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This paper considers a method for measuring the temperature of metals by pyrometers based on tricolor mul-
tielement photodetectors and analyzes its inherent errors.

Introduction. Temperature control of metal articles and blanks subjected to heat treatment at engineering
plants is of great importance for providing high-quality products. For a number of reasons (high temperatures, move-
ment of objects to be measured, strong electromagnetic fields in induction furnaces, etc.) it is customary to carry out
this control by contactless methods. The pyrometric methods of temperature determination are based on the recording
and analysis of the heat radiation characteristics of the object under investigation, i.e., on indirect measurements.
Therefore, the main problem here is comparison of the thermodynamic temperature of the object to the recorded heat
flow. In so doing, it is necessary to take into account the influence of the change in the object’s emissivity ε with the
wavelength λ and its temperature T, of the distance and angle of observation, the degree of the surface roughness and
the kind of the material, the absorption of radiation by the medium between the pyrometer and the object being con-
troled, the geometric parameters of the optical system, and the ambient temperature T on the measurement data. The
methods of pyrometric control used in the industry do not permit measuring the thermodynamic (true) temperature of
heated metals in the absence of information (or its lack) on the emissivity. The multispectral methods of monochro-
matic pyrometry [1–3] make it possible to considerably decrease the T measurement error caused by the indeterminacy
of ε. However, in using them, one has to employ narrow-band optical filters, which complicates the design and in-
creases the cost of the pyrometer, as well as decrease the signal-to-noise ratio of pyrometric signals at a low measured
temperature. To increase the signal-to-noise ratio and exclude the influence of scale on the measurement data, one can
use multielement photodetectors with several wide spectral ranges of sensitivity [4]. In the present paper, we estimate
the errors of temperature measurements by pyrometers based on multielement RGB photodetectors (R — red, G —
green, B — blue).

Conditions of Formation of Frames and Causes of the Appearance of Fluctuations of Pyrometric Sig-
nals. The functional diagram of the considered optical pyrometer and the design type of the photosensitive part of
RGB matrices are presented in Fig. 1. The heat radiation of the object being controlled is focused by the lens on the
surface of the photodetector matrix and, passing through the microlenses and the mosaic of Bayer light filters with G,
B, G, B alternation on odd lines and R, G, R, G alternation on even lines, gets into the photosensitive cells. The ab-
sorption of photons in these cells leads to the generation of electric charges [5, 6], whose mean value can be calcu-
lated by integrating the photon flux over the spectrum and taking into account the spectral characteristics of the
pyrometer:

 Qk,phji (T) = tSjiK0τlens ∫ τf (λ) ε (xi, yj, λ, T) Mbb
 (λ, T) λ

hc
 ηk (λ) dλ , (1)

where K0 = [(l − f)2 ⁄ f 2] ⁄ (D2 − 4l2).
In controlling a uniformly heated body, the number of electrons accumulated in the matrix cells fluctuates

about the mean values, the deviation from which is caused by the summed influence of the radiation, dark-current, and
geometrical noises, as well by the noise of the output stage of charge reading.
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The radiation noise is due to the fluctuations of the number of photons Nph getting into a photodetector cell in

the time of exposure. The quantity Nph obeys the Poisson distribution, which permits writing σQph
 = e√⎯⎯⎯⎯N

__
Qph

, where

N
__

Qph
 = ηN

__
ph. In this case, the signal-to-noise ratio for the incident flux is proportional to √⎯⎯⎯⎯N

__
Qph

. The dark noise result-

ing from the thermogeneration of electrons in the photosensitive cells also obeys the Poisson distribution and is described

by analogous quantities — the mean quantity eN
__

Qd
 and the rms deviation (RMSD) equal to σQd

 = √⎯⎯⎯⎯eN
__

Qd
. Then the

mean values of charges accumulated by the matrix elements can be found by summing (1) with the mean value of the
dark charge formed:

Qk,Σji = Qk,phji + Qdji = tSji ∫ S
_
 (λ) Eji (λ, T) dλ + Qdji (t, T) , (2)

where S
_
 = η(λ)λe ⁄ (hc). The quantity Qdji(t, T) of the dark charge generated in a matrix cells due to the thermal fluc-

tuations depends linearly on the time of accumulation.
The photosensitive cells of the matrix have a spread of sensitivities, which causes the so-called geometrical

noise or noise of the sensitivity nonuniformity of the matrix [7]. The technologies of the leading manufacturers of sili-
con-based RGB matrices provide normal distribution of geometrical noise with a mean equal to zero, small RMSD
σQg

 � 10−2e√⎯⎯⎯⎯⎯⎯⎯⎯N
__

Qph
 + N

__
Qd

, and a negligible number of failure and "hot" elements.
In reading the charge relief formed in the time of exposure of a frame, the accumulated charges transform into

voltage and then are converted into digital form. The obtained signals measured by the number of readings of the analog-
to-digital converter (ADC) are defined by the charge Qk,Σji and the charge-to-voltage transformation coefficient kQU:

Uk,ji (T) = kQUQk,Σji (T) . (3)

In the process of transformation of charge packets into voltage, reading noise caused mainly by the reading cascade
noise of the matrix arises. It has a normal distribution with a zero mean value and an RMSD σQr

, which in terms of
the RMSD of the value of the read charge equals (15–20)e for quality specimens of matrices on CCD devices.

Figure 2 shows the typical spectral characteristics of a color CCD matrix with account for the filter cutting off
infrared (IR) radiation, and Fig. 3 gives the numerically calculated temperature dependences of the average number of
photo- and thermogenerated electrons in photosensitive cells. For comparison, Fig. 3 presents also the dependences of
RMSDs of the radiation, dark-current, and geometrical noises and the reading noise on the blackbody (bb) temperature.
The focal length of the lens was assumed to be equal to 0.05 m, the distance to the bb model was 1 m, the relative
aperture of the lens was D ⁄ f = 1 ⁄ 2.8, and the accumulation time was t = 4⋅10−2 sec. As is seen from Fig. 3, geometrical
noise prevails, and the influence of the dark-current noises under the given measurement conditions is negligible.

Fig. 1. Functional diagram of the recording part of the pyrometer (a) and of
the design of the RGB matrix of photodetectors with a color mosaic of Bayer
filters (b): 1) optical filter cutting off IR radiation; 2) lens with a hood; 3) ob-
ject image; 4) object; 5) RGB matrix of photodetectors; 6) control unit of the
matrix and pyrometric signal processing; 7) microlenses; 8) photosensitive ele-
ments; 9) mosaic of the Bayer filters; 10) transport registers.
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The convective air flows around the object’s surface and their related processes of oxidation of the heated sur-
face by atmospheric oxygen can contribute to the spatial-temporal fluctuations of pyrometric signals.

Upon completion of the process of video frame formation a time-fixed charge relief is formed. All informa-
tion that can be used to determine the thermodynamic temperature is contained in the spatial distribution of the values
of read signals in three regions of the spectrum. In reading them, a three-layer RGB matrix of pyrometric signals with
sizes (Nj

 ⁄ 2) × (Ni
 ⁄ 2) is formed. Since in the Bayer matrix the number of green optical filters is twice that of red or

blue ones, upon the formation of a G layer the signals from the green cells are summed and divided into two.
Determination of the Object Temperature from the RGB Image. The multispectral methods of monochro-

matic pyrometry considered in [1, 2] permit excluding the influence of the object’s emissivity on the obtained values
of the thermodynamic temperature for several kinds of functional dependence ε(λ, T). For instance, at linear approxi-
mation of the natural logarithm ε(λ, T)

ln ε (λ, T) = a0 (T) + a (T) λ (4)

the temperature of the object is determined analytically by the measured values of its luminosity at three wavelengths
[1]. For photodetectors with wide spectral portions of sensitivity, it is impossible to obtain analogous analytical expres-
sions for calculating T. Therefore, the dependences of the ratios of pyrometric signals UB

 ⁄ UG and UG
 ⁄ UR on the tem-

perature, the emissivity, and the spectral characteristics of the filter and photodetectors were investigated by the
numerical methods [4]. It has been established that at the emissivity of the object described by formula (4) the ratios
of pyrometric signals of RGB photodetectors

UB

UG

 = 
∫ τf (λ) exp (aλ) Mbb

 (λ, T) λ
hc

 ηB (λ) dλ

∫ τf (λ) exp (aλ) Mbb
 (λ, T) λ

hc
 ηG (λ) dλ

 ,   
UG

UR

 = 
∫ τf (λ) exp (aλ) Mbb

 (λ, T) λ
hc

 ηG (λ) dλ

∫ τf (λ) exp (aλ) Mbb
 (λ, T) λ

hc
 ηR (λ) dλ

   (5)

can be approximated by the expressions

UB

UG
 (a, T) � mBG + nBGT + rBGaT ,     

UG
UR

 (a, T) � mGR + nGRT + rGRaT . (6)

The first two pairs of coefficients mBG, mGR and nBG, nGR approximating the temperature dependences of ra-
tios of pyrometric signals UB

bb ⁄ UG
bb and UG

bb ⁄ UR
bb provided a = 0 are related to the spectral characteristics of the py-

rometer and are found in the process of its calibration by the bb model [8]

Fig. 2. Quantum efficiency of the ICX411 matrix with account for the Canon
filter cutting off IR radiation. λ, nm.

Fig. 3. Temperature dependences of the average number of photogenerated
electrons in R, G, and B matrix elements [1) solid lines], RMSD of the num-
ber of photogenerated electron [1) dashed lines], the average number and
RMSD of thermogenerated electrons [2) solid and dashed lines], RMSD of the
reading noise (3), and RMSD of the geometric noise (4). Tbb, oC.
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Errors in determining the above coefficients contributing to the systematic instrument temperature measure-
ment error can be decreased by statistical averaging of measurements to the level of the bb model calibration error.
The last pair of coefficients rBG and rGR approximating the temperature dependence of the pyrometric signal ratio on
the value of a should be calculated by the formulas

rBG = 

∑ 
n=1

NT

 ∑ 
m=1

Na

 Tnam 
⎛
⎜
⎝

UB

UG
 (am, Tn) − mBG − nBGTn

⎞
⎟
⎠

∑ 
n=1

NT

 ∑ 
m=1

Na1

 Tn
2
am

2

 ,   rGR = 

∑ 
n=1

NT

 ∑ 
m=1

Na1

 Tnam 
⎛
⎜
⎝

UG

UR
 (am, Tn) − mGR − nGRTn

⎞
⎟
⎠

∑ 
n=1

NT

 ∑ 
m=1

Na1

 Tn
2
am

2

 ,  (8)

where the pyrometric signal ratios of UB
 ⁄ UG and UG

 ⁄ UR are calculated numerically with account for the spectral
characteristics of the pyrometer which can be determined by means of a monochromator and the bb model [8].

Errors of approximation UB
 ⁄ UG and UG

 ⁄ UR by expressions (6) depend on the employed parameters of the
functional dependence (4) and the width of the temperature range in which the pyrometer is calibrated. Figure 4 shows
the typical spectral emissivities and the errors of approximation of the pyrometric signal ratios, that arise in using
them, for a pyrometer with a spectral sensitivity complying with the conditions of Fig. 2. Breaking down the required
temperature range of calibration into subranges, we can considerably decrease the approximation errors.

Approximations by (6) permit obtaining a simple analytical expression for determining the thermodynamic
temperature of the metal surface

T = ξBG 
UB
UG

 + ξGR 
UG
UR

 + ξ0 , (9)

where

Fig. 4. Examples of exponential emissive powers (a) of iron and steel oxides at
a0 � 0.75, a � 0 (1), nonoxidized steel at a0 � 0.59, a � −0.78⋅106 m−1 (2),
nonoxidized iron at a0 � 0.93, a � −1.52⋅106 m−1 (3), and their corresponding
errors of approximations (b) of the pyrometric signal ratios UB

 ⁄ UG (solid
curves) and UG

 ⁄ UB (dashed curves) by expression (6). λ, nm; T, oC; δ, %.
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ξBG = − 
rGR

nGRrBG − nBGrGR
 ;   ξGR = 

rBG

nGRrBG − nBGrGR
 ;   ξ0 = 

− mGRrBG + mBGrGR

nGRrBG − nBGrGR
 .

Analogous expressions can also be obtained by approximating the emissivity by the power function ε(λ, T) = b0(T)(λ ⁄ λ0)β(T).
The formation of RGB photosensitive elements on one silicon crystal ensures long-time stability of the matrix

parameters. But the small dimensions of the photosensitive elements and the small accumulation capacity of photogen-
erated charges lead to fluctuations of the arising charge relief caused by noises and the space-time inhomogeneity of
radiation of the heated metal surface. To decrease errors in calculating T, it is necessary to average the pyrometric sig-
nals either over the object image area or over time, i.e., over the sequence of frames. Time-averaging under production
conditions is inconvenient because in the main only dynamic thermal processes are controlled. Let us consider the spe-
cific features of the averaging of pyrometric signals over the object image area.

The surface of ferrous metals upon heating oxidizes nonuniformly, which leads to an inhomogeneity of the
emissivity. Simultaneously with the oxide film growth a temperature inhomogeneity of the thin emitting layer of the
surface develops. Therefore, in most production tasks for correct determination of the maximum temperature, one has
to solve the problem of choosing the most luminous portions of the image, whose pyrometric signals are not distorted
by the influence of the dielectric film of oxides. Highly oxidized portions of the surface as a result of the low heat
conductivity of the thick oxide film are cooled faster by convective air flows, and their luminosity decreases. It is ex-
pedient to resolve nonoxidized luminous regions of the surface by the histogram of the R-layer of the image having a
better signal-to-noise ratio. As is seen from Fig. 5b, with a uniformly heated body this histogram has a clearly defined
two-mode character. The portion of the histogram with signal values from 800 to 950 ADC readings corresponds to
the object, and that with about 50 readings of the ADC corresponds to the background. At a nonuniform temperature
distribution and in the presence of strongly oxidized parts of the surface, whose temperature is much lower than the
temperature of the weakly oxidized surface, the picture becomes more complicated — the portion of the histogram
corresponding to the object stretches towards low luminosity values (Fig. 5c, d).

Fig. 5. R images of the face of a blank heated in an induction furnace at its
uniform heating and in the absence of scale (a), at nonuniform heating and in
the presence of scale (c), as well as pertinent histograms (b, d) obtained with
the use of 10-digit quantization of pyrometric signals and with the RGB image
size of 320 × 240. UR, ADC reading.
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At a homogeneous temperature field of the object, averaging should be performed over the entire area of its
image, i.e., by using, for obtaining U

__
R, U

__
G, and U

__
B, only image pixels with addresses j and i, whose R-elements fall

within the first mode of the histogram presented in Fig. 5b. To determine the maximum temperature at a nonuniform
heating of the body, it is necessary to choose, for averaging, elements of its image with addresses defined by the po-
sition of R-layer cells with signal amplitude lying in the range [URmax − 6σU

__
R
, URmax], where σU

__
R
 is the RMSD of

R-signal fluctuations observed for a homogeneous temperature field. The dependence σU
__

R
(U
__

R) � σU
__

R
(URmax − 3σU

__
R
) is

easily defined if the pyrometer is calculated against the bb model, since at values of accumulated charges exceeding
100e Poisson noises are described by the normal distribution.

Since in the matrix a small number of failure and "hot" elements are always present, it is better to choose the
upper bound of the range of values of the signals in the R-layer URmax participating in the averaging when at least a
few tens of elements fall within the current interval of the hydrogram, and the object image should occupy the major
part of the frame. Because the elements of parts of the objects image with a lower temperature also fall within the
chosen range, the thus calculated temperature value, as calculations show, will be about 1% lower than the true value.
This methodological error for particular kinds of inhomogeneity of the temperature field is eliminated by shifting the
left bound of the range [URmax − 6σU

__
R
, URmax] to the right.

To estimate the limits of applicability of the considered method of T determination, it is necessary to clarify
the values of its inherent errors.

Temperature Measurement Errors. Measurement errors in pyrometry T are usually subdivided into instru-
mental errors that are largely due to the inaccuracy of determining pyrometric signals and methodological errors con-
nected with the chosen methods of approximation of signals and T calculation, the difference of the used characteris-
tics (ε(xi, yj, λ, T) and T(xi, yj)) from the characteristics of the real object, and the presence of external illumination
[1, 2], which is demonstrated by the scheme in Fig. 6.

In the pyrometers under consideration, the random component of the instrumental error is caused by recording
track noises, and the systematic one by its calibration errors and inaccurate determination of its spectral characteristics.
The contribution of radiation noises to the T measurement error is estimated similarly to the contribution of pyrometer
noises. Therefore, we shall first estimate the contribution of random components to the total error.

The analytical expression for describing the dependence of the relative error in determining the temperature of
the object on the relative measurement errors of pyrometric signals δUB

 ⁄ UB, δUG
 ⁄ UG, and δUR

 ⁄ UR can be found by
differentiating expression (9) with respect to variables UB, UG, and UR:

∂T

∂UB

 = ξBG 
1

UG

 ,   
∂T

∂UG

 = ξBG 
− UB

UG
2  + ξGR 

1

UR

 ,   
∂T

∂UR

 = ξGR 
− UG

UR
2  . (10)

Fig. 6. Scheme of the formation of instrumental and methodological errors.
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Having given for each spectral region the relative errors in the form

∂TB

T
 = ξBG 

1

UG
 
1

T
 
UB

UB
 ∂UB = 

⎛
⎜
⎝
ξBG 

UB

UG
 
1

T

⎞
⎟
⎠
 
⎛
⎜
⎝

∂UB

UB

⎞
⎟
⎠
 ,

∂TG

T
 = 

⎛
⎜
⎝
ξBG 

− UB

UG
2  + ξGR 

1

UR

⎞
⎟
⎠
 
1

T
 
UG

UG

 ∂UG = 
⎛
⎜
⎝

⎛
⎜
⎝
ξBG 

− UB

UG

 + ξGR 
UG

UR

⎞
⎟
⎠
 
1

T

⎞
⎟
⎠
 
⎛
⎜
⎝

∂UG

UG

⎞
⎟
⎠
 , (11)

∂TR

T
 = ξGR 

− UG

UR
2  

1

T
 
UR

UR

 ∂UR = 
⎛
⎜
⎝
ξGR 

− UG

UR

 
1

T

⎞
⎟
⎠
 
⎛
⎜
⎝

∂UR

UR

⎞
⎟
⎠
 ,

we obtain the expression for the random component of the relative error

δTst

T
 = 

1

T
 √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎛

⎜
⎝
ξBG 

UB

UG

⎞
⎟
⎠

2

 
⎛
⎜
⎝

δUstB

UB

⎞
⎟
⎠

2

 + 
⎛
⎜
⎝
ξBG 

− UB

UG
 + ξGR 

UG

UR

⎞
⎟
⎠

2

 
⎛
⎜
⎝

δUstG

√⎯⎯⎯⎯2UG

⎞
⎟
⎠

2

 + 
⎛
⎜
⎝
ξGR 

− UG

UR

⎞
⎟
⎠

2

 
⎛
⎜
⎝

δUstR
UR

⎞
⎟
⎠

2

 , (12)

where δUstk
 ⁄ Uk � δUstk

 ⁄ U
__

k = √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯σUkf
2  + σUkd

2  + σUkr
2  + σUkg

2  ⁄ U
__

k.
Figure 7a shows the temperature dependences of the random errors δUstk

 ⁄ Uk in measuring pyrometric signals
and of the random error δTst

 ⁄ T, caused by them, in determining the temperature of the bb model. It is seen that the
value of δUstk

 ⁄ Uk is maximum in the blue region of the spectrum, since the values of pyrometric signals in it are the
lowest. With increasing temperature of the object the contribution of the radiation noise to random errors δUstB

 ⁄ UB,
δUstG

 ⁄ UG, δUstR
 ⁄ UR decreases, and the greatest contribution is made by the geometric noise of the matrix. Figure 7b

gives the estimates of the total random error in the temperature measurement by the proposed method (solid curve) and
by the three-wave method of determinate pyrometry (dashed curve) with monochromatic spectral channels [1], whose
wavelengths λ1, λ2, λ3 correspond to the maxima of the spectral quantum efficiency of the R, G, and B photosensitive
elements of the matrix. In the calculations, it was assumed that the relative instrumental errors in measuring pyrometric
signals are equal and are determined by geometric noises, i.e., δUstB

 ⁄ U
__

B = δUstG
 ⁄ U

__
G = δUstR

 ⁄ U
__

R = 0.01. It is seen
that the relative error in determining the temperature by the proposed method in the 1100–1700oC range is about 1.5
times greater than the analogous error of the three-wave monochromatic method of determinate pyrometry. But averag-
ing of the pyrometric signals over the area of the heated body image makes it possible to decrease the random error by
a factor of √⎯⎯⎯nel . For example, at nel = 104 δTst

 ⁄ T errors decrease by a factor 100.

Fig. 7. Random errors in measurements of pyrometric signals and error, caused
by them, in determining the temperature by its calculation by one pixel of the
RGB image (a), as well as random errors in determining the temperature by
the proposed method (solid curve) and by the three-wave monochromatic
method of determinate pyrometry (dashed curve) at linear approximation of
ln ε(λ) (b). T, oC; δTst

 ⁄ T, δUstk
 ⁄ Uk, %.
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Systematic instrumental errors (Fig. 6) can be lowered to calibration errors of the bb model used. Therefore,
systematic components of the methodological error prevail, and we will consider them in increasing order of their
contribution.

The temperature measurement errors caused by the deviation of the real values of the ratios UB
 ⁄ UG and

UG
 ⁄ UR from approximations (6) for the typical dependences ε(λ) (Fig. 4a) are given in Fig. 8. Note that if it is nec-

essary to markedly decrease them, one should break down the range of measured temperatures into several subranges
and calibrate the pyrometer against the bb model within their limits.

To estimate the systematic error caused by the difference of the real dependence ε(λ) from the exponential ap-
proximation used, we can use expression (12) substituting into it the corresponding changes in the pyrometric signals:

δUεk

Uk

 = 
∫ τf (λ) [ε (λ) − exp (a0 + aλ)] Mbb

 (λ, T) λ
hc

 ηk (λ) dλ

∫ τf (λ) exp (a0 + aλ) Mbb
 (λ, T) λ

hc
 ηk (λ) dλ

 .

Because of the complex dependence ε(λ, T) on the kind of metal and the state of its surface [9, 10], there
are no agreed-upon approximations of the dependence of the emissivity of ferrous metals on λ and T. Usually, ε de-
creases with increasing λ, and oxidation of the surface upon heating leads to an approximation of ε to the emissivity
of the oxide film weakly depending on the wavelength. Therefore, we shall demonstrate the behavior of the considered
error for two kinds of possible deviations. Figure 9a shows the spectral emissive powers of the object given by the
linear ε(λ) = d0 + d1λ (curves 1 (d0 = 1.075, d1 = −5.0⋅105 m–1), 3 (d0 = 1.15, d1 = −1.0⋅106 m–1)) and power ε(λ)

Fig. 9. Spectral emissive powers of the object described by the linear (1, 3)
and power (2, 4) functions of the wavelength (a) and corresponding methodo-
logical errors in determining the temperature by the proposed method (solid
curves) and by the three-wave monochromatic method of determinate py-
rometry (dashed curves) (b). T, oC; δTε ⁄ T, %; λ, nm.

Fig. 8. Methodological temperature determination error caused by errors in ap-
proximations of pyrometric signal ratios by expressions (6) for the typical de-
pendences ε(λ) (1, 2, and 3) presented in Fig. 4a. δTa.r, %; T, oC.
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= b0(λ ⁄ λ0)β (curves 2 (b0 = 0.9, β = −0.33, λ0 = 350 nm) and 4 (b0 = 0.8, β = −0.91, λ0 = 350 nm)) functions of
λ, and Figure 9b gives the corresponding temperature dependences δTε ⁄ T.

The approximation coefficients a0 and a of these emissive powers by the exponential functions (4) were de-

termined by the least square technique. It is seen that the considered error of the proposed method of T determination
is practically at par with the three-wave monochromatic method of determinate pyrometry. It should be noted that to
suppress this error, in the monochromatic method it is essential that ε(λ) be described exactly by the exponential func-
tion (4) at the operating wavelengths λB, λG, λR. And the application of the proposed wide-spectrum method does not

require such a coincidence. In this case, equality to zero of integrals ∫ τf(λ)(ε(λ) − exp (a0 + aλ))Mbb(λ, T)
λ
hc

 ηk(λ)dλ

in RGB spectral regions must be fulfilled.
For exact temperature measurement of the body in the region of maximum heating, we can form in it a hole

whose radiation is close to the bb radiation [11].
The value of the error due to the external illumination depends on the spectral composition of the illumination

Eex(λ) and the bihemispherical reflection coefficient of the body surface [1]. Since in production tasks it is common
to measure the temperature of the lateral surfaces of heated bodies on which mainly scattered rays of employed optical
sources are incident, to estimate this error, one can use expression (12), where Uk denotes pyrometric signals in the
absence of external illumination, and their increments δUexk in its absence are defined as follows:

δUexk = tSjiK0τlens ∫ τf (λ) [1 − ε (λ)] Eex (λ) λ
hc

 ηk (λ) dλ . (13)

For illustration, Fig. 10a presents the measurement errors δUexk of pyrometric signals from the surface with
ε(λ) shown in Fig. 4a (curve 3) at a level of its illumination equal to 50 lx by an external scattered luminous flux
with a color temperature of 4100 K. It is seen that the temperature measurement error caused mainly by the external
illumination in the blue region of the spectrum may exceed 10% (Fig. 10b, curve 1). Correction of measured pyromet-
ric signals by subtracting from them δUexk components that are due to the external illumination (Uk = Uexk − δUexk)
is possible with the use of a test area located near the object being controlled with known effective bihemispherical
reflection coefficients ρtk

eff. In so doing, the contribution of the external illumination is determined by the measured sig-
nals of the test area image Utk with account for ρtk

eff and εk
eff:

δUexk � Utk 
⎛
⎝1 − εk

eff⎞
⎠ 

 ⁄ ρtk
eff

 = Utk 
⎛
⎝1 − εk

eff⎞
⎠  ⁄ ⎛⎝1 − εtk

eff⎞
⎠ .

(14)

Such an approach permits decreasing by an order of magnitude errors caused by variations in the external illumination.
Then the total systematic methodological errors in determining the temperature will be largely determined by the de-

Fig. 10. Measurement errors of pyrometric signals (a) caused by external illu-
mination equal to 50 lx and radiation with a color temperature of 4100 K, and
errors in determining the object temperature δTex

 ⁄ T (b) without compensation
for the illumination (1), as well as with subtracting its contribution at known
values of εB

eff, εG
eff, εR

eff (2) and at deviations of the real values of εB
eff, εG

eff,
εR

eff from the used ones by 0.1 (3) and −0.1 (4). T, oC; δUexk
 ⁄ Uk, δTex

 ⁄ T, %.
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viations of the real values of the object’s emissive power from the exponential approximation. With exact correspon-
dence of ε(λ, T) to relation (4) the relative total systematic methodological errors of temperature determination can be
lowered to 1%.

Conclusions. The estimation of errors in determining the thermodynamic temperature of metals by pyrometers
based on multielement RGB photodetectors has shown that it is expedient to use them for monitoring technological
processes in machine building connected with heat treatment. The proposed method of choosing the most luminous
parts of the RGB image obtained makes it possible to considerably decrease the influence of the spatial inhomogeneity
of optical properties of an emitting surface on the results of determining its maximal temperature. The simultaneous
recording of pyrometric signals in the three spectral regions makes it possible, in using the proposed approximation of
the pyrometric signal ratios, to calculate the current thermodynamic temperature of surfaces with an emissive power
described by the exponential and power functions ε(λ, T) even upon dynamic changes in the parameters of these func-
tions in the heating process. The largest errors in determining the thermodynamic temperature are caused by the pres-
ence of external illumination, whose contribution to pyrometric signals should be taken into account. When its
influence is eliminated, the value of the total errors will be largely determined by the deviation of the real dependence
ε(λ, T) from the used dependence.

NOTATION

a, a0, b0, β, λ0, d0, d1, coefficients in the functions approximating the spectral emissive power; c, vacuum
velocity of light; D, f, diameter and focal length of the lens, m; Eji, illumination of the photosensitive matrix ele-
ments with numbers of lines and columns j and i, W ⁄ m2; Eex, illumination of the object by external background ra-
diation, W ⁄ m2; e, electron charge; h, Planck constant; i, j, numbers of matrix lines and columns; K0, coefficient
relating the luminosity of the object and the illumination of the matrix; kQU, accumulated charge-to-voltage conversion
factor, V ⁄ C; l, distance between the pyrometer  and the object, m; Mbb, spectral luminosity of the blackbody, W ⁄ m2;
mBG, mGR, nBG, nGR, rBG, rGR, kBG, kGR, coefficients of approximating polynomials; Nj, Ni, numbers of lines and
columns in the used matrix of photodetectors; Nph, number of photons getting into a photodetector cell in the time of
exposure; N

__
Qph

, N
__

Qd
, average number of photogenerated and thermogenerated electrons formed in the photosensitive

matrix cell in the time of exposure; NT, Na, numbers of temperature values of the blackbody model and the coeffi-
cient a, for which pyrometric signals are determined by pyrometer calibration; ne, number of electrons; nel, number of
image elements (pixels) participating in the averaging over the object image area; nUR

, number of pixels of the R-
layer of the object image, for which the pyrometric signal value gets into a given column of the R-layer histogram;
Qk,phji, Qdji, Qk,Σji, photogenerated, thermogenerated, and total charges in a photosensitive matrix cell with line and
column numbers j and i, C; Sji, area of the photosensitive matrix cell of photodetectors, m2; S

_
, mean conversion tran-

sconductance of matrix elements, C ⁄ (J⋅m); T, thermodynamic temperature, K; Tbb, temperature of the blackbody model,
K; T(xi, yj), temperature of the part of the surface whose image falls on a photosensitive cell with line and column
numbers i and j, K; t, exposure of a frame, sec; xi, yj, coordinates of the part of the object surface whose image falls
on a photosensitive cell with line and column numbers j and i; Uk, Uk

bb, voltages of the pyrometric signal from the
object and from the blackbody model in the kth spectral channel at the exit from the ADC, V; U

__
k, Ukmax, mean and

maximum values of the pyrometric signal voltage in the kth spectral channel at the exit from the ADC, V; Utk, volt-
age of the pyrometric signal from the test area in the kth spectral channel, V; Uexk, voltage of pyrometric signals
from the object in the presence of background radiation, V; δTa.r

 ⁄ T, temperature measurement error caused by ap-
proximation errors of pyrometric signal ratios; δTex

 ⁄ T, temperature measurement error caused by the influence of ex-
ternal illumination, %; δTst

 ⁄ T, total random error of temperature measurement, %; δTε ⁄ T, temperature measurement
error due to emissive deviations from the exponential approximation, %; δUexk, pyrometric signal increment in the kth
spectral channel as a result of the influence of external illumination, V; δUstk

 ⁄ Uk, random measurement error of the
pyrometric signal in the kth spectral channel, %; δUεk

 ⁄ Uk, pyrometric signal measurement error in the kth spectral
channel due to emissive power deviations, %; ε, emissive power; ε(xi, yj, λ, T), emissive power of the part of the sur-
face whose image falls on a photosensitive cells with line and column numbers i and j; εk

eff, εtk
eff, effective emissive

power of the object and the test area for the kth spectral channel; η, quantum efficiency, m−1; ηk, quantum efficiency
of matrix elements in the kth spectral range, m−1; λ, radiation wavelength, m; λB, λG, λR, wavelengths corresponding
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to the maximum quantum efficiency of photodetector jointly with the optical filter in the R, G, and B spectral chan-
nels, nm; ρtk

eff, effective reflection coefficient of the test area; τlens, transmission of the pyrometer lens; τf(λ), spectral
transmission of the optical filter; σQph

, σQd
, σQr

, σQg
, RMSD of the photogenerated charge, the thermogenerated

charge, the reading noise, and the geometric noise, C; σUkph
, σUkd

, σUkr
, σUkg

, RMSD of the radiation, dark current,
geometric, and reading noises in the kth spectral channel at the exit from the ADC, V. Subscripts: d, dark current; eff,
effective; ex, external; g, geometric; ph, photon; r, reading; st, stochastic; t, test; a.r, approximation of the ratio; bb,
blackbody; lens, lens; f, filter; el, element; max, maximum.
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