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Nomenclature

Rad Radiance: (W.m %sr')
A Wavelength: [m)

e Emissivity: (-]

h = 6.6226176x10** Planck constant: [J-5)

k = 1.380662x10* Boltzmann constant: [JK ')

€ = 2.998x10* Celerity of light: [ms ')

A, A2 Spectral range of the sensor of the camera: [m, m)

NUC Non-Uniformity Correction

n Number of images by acquisition file: (-]

Numy, Image number in an acquisition file: (-]

T Integration time: [ps)

Tons Black body source temperature: (k]

Teav Environment temperature: (k]

XY Coordinates of a pixel on the sensor matrix: [-, -)

Trwm im, x. ¥ Absolute temperature of a pixel of an image: (k]

Dlgum i, x, v Digital level of a pixel of an image: [counts)

Mflow Mean of the digital level flow: [counts.ys ')

Xmmunmnm Slope coefficient of the
calibration curve: A when considering only one pixel;
[Wypsm ?counts 'sr')

B when considering the full sensor Offset coefficient of the
calibration curve: B when considering only one pixel;

(Wm sr)

digital levels, in view to obtain a radiometric calibration insensitive to
the integration times. It is a global method combining both advantages
of allowing to observe contrasted scenes and to reach a very accurate
temperature measurement. In addition, it is valid for any integration
times and ambient temperatures. However, this technic implies to use
many experimental points to obtain the calibration curve as it was the
case for the above-mentioned multi-points calibration ([10,11]).

To resume, the radiometric calibration is an essential step, impos-
sible to discard, to obtain accurate absolute temperature measurements,
but it is a complex and time-consuming procedure. The aim of this study
is to present an original method enabling an accurate radiometric cali-
bration being integration time insensitive, with an easy and fast exper-
imental procedure. According to the presented state of the art, the
novelty of the proposed method is to obtain a global radiometric time
insensitive calibration from only two different temperature measure-
ments using a black body source, without constraints on the integration
time. Therefore, this calibration method results in a fast and easy
experimental procedure. Basically, this new method gathers together all
advantages of the already existing calibration methods into a single one.
Firstly, the hypothesis involved in this approach will be exposed before
describing the steps of its implementation. Then the demonstration of
the great accuracy of the method will be assessed through observations
of a black body by scanning all the possible integration times and tem-
perature observable range with a certain camera/filter configuration
which is totally possible to generalize to other configurations.

2. Description of the calibration method

2.1 Hypothesis

At the scale of this study, it has been considered that the atmospheric
transmission has a negligible impact on the temperature measurement,
compared to others sources of errors. Based on works of Monchau (17
and Pajani (18], in the experimental conditions of this study, this hy-
pothesis involves an error of the measured radiometric temperature
lower than 1 K. The developed method allows to obtain an infrared

camera calibration insensitive to integration times (IT) and assumes that
the radiance of the observed scene is proportional to the digital level
flow (DL/IT) in the sensor output of the infrared camera. Then, Eq. (3) is
proposed for modelling observed radiance:

MWW-K:%*!(X.')GR’ )

where A and B are the constants of the linear approximation equation. In
view to confirm this hypothesis, an Ametek Landcal P12008B black body
source, which has an indicated emissivity of 0.998, was observed by a
Telops MS-M3K infrared camera at different conditions, with a 25 mm
focal lens (Telops, 25 mm /2.3 MWIR) and a frame rate of 60 Hz. This
camera has a cooled InSb (Indium Antimonide) sensor, with a full frame
resolution of 320 x 256 pixels®, a pitch of 30 x 30 ym?, and an average
Noise Equivalent Temperature Difference (NETD) of 25 mK. In addition,
the native spectral range of the sensor is 1.50-5.50 ym. However, a
broadband filter was positioned in front of the sensor, reducing the
spectral range to 3.11-5.50 pm, in view to work in the mid-wave
infrared spectral range (the spectral range typical of gases being not of
interest in the current application). The experimental set-up is shown in
Fig. 1.

Given the fact that the approach works directly in radiance rather
than in temperature, it is necessary to link the black body temperature
with its radiance. For this, the usual Planck’s law expressed for a solid
angle, shown in Eq. (2) has been used.
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with Rad the observed radiance of the black body at the temperature
set Tyns, A the considered wavelength, h = 6.6226176 x 10™ J.s the
Planck’s constant, ¢ = 2.998 x 10°m.s ' the light celerity, and k =
1.380662 x 10® J K ' the Boltzmann's constant. In all the study, the
integration interval of the Planck's law corresponds to the spectral range
of the camera sensor equipped with a so-called broad band filter as
mentioned before (4, = 3.11 ym and 4; = 5.50 ym). The integral was
calculated numerically by the trapeze method with a step of 3.9 » 10
um, which discretizes the spectral band in 1000 elements with a
considered low residue.

Table | summarises the experimental conditions studied and results
for the pixel located at the coordinates (160,128), which corresponds to
the pixel at the centre of the sensor. It is important to note that the total
range of observable temperatures available with this camera configu-
ration (full optical path: sensor, broad band filter, and lens) was covered.
On the other hand, for each temperature, the maximum and minimum
integration times corresponds respectively to the integration time
avoiding any pixel saturation (over the whole sensor) and the one
allowing for at least a pixel filling of 5%. Furthermore, the behaviour of
all pixels was analysed, but in this article, the results of only one
representative pixel (the central one arbitrarily) is presented for the sake
of brevity.

Fig. 2 depicts the evolution of the observed radiance with the digital
level flow of the central pixel (160,128), and the equations are the re-
sults of linear regressions of the measured points calculated by the least
square method. In the most unfavorable case, which corresponds to the
maximum integration times presented on the Fig. 2 (a), a linear trend
residue of 0.9997 has been observed allowing to consider that the digital
level flows (DL/IT) measured by the sensor pixels react linearly relative
to the observed radiance. This point had being already figured out by
[13) who verified this hypothesis for an InSb sensor. In addition, [19,20)
show that for others sensor technologies, digital levels reacts linearley
toward the integration time. Therefore, it seems that this hypotesis is
valid for an InSb sensor, and could be extended for some others sensor
technologies too.




Infrared camera

25 mm focal lens

Black body source

Fig. 1. Experimental set-up of the black body source observation.

Table 1

Experimental conditions and results for the analysis of the behavior of the sensor towards the radiance.

Experimental conditions Tees:  Black body temperature ['C]  Black body radiance (W.m “sr') 1T [js) DL ' [counts.u
n . . [counts) s')
Maximum integration S0°C 120 . 50 7.10% 12000 34806 29013
umes I5°CH. b ) 14 0683 80 04 876 4732
100 °C, 40 s 100 25 5808 40.00 30,465 7616
125 °C 20 s 125 43,3996 2004 23,783 11867
19 C 220, 150 695108 2004 36,498 1821.2
17 C 10 175 1060699 9.9 26512 2661 8
Minimum integration SOC. 10 S0 7.10% 9.9 B4R W59
time I5C 10w e ) 14 0643 99 4“7 468 9
100 'C 10 100 25 5808 99 TAR4 7514
125°C 10 125 43 3996 996 11,761 11808
150 °C 10 150 695106 9.9 17,907 17979
175 C 10 175 106 0699 9.9 26512 2661 8

*The black body temperature corresponds to the temperature set in the black body source during experimental data acquisition
**The radiance of each condition is calculated using the Planck’s law expressed for a solid angle (integration method explained in Section 2.1), from the black body

temperature thanks to the Eq. (2)

22 Implementation of the calibration method

22 1. Determination of pixel by pixel calibration matrixes

After the linear dependency of the radiance toward the digital level
flow has been proven in the previous subsection, it is possible to obtain
an infrared camera radiometric calibration insensitive to the integration
time; and so, from only two different acquisition data of a black body
source at two different temperatures and without constraints regarding
the integration time (as long as the sensor has no underexposed or
saturated pixel). Indeed, given the calibration trend is linear, two
experimental points are sufficient to calculate its coefficients (the slope
and the offset coefficients). To do so, the following procedure is
suggested:

Firstly, experimental data are required to obtain a radiometric cali-
bration. For this, a black body source must be observed at different
temperatures by the infrared camera (Fig. | shows an example of a
possible experimental setup).

Secondly, it is necessary to convert the different temperatures of the
observed black body source in radiance. For this, the Planck’'s law
(presented in the Eq. (2)) is integrated within the spectral range of the
whole optical path and sensor (as explained in Section 2.1).

Thirdly, the digital levels flow of the data acquisition must be
determined. For this, digital levels are sorted by integration time. In
addition, in view to reduce the calibration errors due to measuring un-
certainties, it could be beneficial to calculate a mean of the digital levels
flow based on the acquisition data of several consecutive images. In
Section 3, it will be estimated that a measure based on a set of 125

images is acceptable to ensure a repeatability below 0.01 %. Finally,
given that the procedure of non-uniformity correction (NUC) induces
approximations, it has been decided at the scale of this study, to realise
an independent calibration for each pixel. Therefore, it is necessary to
calculate the digital levels flow for each pixel of the sensor indepen-
dently, as described in the following Eq. (3) for given condition (Ci).
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Afterward, from the radiance (obtained thanks to the Eq. (2)) and the
mean of the digital levels flows for two different conditions (referred as
C1 and C2), obtained from the Eq. (1), coefficients of the linear trend

(slope coefficient matrix A and offset matrix B) could be calculated
thanks to Egs. (4) and (5):

A Rad(C1) -~ Rad(C2) ' ! counts™" . @
sm - s -
YT MAlow(Cl)y y ~ Milow(C2), , - o & '
Mflow(C1), , * Rad(C2) - Mflow(C2), , * Rad(C1) . -~
X ¥ . - Wm “sr’
Mflow(C1)y , ~ Mflow(C2), ,

(5)

Finally, the coefficients of the integration time insensitive radio-
metric calibration are obtained from only two different experimental
conditions. Fig. 3 summarizes the algorithm to compute the two ma-
trixes of calibration: A and B for each pixel of the sensor having both the
dimensions of the sensor in pixels. With the Telops MS-M3K used in the

present work as case study of the calibration method, the matrix A and B



have both the dimension (320,256).

222 Conversion of digital levels pictures to radiometric temperatures
Once the linear trend coefficients of the calibration determined, it is
possible to convert an image coded in digital levels into absolute tem-
peratures following the following procedure:
Firstly, digital levels must be converted into radiances by trans-
forming the measured digital levels from the sensor into a flow of digital
levels and dividing them by the integration time used to acquire the
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considered frame. Then, the radiances are obtained directly by applying
the calibration coefficients using Eq. (¢ -

MNQ-)., = Agy X - *B.,[W.n’.w '] 6)

Secondly, based on the results of Li et al. (21), the Eq. (7) links the
radiance of the observed scene to different radiation sources, in exper-
imental conditions of this study is:
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Fig. 2. Experimental response of the pixel (160,128) observed radiance with
the digital level flow and their associated linear trends: (a) for the maximum
integration times, and (b) the minimum integration times.

with «, , (T.6.¢), the emissivity of the observed scene. It is not possible
to invert directly the Eq.(5) because the Planck’s integral has no
analytical solution. Thus, to obtain a direct link between the observed
radiance and the absolute temperature of the scene, it is necessary to
calculate numerically the Planck’s integral. This computation had been
performed here in the same way than in Section 2.1. Fig. 4 summarizes
that above described procedure allowing to convert digital levels images
into absolute temperature ones.

3. Results and discussions

The objective of this part is to validate experimentally the calibration
method presented previously. For this, an Ametek Landcal P1200B black
body source was observed by a Telops MS-M3K infrared camera, with a
25 mm lens, as shown in Fig. 1. The experimental setup and charac-
teristics of the black body source and the infrared camera are the same as
mentioned in Section 2.1. In view to improve the measurement accuracy
of the calibration method, it could be relevant to choose in input, the
two measured temperatures as far away as possible, because it reduces
the impact of measurement uncertainties on the calibration coefficients
values. Moreover, given the calibration method is insensitive with the
integration time, there are no specific setting to consider about this
parameter (once again, as long as the sensor has no underexposed or
saturated pixel). Therefore, it could be interesting for each condition to
adapt the integration time in view to optimise the measurement quality.
For this, two indicators, independent of the observed temperature, and
the integration time have been used. The first is the pixel load; this
criterion allows determining if the sensor had been over or under-
exposed during the exposition (integration time). It could be defined as
the ratio of collected photons by the maximum capacity of photons
before saturation of the considered quantic well (Eq. (5)). It is important
to note that the maximum photons capacity of the sensor is considered in
this study by the value just before the saturation of the first pixel on all

; Identification of the calibration matrixes

S: Compute the offset coefficient: By y
| Qutpyts: Matrix A and B

MWOMMWMMmthm
Open camera files: [DL, IT] = read camera data

2 Compute observed radiance C1 and C2: Rad(Ci) =

3:  Compute the digital levels flow C1 and C2: Mlow(Clxy = = X ERym 1
4: Compute the slope coefficient of the calibration curve: Ay y =
uﬂMCl)glla‘(Q) - Mflow(C2)x yxRad(C1)

Il. lh(’l" da

) 1

T
Rad(C1)-Rad(C2)
Mow(C1)y y~MNlow(C2)y y

Milow(C1)y y~Mflow(C2)x y

Fig. 3. Algorithm to identify the calibration matrixes coefficients.



Algorithm 2: Conversion from digital levels to absolute temperatures

Inputs: Camera data of the observed scene, matrix A and B of Algorithm 1,

| Setting inputs: [DL, IT] = read camera data
I/T\, I-%: = read matrix A and B

1

emissivity of the observed scene

€1. 2, ® Input emissivity of observed scene
Olyum -l

2 Conversion from digital levels to radiance: Rad(Num,,,.)yy = Ay y * — +By
3 Conversion from radiance to absolute temperature

- 2he* A . 2hce* A

Rad(Num, Jsey = €3 4 % , di+ (1 € ) x ' da
A [ h« e | A«
¢~\p( 1 t'\p( ) 1
"Ar\_r-‘_l- lhl‘,..

Output: Matrix of absolute temperature T,_,‘, y

Fig. 4. Algorithm of conversion from digital levels to absolute temperatures

the sensor

Collected photons
Maximum photons capacity

Pixelwell — filling 100/% (8)

The second is a measurement repeatability criterion. By considering
that the black body source gives a spatial and temporal homogeneous
temperature, in theory, each measure take in same conditions should
give exactly the same results. Thus, the measurement repeatability cri
terion could be evaluated for each pixel by considering the relative
deviation between the pictures with the maximum measured digital
levels and that with the minimum measured digital levels, captured on a
set (Eq. (9)). In practice, each set contains 125 frames captured at a
frequency of 60 Hz and the field of view is about one square centimetre
Then, it seems reasonable to consider that the black body source gives

homogeneous temperature

DL, 4] S

« 100 %

-

L)/ S—

Repetabiliry 9)

(a) presents the design of experiment realised in this study (for
each condition, the mean pixel load of the sensor has been indicated in
the table). It is important to note that the minimum and maximum
temperatures correspond to extremes observable temperatures by the
camera in these experimental conditions. The design of experiment is
made up of 29 different conditions and the sensor has a resolution of
320 x 256 pixel”. Given each pixel has an independent calibration in the
present method, this design of experiment allows to assess the approach

Black body setting temperatures [*C]
so | 75 | 100 | 125 | 150 | 175 |

Sensor average
.01 | 03 | 09
37 | S5 | 88
6.7 111 | 1727
13.6

xels well-filling (%]

34
30.9

13.7 | 209

ot
(us] |

. A -

(a)

[counts. us ')

oL

on more than 2.3 million results (b) presents the evolution of the
mean of the digital level flow and the repeatability criterions on the
entire sensor, in function of the well-filling, for a constant radiometric
temperature of 50 “C

Given that it has been shown in the part 2.1 that the flux of digital
levels reacts linearly toward the radiance, for a constant observed
temperature, this flux should not be affected by the variation of the
integration time (and then the pixel load). However, for low and high
well filling, the digital levels flux is affected by the variation of inte
gration time. In addition, in regions where the sensor reacts not linearly
with the integration time, the repeatability is significantly deteriorated

Table 2
Input parameters in the algorithm of matrix calibration and of conversion of
digital levels into temperatures

Parameters Values

Spectral range of the sensor of the camera: 4, ), 111.550 [ym)

Environment temperature T, 2000 1'Clor 29015

LY

Emissivity « 0 998

Wavelength discretizanon for the calculaton of the 3.90x10* [ym)
Planck s integral

Temperature discretization for the calculation of the 0.001 X)

Planck s integral

* The input emissivity corresponds to the emissivity of the black body source
provided In its calibration certificate

) Correct well-filling

%%

i

Repeatabeiity (%)

0 20 .« “ - 100 10
Well fillking (%)

(b)

Fig. 5. (a) Data experiment setting with the average sensor pixels well-filling for each condition, and (b) corresponding thresholds (associated with a colorbar) to
determine the optimized conditioned of integration times for the observed black body temperature (example given here for 50 'C)
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Fig. 6. Pixels distribution of the mdiometric temperatures for the condition

{100 “C; 20 ps) where the maximum temperature discrepancy compared to the
black body setting is observed among the design of experiments exposed

in Table 2

For conditions with low well-filling (pixels under-exposed), the mea-
surement uncertainty increases because of the dominance of the noise.
Therefore, to ensure that the measure is taken in the operating point of
the sensor, it seems relevant to choose a well-filling minimising the
repeatability criterion. Based on the wide design of experiment pre-
sented in the Table 2, a colorbar associated to the well-filling, which
indicates the measurement quality, is proposed in Fig. 5(b). A correct
well-filling is considered when the repeatability criterion is lower than
0.01% and the relative fluctuation of the digital levels flow between two
consecutive experimental points is lower than 0.2%. For the data pro-
cessing, parameters presented in the Table 2 were input in the algorithm
of the calibration matrixes (method described in Section 2.2.1) and the
conversion algorithm of digital levels into absolute temperatures
(method described in Section 2.2.2).

Firstly, two conditions must be chosen to obtain the calibration co-

efficients (A and B). In view to obtain the bests results with this cali-
bration method, it seems that it is appropriate to choose experimental
temperatures close to the limit of the observable temperatures of the
camera in its setting conditions. Thus, it has been chosen to take 50 °C
and 175 “C. Moreover, one of the advantages of this calibration method

Table 3

is that it is insensitive to integration times (point already discussed
before). Therefore, to ensure pixel well-fillings of approximately 80%, it
seems relevant to choose an integration time of 120 us for the measure
(black body setting) at 50 “C, and 10 ps for the measure at 175 “C. After
obtaining the calibration matrixes coefficients, the digital levels pro-
vided by the sensor of the scene observed under all conditions presented
in the Table 2 are converted into temperatures thanks to the method
presented in the previous section. Finally, the worst result, temperature
error compared to the black body one, has been obtained for the con-
dition {100 “C; 20 ps) and for the pixel of sensor coordinates (15,25).
Fig. 6 presents the radiometric temperatures distribution calculated for
all pixels of the sensor and for this last sensor setting {100 “C; 20 ps).

From Fig. 6, the absolute error for the worst pixel is 1.16 “C. How-
ever, the mean error of all pixels of the picture is 0.93 “C and 99% of the
results are contained in a temperature range of 0.24 “C, corresponding to
the gap 100.93 + 0.12 “C. In order to reduce the maximum error ob-
tained with the proposed method, it could be relevant to obtain the
calibration matrixes coefficients, not from only two measuring points,
but from more measuring points and to use the least square method to
calculate the linear trend equation allowing scattering the errors in the
whole temperature domain, which could improve the global accuracy.
In view to study the influence of the number of points used to determine
the calibration coefficients on the calibration accuracy, it has been

decided to independently identify them from 2 to 6 experimental points
(2 being the above exposed results), and to analyze the results on the
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Number of points used for the calibration [-]
Fig. 7. Influence of the number of calibration points used for the calibration on

the deviation between the black body temperature and the tempera-
tures measured.

Studied conditions and results of the influence of the number of points used for the calibration on the deviation between the black body and the infrared camera

temperatures.

Number of calibration points Conditions

Maximum deviation ["C)*

Mean deviation (' C) 9% confidence interval ['C)

2 S0 °C, 40 s 116
150 °C 10 ps

3 S0 °C, 40 s 0%
7SC2 s
150 °C10 s

4 50 °C; 40 s 081
75°C.20 s
15°CHm,
150 °C 10 s

° S0 °C; 40 ps 084
75°C.20 s
125°C 20 s
150 °C 10 s
1I7S°C10 s

6 50 °C; 40 ps 054
S C
100 °C 20 s
125°C 20,
150 °C 10
175 °C 10 s

09 024

070 022

064 o

065 o

0.40 019

* Maximum deviation between the black body and the camera temperature.



Table 4
Qualitative comparison of different radiometric calibration methods.

Calibration method 2-points Multi- potnts Tremblay and al. [14) Presented here
Calibeation type Local Global Global Global
Complexity Low Moderate to high Moderate Low
Implementation ime Low High High Low
Accuracy High Differ from interpolation High Acceptable
Observable scenes Low contrast All All All
Integration time Single Discrete + interpolation All All

condition leading to the worst results: the condition {100 “C; 20 us), see
Table 3.

In addition, Fig. 7 presents the influence of the number of reference
points used for the calibration towards the temperature deviation of the
black body temperature compared to the calculated temperature ones
converted.

From Table 4, the condition with 6 experimental points for the
calibration implementation is peculiar, because the condition {100 “C;
20 ps) (identified as the one providing the worse results) is included in
this calibration. Therefore, it seems logical that the maximum and the
minimum deviation are significantly reduced for this condition. Then,
passing from 2 to 5 points for the calibration, the 99% confidence in-
terval reduces only from 0.24 to 0.22 "C. Therefore, the number of
calibration points seems to have a negligible influence on the 99%
confidence interval. To resume, under those experimental conditions, it
would appear that the use of 4 calibration points is the best trade-off
between the accuracy and the experimental data necessary, reaching a
maximum deviation of 0.81 ‘C and a mean deviation of 0.64 ‘C.
Therefore, the calibration obtained from 4 experimental points allows to
decrease the maximum and the mean deviation by about 30% compared
to the calibration implemented with only 2 experimental points.

The proposed method allows obtaining a radiometric calibration
insensitive to the integration times from only two measuring points. It
seems that an accurate multi-points calibration or the calibration
developed by Tremblay et al. [14) could allow obtaining a better ac-
curacy than the proposed method. Indeed, the calibration method
developed by Tremblay et al. [14] gives a measuring accuracy of 0.4 °C
and a mean error of 0.2 “C, while the proposed method provides a
measuring error of 1.16 “C and a mean error of 0.92 “C. Nonetheless, the
maximum radiometric error of 0.4 “C in the study of Tremblay etal. [14)
is obtained for a point used to obtain the calibration curve, which
automatically reduces the error compared to a point between two con-
ditions used to obtain the calibration curve. In addition, the presented
study was not realized in laboratory conditions: the environment radi-
ance, the humidity and the deficiencies of the black body source were
not controlled.

Although, the method of Tremblay et al. [14) or a classic multi-points
calibration method seem to be more accurate than the proposed method,
those last are very time consuming and quite complex to implementa-
tion, whereas the proposed method is really very fast and simple.
Furthermore, given the proposed method works from the radiance and
not from the radiometric temperature, emissivity correction is more
straightforward than classic method. Indeed, in the Planck’s law, the
absolute temperature is link to the radiance and not to the radiometric
temperature.

At the end, the proposed method is not optimized in accuracy
compared to others methods available in the literature. Nevertheless, it
consists in an easy and fast radiometric calibration insensitive to the
integration time with a rather acceptable low radiometric error.

4. Conclusions
This study proposes a new method to implement a radiometric

calibration for thermography imaging. This method is based on the
finding that the digital level flow of the InSb sensor reacts linearly with

the radiance. Thereby, it is possible to obtain a calibration insensitive
with the integration times; which simplifies significantly the use of such
cameras. In addition, given the calibration curve is a straight-line (far
from the sensor limits), only two temperatures measurement on a black
body source, without constraints on the integration time, are necessary

to access a good global accuracy calibration. The strong points of this
method are:

o The proposed method is insensitive with the integration time, then it
is possible to observe all scenes from a unique calibration block with
optimized pixel fillings,

¢ This method allows a fast and easy implementation, because it is
based on only two experimental conditions at different temperatures.
Therefore, it is efficient in a time-consuming point of view,

e Given it is based on radiance, the conversion from radiometric to
absolute temperature by the Planck’s law is simplified.

Nevertheless, the proposed method is less accurate and a vagueness
in the input data files led to a higher error than a multi-points calibra-
tion, because it is based on only two input data acquisition files. Then,
this method globally simplifies the procedure of temperature measure-
ment by the infrared thermography method. The Table 4 summarizes
qualitatively the advantages of the different calibration methods with
the one presented here.

To improve this study, it could be interesting to consider the atmo-
spheric transmission. Moreover, a procedure of bad pixel replacement
could be implemented in view to delete singulars behaviors of a few
pixels which strongly impact the global accuracy when focusing on the

maximum errors.
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