction unrepeatable. Also, the evaluation of accuracy and performance of NUC procedures in the
literature fail to provide an uncertainty analysis which is crucial for the comparison and validation of the methodology
(Machin et al., 2008; NISTIR, 2015).

Several studies investigated the performance and accuracy of non-uniformity techniques in thermal imagers. Chang
and Li (2019) proposed a linear model for the correction of detector response applying a reference-based technique to
compare the performance of the single-point and two-point NUC. Saux and Doudard (2016) presented a novel NUC
methodology that evaluated the influence of operating temperature in the correction procedure. The performance of the
novel correction and the traditional two-point NUC were compared. Miao et al. (2009) implemented a real-time multi-
point NUC for short wave infrared focal plane array (IRFPA) and compared the performance with the two-point NUC.

These studies investigated the accuracy of correction techniques but they fail to provide an uncertainty analysis of the
procedure. The objective of this study is to propose a methodology to evaluate the accuracy of the traditional two-point
NUC using raw data and a blackbody radiator, taking into account the propagation of measurement uncertainties. We
conducted experiments under controlled conditions using a blackbody radiator as the uniform source of radiation and raw
data extracted from a thermal camera facing the reference source. Three similar cameras were used in the experiments
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and a comparison between cameras is exposed in the results section.
This document is divided into the following sections: Section 2 describes the signal processing of a thermal camera and

the nature of the raw data; Section 3 contains the mathematical model for the two-point NUC, the experimental procedure
and the model for uncertainty propagation; Section 4 contains the results of the correction procedure and measurement
uncertainties and Section 5 contains the concluding remarks.

2. SIGNAL PROCESSING AND RAW DATA

The signal processing in thermal cameras, independently of the type of the sensor (i.e., thermal or photonic), is done
in a similar way. The incident radiation is refracted by the lens to the detector’s array which generates an analog signal
proportional to the radiant flux. The signal passes by an analog-digital module that converts the analog signal to a digital
one, followed by a NUC procedure and a bad pixel replacement (BPR) that corrects each pixel response and regulate
defective pixels. Finally, the digital signal is converted into temperature that is visually represented on the camera’s
display, according to a selected color scale. Figure 1 illustrates the signal processing in a thermal camera.

The digital signal array, obtained after the conversion process in the A/D module, is the most relevant data used in the
correction procedures. The raw data correlates with the incident radiation flux received by each pixel and is the initial
data used to obtain the correction coefficients and the corrected response. In this study, the raw data used on the thermal
cameras correction was obtained directly by the imagers during the experimental procedure.

Analog Signal (V) Raw Data (counts)

Incident Radiation

Planck 
Mathematical 

Model

Lens Detector's 
Array

A/D module NUC/BPR

RAMTemperature

Figure 1: Sketch of a conventional thermal camera signal processing. Adapted from Honorat et al. (2005)

3. METHODOLOGY

The methodology of this study is divided into three subsections: NUC mathematical model, experimental procedure
and uncertainties propagation.

3.1 NUC Mathematical Model

Traditional NUC models are based on the principle that the detectors exposed to a uniform radiation flux should return
the same value of temperature. However, due to spatial non-uniformity, a non-homogeneous response is obtained which
degrades radiometric measurement. The goal of the NUC model is to obtain the correction coefficients (gain and offset)
and apply them into the original array to balance detector’s response. The methodology diagram is presented in Fig. 2.

First, we propose a linear model to correlate each detector response to an incident radiation flux, described by Eq. 1.

Yij = GijX +Oij (1)

where Yij is the pixel response, Gij is the gain coefficient, X is the incident radiation and Oij is the offset coefficient.
These raw data will be obtained for each reference temperature applied to the blackbody, analyzed in the approximated
operation range of 30 oC to 45 oC.

In a thermography inspection, the incident radiation on the sensors consists of the energy emitted and reflected by the
object surface and the energy emitted by the atmosphere between the camera and the inspected object. The total incident
radiation is formulated according to Eq. 2.

Stotal = τεobjSobj + τ (1− εobj)Srefl + (1− τ)Satm (2)
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Figure 2: Diagram of the proposed methodology.

where εobj is the blackbody emissivity, τ is the atmospheric transmissivity and Sobj , Srefl and Satm are the detector’s
inputs described by Planck’s Law of blackbody radiation. In this study, the distance between the camera and the blackbody
radiator is 5 cm, so the atmospheric transmissivity τ is considered to be unitary.

The global average (Eq. 3) of the detector’s response is determined for each reference point. These values will be used
to calculate the correction coefficients.

Ȳ =
1

MN

M∑
i=1

N∑
j=1

Yij (3)

where M and N represent the digital resolution of the thermal camera.
The corrected gain and offset are then calculated with the global average and raw response in each reference point,

according to Eq. 4 and Eq. 5, respectively.

Gij =
Ȳ (T2)− Ȳ (T1)

Yij(T2)− Yij(T1)
(4)

Oij = Ȳ (T2)−GijYij(T2) (5)

where Ȳ (T2) is the global average of detector’s response for T2, Ȳ (T1) is the global average of detector’s response for T1,
Yij(T2) is the digital signal for T2, Yij(T1) is the digital signal for T1. The corrected response for each pixel is determined
by applying the coefficients into the original response. The corrected response is then obtained by Eq. 6.

Ycij = GijYij +Oij (6)

To evaluate the performance of the NUC model, the statistical parameter normalized root-mean square error is used.
It describes the residual non-uniformity (RNU) in the detector’s response by analyzing the standard deviation normalized
by the average response, according to Eq. 7.

RNU =
1

Ȳ

√√√√ 1

MN

M∑
i=1

N∑
j=1

[
Yij − Ȳ

]2 ∗ 100 (7)

3.2 Experimental Procedure

The experimental procedure were carried to obtain the digital signal for each reference point set on the blackbody ra-
diator. The reference temperatures were monitored by a T-type thermocouple calibrated by procedures to approximate the
International Temperature Scale (BIPM, 1997) and the data acquisition system NI 9211 Series C. The ambient conditions



Vitor F. Paes, Rafael A. M. Ferreira and Matheus P. Porto
Methodology to Evaluate the Accuracy of Thermal Cameras Non-uniformity Correction Using Raw Data and a Blackbody Radiator

(temperature and humidity) were monitored by the digital thermo-hygrometer Testo 622 with an uncertainty of ± 0.4 oC
and± 3 %, respectively. The thermal cameras used in the experimental procedure were the PANASONIC AMG8833 FPA
with an operational range of 0 oC to 80 oC and an uncertainty of ± 2.5 oC. The digital resolution of the imagers is 8x8
pixels and the wavelength of operation of 5 µm to 13 µm. A FLUKE 4181 extended area blackbody radiator was used to
provide the uniform source of radiation. The operational range of the blackbody is 30 oC to 500 oC and its emissivity is
0.95.

Each camera was placed in front of the blackbody radiator, both positioned in supports to ensure the alignment, with
a distance of 5 cm so that the field of view of the camera was inserted in the emission area. The ambient temperature
was maintained between 18 oC and 20 oC and the humidity between 30 % and 40 %. The correction points set on the
blackbody radiator were 30 oC and 45 oC and for each temperature, the array of digital signal was collected by the camera.
In the validation procedure, the temperatures of 35 oC and 40 oC were analyzed. For each temperature, 10 different arrays
were collected and then averaged to minimize temporal error. Figure 3 illustrates the experimental procedure.
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Figure 3: Sketch of the experimental procedure.

3.3 Uncertainties Propagation

In order to determine the uncertainties propagation in the proposed methodology, we followed the guidelines outlined
in the Guide to the Expression of Uncertainty in Measurement (JCGM:100, 2008). In this model, the evaluation of
uncertainties is a complex and essential analysis. Every detector of the focal plane array is an independent sensor, with its
own singularities (i.e., responsiveness, noise, correction coefficients) so the uncertainty analysis is made pixel-by-pixel.
First, it is necessary to categorize each input component in the uncertainty model, treating them individually, unless there
is some correlation between variables. Each uncertainty component is treated either as a Type A or Type B variable. Type
A evaluation is determined from the standard deviation, obtained by the measurement procedure and Type B components
are determined from manufactures data and previous analysis.

To fully categorize the expanded uncertainty in the proposed model, we accounted the uncertainties since the experi-
mental procedure up to the mathematical model of correction used to determine the corrected response. The uncertainty
budget is then divided into three groups: blackbody radiator, thermal imager and mathematical model of correction. The
uncertainty components are fully described in Table 1. The uncertainties related to the blackbody radiator were obtained
by the manufacturer FLUKE (FLUKE, 2013; Liebmann, 2008) and are all dependent on the reference temperature.

As previous mentioned in the Experimental Procedure subsection, the temperature of the blackbody radiator is in-
dicated by a T-type thermocouple, calibrated with procedures for approximating the International Temperature Scale,
ITS-90 (BIPM, 1997). Therefore, the standard uncertainty component u4 was obtained by the calibration procedure.

The uncertainty related to the temperature resolution, u6, indicates the influence of the limited resolution of the ther-
mal imager to detect a minimum temperature difference in the observed scene. Since this component is associated to
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Table 1: Uncertainty components assumed for the proposed methodology.
Uncertainty Source Component Distribution Characterization

Blackbody Radiator
Stability u1 Uniform Manufactures data

Uniformity u2 Uniform Manufactures data
Emissivity u3 Normal Manufactures data

Temperature Indication u4 Normal Measured
Heat Loss u5 Normal Manufactures data

Thermal Imager
Temperature Resolution u6 Uniform Measured

Standard Deviation u7 Normal Measured
Correction Model

Mathematical Model (NUC) u8 Normal Measured

characteristics of the camera, they are constant for the whole analyzed range. The temperature resolution (TR) can be
estimated by Eq. 8 (Chrzanowski, 2001).

TR =
∆Tspan

2k
(8)

where ∆Tspan is the temperature range of the imager and k is the resolution of the A/D converter, in bits. The uncertainty
u6 is assumed to have a uniform distribution and it is given by Eq. 9.

u6 =
TR√

12
(9)

Standard deviation uncertainty is related to the drift in response given by each detector between frames, under the same
experimental conditions. The estimation of the component is given by the experimental standard deviation, s, determined
by Eq. 10 and the uncertainty u7 is calculated by Eq. 11.

s =

√√√√ 1

N − 1

N∑
j=1

(
Yj − Ȳ

)2
(10)

u7 =
s√
N

(11)

where N is the number of frames, Yj is the detector response in each frame and Ȳ is the average detector response
between frames.

The standard uncertainty of the mathematical model, u8, was obtained by analyzing the model for corrected response,
given by Eq. 6. To determine the uncertainty of the mathematical model, a correlation between Gij and Oij coefficients
was considered and the contribution of each variable to the model was determined. The estimated correlation coefficient
between the two variables is determined by Eq. 12 and the standard uncertainty u8 is given by Eq. 13 (Albetazi and
Souza, 2018).

r (G,O) =

∑N
i=1

(
Gi − Ḡ

) (
Oi − Ō

)√∑N
i=1

(
Gi − Ḡ

)2∑N
i=1

(
Oi − Ō

)2 (12)

u8 =

√√√√ N∑
i=1

(
∂f

∂Xi

)2

u2 (Xi) + 2

N∑
i=1

N∑
j=1

∂f

∂Xi

∂f

∂Xj
u (Xi)u (Xj) r (Xi, Xj) (13)

where f is the mathematical model,
(
∂f
∂Xi

)
is the partial derivative of the function f related to the input variable Xi and

u(Xi) is the standard uncertainty of the input variables.
The propagated standard uncertainty is obtained by combining the standard uncertainty of each of the input com-

ponents depicted in Table 1. Assuming that there is no correlation between the components, the propagated combined
uncertainty, uc, is determined by Eq. 14.

uc =

√√√√ N∑
i=1

(
∂f

∂ui

)2

u2i (14)
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The coverage factor kp is determined on the basis of the t-distribution with an effective degree of freedom of the
model, νeff , that is given by the Eq. 15 (JCGM:100, 2008). The confidence level p determined for the interval is obtained
by the approximation kp = tp(νeff ).

νeff =
u4c∑N
i=1

u4
i

νi

(15)

where uc is the combined uncertainty, ui is the standard uncertainty components and νi is the degree of freedom of
each uncertainty component in the model. The expanded uncertainty, U (Eq. 16), is obtained by multiplying the combined
standard uncertainty uc by the coverage factor kp to define the interval where the measurement result may be distributed.

U = kpuc (16)

4. RESULTS

4.1 Evaluation of the NUC model

We inspected the cameras over the range of approximately 30 oC to 45 oC with a 5 oC interval and the two-points set
on the blackbody radiator for the correction were Tbb1 = 30 oC and Tbb2 = 45 oC. Figure 4 shows the correction curve
for the three cameras along with the uncorrected response of two pixels for comparison. The corrected signal response
was obtained by applying the correction coefficients (Eq. 4 and Eq. 5) into the original response. It is important to point
out that there is only one array of gain and offset coefficients for the whole inspected range. Since these coefficients are
obtained using the responses of the two reference points, the correction is theoretically perfect for them, but it degrades in
between the interval.
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(a) Thermal camera 1
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(b) Thermal camera 2
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(c) Thermal camera 3
Figure 4: Correction curves for the inspected cameras.

Figure 5 shows the residual non-uniformity (Eq. 7) obtained for the raw data and the corrected response by the NUC
model for each camera. As shown in the NUC model curves in Fig. 5, the standard deviation in the correction points for all
cameras is zero, which indicates that all pixels have the same response, equal to the average of the original response. As
the temperature moves away from the correction points, the standard deviation increases, but it is clear that the correction
is efficient to reduce the spatial noise. Residual non-uniformity dropped from 1.00 % on average to 0.16 % in CAM 1,
0.88 % to 0.15 % in CAM 2 and 0.94 % to 0.18 % in CAM 3 applying the proposed NUC model over the inspected range.
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Figure 5: Residual non-uniformity for raw data and NUC model.

In order to examine the proximity of the corrected response to the reference temperature (Tref ) indicated by the
thermocouple placed on the blackbody, we converted the corrected response into temperature (Tnuc) over the analyzed
range. Figure 6 shows the deviation between the corrected temperature from the NUC model and the reference temperature
in the blackbody radiator. This deviation occurs in every inspected camera and it is an intrinsic characteristic of the NUC
methodology. The corrected response is determined by individual gain and offsets to standardize the response of detectors
and does not take into account a relation to the reference temperature. To obtain a radiometric correction, a relationship
between reference temperature and corrected signal is required.
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Figure 6: Deviation between the reference temperature and corrected temperature from NUC model.

4.2 Uncertainty Propagation

Tables 2, 3 and 4 shows the uncertainty budget for the inspected cameras. Since the uncertainties related to the
standard deviation and the mathematical model along with the combined and expanded uncertainties are obtained for each
individual detector, we display the values for the pixel with the highest uncertainty in the FPA. The uncertainties related
to the blackbody radiator are all dependent on the reference temperature making them almost identical in all cameras. It is
possible to verify that the highest contribution to the expanded uncertainty in all cameras is the component u4, associated
with the indication of reference temperature, accounting up to 59 % of the overall value. The component related to the
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standard deviation is the second highest source of uncertainty, adding up to 20 % of the expanded uncertainty, followed
by the stability and correction model accounting up to 9.5 % and 6 %, respectively.

Table 2: Uncertainty budget for Camera 1.
Uncertainty Source Comp. Distr. Uncertainty (CAM 1), oC ν

Blackbody Radiator 28.73 oC 33.59 oC 38.66 oC 43.77 oC
Stability u1 Uniform 0.067 0.069 0.072 0.074 ∞

Uniformity u2 Uniform 0.011 0.012 0.012 0.013 ∞
Emissivity u3 Normal 0.009 0.014 0.019 0.024 ∞

Temperature Indication u4 Normal 0.427 0.426 0.424 0.423 ∞
Heat Loss u5 Normal 0.001 0.002 0.004 0.005 ∞

Thermal Imager
Temperature Resolution u6 Uniform 0.006 0.006 0.006 0.006 ∞

Standard Deviation u7 Normal 0.147 0.129 0.112 0.132 9
Correction Model

Mathematical Model (NUC) u8 Normal 0.041 0.036 0.033 0.041 ∞
Combined Uncertainty uc Normal (k = 1) 0.459 0.452 0.446 0.452 ∞
Expanded Uncertainty U Normal (k = 2) 0.918 0.905 0.893 0.904

Table 3: Uncertainty budget for Camera 2.
Uncertainty Source Comp. Distr. Uncertainty (CAM 2), oC ν

Blackbody Radiator 28.95 oC 34.11 oC 38.81 oC 43.68 oC
Stability u1 Uniform 0.067 0.069 0.072 0.074 ∞

Uniformity u2 Uniform 0.012 0.012 0.013 0.013 ∞
Emissivity u3 Normal 0.009 0.015 0.019 0.024 ∞

Temperature Indication u4 Normal 0.427 0.426 0.424 0.423 ∞
Heat Loss u5 Normal 0.002 0.003 0.004 0.005 ∞

Thermal Imager
Temperature Resolution u6 Uniform 0.006 0.006 0.006 0.006 ∞

Standard Deviation u7 Normal 0.132 0.126 0.108 0.097 9
Correction Model

Mathematical Model (NUC) u8 Normal 0.036 0.033 0.031 0.032 ∞
Combined Uncertainty uc Normal (k = 1) 0.454 0.451 0.446 0.442 ∞
Expanded Uncertainty U Normal (k = 2) 0.908 0.903 0.892 0.885

Table 4: Uncertainty budget for Camera 3.
Uncertainty Source Comp. Distr. Uncertainty (CAM 3), oC ν

Blackbody Radiator 29.28 oC 34.00 oC 38.72 oC 43.91 oC
Stability u1 Uniform 0.067 0.069 0.072 0.074 ∞

Uniformity u2 Uniform 0.012 0.012 0.013 0.013 ∞
Emissivity u3 Normal 0.009 0.015 0.019 0.024 ∞

Temperature Indication u4 Normal 0.427 0.426 0.424 0.423 ∞
Heat Loss u5 Normal 0.002 0.003 0.004 0.005 ∞

Thermal Imager
Temperature Resolution u6 Uniform 0.006 0.006 0.006 0.006 ∞

Standard Deviation u7 Normal 0.118 0.118 0.112 0.118 9
Correction Model

Mathematical Model (NUC) u8 Normal 0.031 0.032 0.029 0.035 ∞
Combined Uncertainty uc Normal (k = 1) 0.449 0.449 0.446 0.448 ∞
Expanded Uncertainty U Normal (k = 2) 0.899 0.898 0.893 0.895
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Considering that the uncertainty propagation in this model is made pixel-by-pixel, we created a thermal map for each
reference temperature, Fig. 7, with the distribution of expanded uncertainties among pixels. Taking into account that
the thermal maps for all cameras exhibits the same pattern, we present only the visualization for Camera 3. It can be
seen in Figs. 7a, 7b, 7c and 7d that the uncertainties are not uniformly distributed among detectors and they vary greatly
between reference temperatures. This behavior can be explained by the nature of thermal detectors that have individual
responsiveness along with particular correction coefficients and noises. Although the highest contribution to the expanded
uncertainty belongs to the reference temperature as it shapes up to 59 % of the total value, the span of uncertainty values
among pixels is relatively small, so the contributions related to the standard deviation and correction model, which are
made pixel-by-pixel, have a strong influence on the pattern exhibited in Fig. 7.
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Figure 7: Distribution of uncertainties in the FPA for Camera 3.

5. CONCLUSION

In this article, we evaluated thermal camera’s non-uniformity correction on the basis of performance and accuracy.
In order to provide an uncertainty analysis for the traditional correction, we applied the guidelines of the Guide to the
Expression of Uncertainty in Measurement (JCGM:100, 2008).

To obtain the raw responses of the inspected thermal imagers, an experimental bench was mounted and we collected
the digital signal in each reference point set on the blackbody radiator. The two-point NUC methodology was applied in
the original response to obtain the correction coefficients and corrected response. We could conclude that the traditional
two-point NUC methodology is an efficient way to reduce spatial noise among detectors but only if applied in a narrow
range of operation. This is due to residual spatial noise that remains in the corrected responses outside the correction
points.

Considering that the correction is based on the average of response, if a camera has an expressive spatial noise among
detectors, the correction will be further from the reference set points. Additionally, it can be concluded that despite being
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an efficient method for mitigating spatial noise in thermal imagers, the NUC technique does not necessarily provide a
radiometric correction. It is important to distinguish a calibration procedure from a correction procedure. The NUC
method should be implemented in a calibration scheme with a radiometric adjustment, approximating the corrected signal
to the reference temperature.

In the uncertainty propagation model, we accounted the components since the experimental procedure up to the NUC
model for correction. The uncertainties related to the blackbody radiator were dominant in the uncertainty model, espe-
cially the indication of reference temperature. Standard deviation and correction model components also exhibit a great
influence on the distribution of the expanded uncertainty, as can be seen in Fig. 7. The cameras inspected on this study
have a narrow operation range, low resolution and some technical details of operation are not provided by the manufac-
turer. In order to fully evaluate the accuracy of the proposed correction model, the thermal imager should be extensively
characterized, including uncertainties from the spectral response, intrinsic errors and detector’s self emission.
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