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Abstract: High-temperature melts, including molten metals and molten melts, are common substances in the pyromet-

allurgical process. Temperature is one of the most concerned and important physical properties of melts. Maintaining a

melt’s molten state means huge energy consumption. Moreover, the temporary storage, transfer, and subsequent processing

of them are usually accompanied by considerable risks. Thus, real-time temperature measurement of the melt is one of the

core requirements. Due to the high corrosiveness of molten phases, invasive temperature measurement is no longer

applicable or even could not deploy in high-temperature melts. Therefore, optical temperature measurement technology has

been brought into prime focus. This paper provides a review of the academic improvement involved and commercial

technology employed in each optical temperature measurement device. Recent progress and trends are investigated in both

radiation thermometers and computer vision-based pyrometers. The measurement principle and characteristics of each

device are discussed in detail. The optimization of accuracy is emphasized based on radiation thermometers, while the

reasons for a few computer vision-based pyrometers are mentioned. In addition, a new temperature diagnosis technology

that combines computer vision and artificial intelligence has received widespread attention and applications in recent years.

Future developments are briefly introduced to provide some insight into which direction the development and application

of temperature measurement technologies are likely to develop.
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1. Introduction

Temperature is the most significant thermodynamic state

quantity determined in industrial processes, and it plays an

important role in various aspects such as process stability,

high quality, and energy saving. This paper focuses on the

noninvasive temperature measurement of the intermediate

product in ferrous or nonferrous metallurgical processes,

such as molten salts in aluminum or rare-earth electrolyzer,

molten alloy in melting furnace, and hot-rolled steel plates

in the continuous casting process [1–5]. For such melts, as

in common, there is often a need for temperature detection

ranging from 200 to 1500 �C, while the real-time response

sensitivity is less than 30 �C. In addition, since metallur-

gical processes are often accompanied by dusty, misty,

toxic, and corrosive environments, those unfavorable fac-

tors are seriously corroded to the traditional invasive

temperature sensor. For instance, in the high temperature of

the continuous casting process, contact instruments can

degrade with time. If the environment temperature is above

the material limits, it would disintegrate completely.
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Furthermore, the temperature of moving objects cannot be

detected by contact temperature measurement. Thus, tra-

ditional invasive temperature measurement is no longer

fully applicable.

When comparing traditional invasive temperature mea-

surement with noninvasive measurement, the latter has

received special attention in the last years, since it offers

several outstanding advantages over its invasive counter-

parts. Among other characteristics, it can be highlighted

that the instant response to temperature change, large

measurement range, ability to measure the temperature of

moving objects, and resistance in hazardous environments

due to remote measurement make this technology suit-

able to be used in severe conditions, such as molten salt,

molten matte, molten slag, and metal melts in metallurgical

process.

Currently, several sensors for optical noninvasive tem-

perature measurement have been reported, based on dif-

ferent sensing techniques, including radiation thermometry

and computer vision-based measurement. In essence, both

of them realize temperature detection by detecting light of

different wavelengths in the radiant energy emitted by the

measured object. The difference is that computer vision

maps the light radiated by the object into the color and

brightness of the pixel through the CCD sensor, which can

apply a variety of image processing techniques and greatly

expands the scope of radiation temperature measurement.

This paper is structured in the following sections: Fol-

lowing this introductory section (Sect. 1), a brief descrip-

tion of optical noninvasive temperature measurement is

presented (Sect. 2). Radiation thermometers and computer

vision-based measurement are described in detail, respec-

tively (Sects. 3, 4). The final remarks of this review are

summarized in Sect. 5, and a prospect of optical noncon-

tact temperature measurement technology is placed in

Sect. 6.

2. Optical Noninvasive Temperature Measurement

As mentioned above, the special occasion and requirement

of high-temperature melts measurement determine that it

can only be applied by using optical temperature sensors.

Currently, optical temperature measurement (also called

noncontact temperature measurement) for molten melts in

a metallurgical process can be mainly divided into two

categories. One temperature measurement is based on

radiation thermometry [3–7], while the other temperature

measurement is based on computer vision [8–19], which

applies digital image processing technology to build a soft

sensor model of temperature measurement. Both categories

are discussed in detail below separately. It is important to

point out that acoustic tomography (AT) [20–22] and laser

radar measurements [23–25], also as optical temperature

measurement technology, are difficult to deploy in the

temperature measurement of molten melts, so those mea-

surements are beyond our discussion. A truncated classi-

fication diagram of optical temperature measurement can

be seen in Fig. 1.

2.1. Radiation Thermometry-Based Measurement

Entire material above zero kelvin emits infrared radiation.

An optical thermometer, also known a as radiation ther-

mometer, is applied to measure the temperature of a target

according to the achievable level of thermal radiance

emissions [26]. The technology is a noncontact, online, and

safe surface temperature measurement. With appropriate

traceable calibration [27], temperature measurement sys-

tems dependent on thermal radiation in the infrared spec-

trum are valid in the ranges from 50 to 6000 K. In the class

variously present temperature real-time detecting methods,

radiation thermometry has an irreplaceable status in tem-

perature detection for the metallurgical process. It meets

the demand of temperature measurement in the following

cases while other methods may not fulfill needs [28]:

(1) Targets with fast speed.

(2) Rather tiny targets.

(3) Targets with poor heat conductivity or low heat

capacity.

(4) Targets with shiftily altered temperature.

(5) Targets for which stereoscopic temperature fields

need to be decided.

(6) Targets with extremely high temperatures.

(7) Situation where contact temperature measurement

could not be deployed.

2.2. Computer Vision-Based Measurement

The temperature measurement method built on computer

vision is an excellent optical measurement method. This

method depends on CCD (charge-coupled device) to

achieve images from the measured target and then pro-

cesses the digital image with dedicated algorithms.

The CCD outputs analog level of three primary colors

signals, consisting of red, green, and blue [29]. The image

acquisition card performs the analog-to-digital conversion

and delivers the image to the computer. After proper pro-

cessing, a thermal radiation digital image of the measured

object surface can be obtained. The digital image is com-

posed of matrix pixels, and each pixel contains three

numerical RGB values. According to the spectral response

characteristic curve and the photoelectric conversion

characteristic [30], it can be deduced that there is a one-to-

one correspondence between the RGB value and the
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spectral radiance in the particular spectral response band.

The temperature field on the surface of the target can be

determined from the output RGB value and corresponding

temperature measurement algorithm.

Computer vision-based measurement has the advantages

of low cost, convenience, simple operation, real-time

measurement, and high efficiency compared to other

methods. It has been applied more and more widely in

practical production and scientific research. Therefore,

exploring the mathematical model between the target

temperature and the response of the CCD-based pyrometer

is of great significance for the application [31].

3. Radiation Thermometers

3.1. General Structure and Characteristics

The general structure of a radiation thermometer, together

with a standard deployed situation, is illustrated in Fig. 2.

A set of optical components, including lens and aperture

stop, displayed the measured target onto the field stop,

which is located before the detector and both of them are

put in a temperature-regulated detector housing. The fixed

angle along with the detected area of the target (measure-

ment field/field of view) is determined by not only the

aperture stop but also the field stop [28, 32]. For commonly

used radiation thermometers, a spectral filter acting as a

band-pass filter is deployed to decrease the wavelength

energy of the radiation arriving at the sensor. The band-

pass filter is always deployed before the detector and

regarded as the gate of the detector housing [28].

In actual application, several physical properties of

radiation thermometers affected measurement results need

to be considered carefully, including lens focus, quality of

detector, and even the material of the optical system.

Although radiation thermometers perform with recom-

mended measuring distance that thermometer producers

offer help to optimize the accuracy of radiation measure-

ment, the most significant factor that influences the result

of radiation thermometers’ detection mainly depends on

the optimization of the optical system and the radiation

detector. When a radiation thermometer operates in a sit-

uation, the radiation temperature measurement area of the

target is decided by the set length of lens focus. Another

factor that determines the accuracy of radiation ther-

mometers is the material of optical glass, which acts as the

infrared-transparent components. Usually speaking, radia-

tion thermometers applied in metallurgical process tem-

perature measurement are always equipped with a rather

sophisticated optical system, which consists of polarizers,

prisms, beam splitters, or a combination of these.

According to the varied focus length range of the radiation,

a thermometer operates, and an optical lens could be made

of different materials, such as zinc sulfide, zinc selenide,

and fluorides. In low-cost radiation thermometers, partic-

ularly, plastic is often used in optical components

[5, 28, 33].

Radiation thermometers do not detect temperature

directly. On the contrary, they measured emitted infrared

energy of interest. Because infrared energy corresponded to

a target as a function of not only the body temperature but

also the emissivity on the surface, the radiation ther-

mometer calculates the temperature results depending on

Fig. 1 Classification diagram of

optical temperature

measurement
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the assumption that the emissivity character is relatively

stable to the measured object surface.

3.2. Classification of Radiation Thermometers

There are thousands of different radiation thermometers on

the market, consisting of different types with a range of

different models and specifications.

The essential difference between the main groups of

radiation thermometers is, according to most research [3],

the selection of the wavelength ranges detected. It leads to

five kinds of classification, including spectral radiation

thermometer, broadband radiation thermometer, ratio

radiation thermometer, total radiation thermometer, and

multi-wavelength thermometer. A diagram of the wave-

length range for different types of radiation thermometers

is demonstrated in Fig. 3 [5].

The common feature of those radiation thermometer

sorts is that they are all calibrated according to the spectral

radiance of a blackbody at given temperatures. A

radiometer is simply an electro-optical system designed to

measure radiant power [32]. Radiation thermometers are

designed by the fact that the measured radiant power is

proportional to the radiance of the target within a specified

wavelength range.

3.2.1. Spectral Radiation Thermometer

Spectral radiation thermometers, also called single-color

pyrometers, are by far the common types of radiation

thermometers. They operate normally in a relatively short

spectral range when the ratio of the spectrum width to the

center frequency of the spectrum is less than 1 (it is called

quasi-monochromatic light). Because spectral radiation

Fig. 2 Structure demonstration

of a radiation thermometer

Fig. 3 Diagram of the wavelength range for different radiation thermometers: a spectral radiation thermometer, b broadband radiation

thermometer, c ratio radiation thermometer, d total radiation thermometer, and e multi-wavelength radiation thermometer
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thermometers receive the single-spectral radiation, they

calculated an average temperature result from the target

and background environment and they need to properly

calibrate toward the hotter temperature. Without a doubt,

the temperature measurement is also affected by emissivity

floating, atmosphere abortion, and other factors. The oldest

spectral radiation thermometer determines the object’s

temperature by comparing optical brightness in the visible

(red) spectrum, which wavelength is at 0.65 lm by

matching the lighten target to a hot ‘‘disappearing’’ flame.

Particularly, a line scanner is a kind of brightness spot

pyrometer equipped with a rotating mirror so that they can

measure temperature along a line. By combining the tem-

perature reading with the position of the rotating mirror, a

thermal picture could be determined. Each successive swap

along the line would measure the temperature of a new

segment of a moving measured object. In metallurgical

processes, this kind of thermometer is commonly used for

measuring moving targets, or rotating objects such as

impellers and grinding wheels [34].

Based on the assumption that the emissivity of the

object is reasonably constant and known [35], the tem-

perature of the object, which is related to the spectral

emissivity, ek, can be calculated according to Planck’s law

[5, 33], which is described in Eq. (1):

T ¼ c2

k ln ek exp c2

kTb

� �� �
þ 1

h i ð1Þ

where c2 is a constant with a value of 14,388 lm. K is the

second constant of Planck’s radiation law, and k is the

wavelength and temperature. Tb is the object temperature

assuming it is a blackbody. The Wien approximation of

Planck’s Eq. is effective below 3000 K, which is generally

permitted to use, as demonstrated in Eq. (2):

T ¼ 1

Tb
þ k
c2

ln ek

� �
ð2Þ

The wavelength of a single-spectral infrared

thermometer selection is relatively rather broad. It could

be seen from the formula above that the measurement

accuracy of the spectral radiation thermometer depends on

the pre-knowledge of the target’s surface actual emissivity

value. However, that is not always achievable in actual

applications. For example, in the process of continuous

casting, external factors, such as steam, dust, atmospheric

CO2, and other participation media, would absorb the

infrared radiation rather than allow it to pass undeterredly

through the atmosphere, which adds the uncertainty of

emissivity estimation. Thus, it would influence the

temperature measurement accurateness of the slab. The

sensitivity to emissivity variation and optical obstruction

would be minimized by selecting the shortest practical

wavelength [34]. Calro et al. carried out a semiempirical

formula based on experiments to calculate the real

emissivity of the target by the use of a single-color

pyrometer [36]. The wavelength selection could always be

an issue that confuses spectral radiation thermometer users.

After comparing the measuring errors by spectral radiation

thermometers, Huang showed that the optimum

wavelength for high temperature measured would be near

1.0 lm or 1.6 lm [37].

Meanwhile, many researchers emphasized how to

measure absolute infrared spectral radiation accurately

against a complex background. Cassady et al. discovered

that a 1% error associated with noise and calibration

approximately led to an uncertainty in predicted tempera-

ture of less than 2%, while a spectral radiation thermometer

had nearly a 5% uncertainty for all magnitudes of error

[38]. In some cases, the errors might cause huge mistakes if

it was regarded to be ignored. It was shown that deviation

was up to 14.9% when the spectral radiance of the non-

calibrated radiant source was measured compared to that of

the standard source at 10 lm wavelength [39]. To suppress

stray radiation, He et al. installed a shielding plate at the

entrance of the optical system to optimize the measurement

results, which showed the deviation between the standard

source and the radiant source was limited to 1.42% at

10 lm wavelength. In addition, by the use of proper

materials in radiation transformed components, spectral

radiation measurement could be more accurate. YO et al.

investigated the relationship between the material of high-

temperature components and spectral emissivity in the

application of direct thermal-to-electric power-conversion

systems [40]. Sakuma studied the long-term spectral

characteristics of the 0.9 mm spectral radiation ther-

mometer by using a monochromator and a fixed-point

blackbody. Studies have shown that some spectral radiation

thermometers show a change in the center wavelength, but

the short-term change is within an acceptable range.

In terms of applicability, spectral radiation thermome-

ters are the most widely used radiation thermometers for

radiance temperature measurements nowadays. They are

generally used in low-temperature ranges and low-preci-

sion requirements. The wavelength center of its measure-

ment may drift over time, which limits its long-term use in

harsh industrial environments.

3.2.2. Broadband Radiation Thermometer

Broadband radiation thermometers are now the most pop-

ular used in many industrial applications. Broadband

radiation thermometers monitor the intensity of infrared

energy covered over a specific wavelength range. Broad-

band radiation thermometers always absorb the specific

band spectral from the atmosphere. Among them, the main
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effective wavelength that the broadband radiation ther-

mometer received would change in terms of the target’s

surface temperature. The change of effective wavelength

distribution results from alteration with temperature based

on Wien’s displacement law, as shown in Fig. 4. For

broadband radiation temperature estimation, the equation

below can be calculated by the use of numerical integration

Eq. (3) [41]:

Zk2

k1

k�5

exp c2

kTb

� �
� 1

dk ¼
Zk2

k1

ekk
�5

exp c2

kT

� �
� 1

dk ð3Þ

where c2 is the second constant of Planck’s radiation law

which has a value of 14,388 lm� K. k1 and k2 are the

wavelength distribution range. Tb is the object temperature

assuming it to be a blackbody. e is the total emissivity.

Infrared imagers are real-time, long-distance, and opti-

cal measurement tools, and they are widely used in met-

allurgy industries. Those temperature results are specially

visualized graphically on a screen, with various colors

standing for corresponding temperatures. The magnitude of

the signal value output by the thermal imager is propor-

tional to the irradiance it received. Therefore, the intensity

of the image color on display change proportionally with

the irradiance received by the sensor, so that the temper-

ature of the target could be imaged and measured. Cus-

tomarily, a focal plane array (FPA) thermal imagers can

detect radiation in short-wave (SWIR), medium-wave

(MWIR), and long-wave (LWIR) bands, with wavelength

windows of 1–2.5 lm, 3–5 lm, and 8–14 lm, respec-

tively. Among them, the 3–5 lm and 8–12 lm broadband

radiation thermometer operating wavelengths in the med-

ium- and long-wave bands play a particularly wide role in

practical applications. Because of its exceptionally strong

radiation ability, the medium-wave infrared system is

mainly used in aircraft, rockets, tanks, and other high-

temperature weapons and equipment, while the long-wave

infrared system is mainly used in low-temperature envi-

ronments such as biological radiation.

Noted from Eq. (3), the accuracy of the infrared thermal

imager is affected by the factor of emissivity and some

other relative factors. It is important to point out that even

if by selecting the proper wavelength of broadband radia-

tion thermometers which does not belong to atmospheric

absorption bands, the achieved measurement uncertainties

could not be controlled as low as that achieved with

spectral radiation thermometers [28]. The angle of view

and measuring distance is all relative to the measurements.

Recently, research focused on the error theory of

infrared imagers has become popular. Shen et al. studied

the effect of temperature and surface condition, respec-

tively, on the deviation of emissivity and carried out a non-

steady temperature field model for infrared thermal images

in different emissivity situations [43]. Zhang et al. came up

with a compensation algorithm, which was based on G–

t standard curve, to get better temperature accuracy of the

focal plane [44, 45]. Combining the advantages of both

PSO and BPNN methods, Zhao et al. built a mathematical

model to minimize the effect of ambient temperature dis-

turbance on the temperature measurement accuracy of

infrared thermal imager [46]. Through analysis of the

impact of field angle and temperature measuring angle of

the infrared thermal imager, Muniz et al. carried out and

verified a compensation algorithm based on neural network

and regression to eliminate the impact [47]. Zhang et al.

explored the relationship between measuring distance and

measurement deviation and then carried out a piecewise

fitting to offset the deviation [48].

Aimed at the high-temperature melts measurement

application of thermal imagers, Pan found impact from dust

and vapor could not be ignored, particularly in the metal-

lurgy process [49]. A compensation model also was carried

out to compensate ate the result and experimental results

had proven its effectiveness. Yang et al. developed a real-

time heat transfer model for dynamic control in the process

of continuous casting billets, and then it was calibrated by

infrared imagers to online monitor the cutting tool’s tem-

perature during the whole milling process [50], Baga-

vathiappan et al. mapped the temperature distribution of

the micro-end milling tool workpiece with thermal imagers

[51]. It was observed that the measurement result of ther-

mal imagers was affected by rotation speed significantly

other than feed rate.

3.2.3. Ratio Radiation Thermometer

The ratio radiation thermometers, often called tpyrome-

terspyrometers, measure the ratio of radiation detected at
Fig. 4 Black-body radiation as a function of wavelength for various

temperatures [42]
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two nearby wavelengths (strictly, over two separate

wavelength bands). The ratio result is not influenced by

accurate emissivity caused by obstructions, because the

ratio radiation thermometer absorbs both wavelengths

equally. Therefore, ratio radiation thermometers are cables

of amending for emissivity variation and viewing through

vapor, dirt, and many various optical obstructions, which

consist of dirty lenses particularly. Under this condition,

the temperature is calculated by Eq. (4), in which Wien’s

displacement law is also applied [41]:

1

T
� 1

Tr

¼ k1k2

c2ðk2 � k1Þ
ln

ek1

ek2

� �
ð4Þ

where Tr is the ratio temperature. The Tr temperature is the

temperature that is equal to a blackbody having the same

ratio of spectral radiances at k1 and k2 wavelengths as the

surface whose spectral emissivity values are ek1 and ek2,

respectively.

The most significant feature for measurements with the

ratio radiation thermometer is to regard the target’s surface

as a gray body, which means that the emissivity of each

wavelength is identical. As a result, it is not necessary to

have a priori knowledge of the target’s surface emissivity

characteristics before the ratio thermometer is deployed.

Moreover, ratio thermometers could be applied reliably

without being calibrated [52]. However, if the emissivity of

the materials varies with wavelength, the measurements

can cause large errors. In general, often the great advantage

of the ratio radiation thermometer lies in the following

three conditions:

(1) Exist window contamination, such as dust or smoke;

(2) Targets that are merely fractional filling the measure-

ment window;

(3) Small target which is compared to the measurement

window.

In the metallurgical environment, the influence of

unaccounted external factors is inevitable, such as clouds

or water vapor that randomly be distributed in the trans-

mission area between a target and a radiation thermometer.

A ratio thermometer could operate normally with an optical

obstruction because both wavelengths are obstructed

equally. For instance, ratio radiation with two selected

wavebands centered in the 0.7 lm and 0.8 lm range would

pass through the vapor without absorption while a ther-

mometer filtered at 0.8 lm and 0.9 lm would lead to only

minimal deviation. And the thermometer filtered at 0.7 lm

and 1.1 lm would cause a relatively large deviation, the

reason for which is that vapor absorbed much more infra-

red energy at wavelengths beyond 1 lm than at wave-

lengths shorter than 1 lm [34].

In this case, ratio radiation thermometers have a unique

advantage over other radiation thermometers. It had been

proved by Chernysheva et al. through simulation that dual-

channel spectral ratio radiation thermometers offered more

efficient and accurate measurement results than that spec-

tral radiation thermometers [53]. For the common case of

the unknown material thermo-optical properties, Hernan-

dez et al. verified the use of a ratio thermometer to measure

the temperatures of hot metals when the emissivity was

unknown and for the commercially important case of

specular surfaces by comparison of measurements made for

tungsten, copper, and aluminum samples of various

roughness, determined by a roughness gauge [54].

A ratio radiation thermometer measures the radiance

ratio of the target at two selected wavelengths, thereby

eliminating the influence of the emissivity of the material

and obtaining its true temperature. This method is more

effective for gray-body materials, but it will cause larger

errors for general non-gray-body materials. In the actual

application of ratio radiation thermometer, factors such as

atmospheric environment should be considered to select

the appropriate band. The principle is to select a smaller

wavelength under the premise of detectable intensity and

make the two wavelengths as close as possible. Generally

speaking, the temperature measured by a ratio radiation

thermometer is closer to the real temperature than the

spectral radiation thermometer and total radiation

thermometer.

3.2.4. Total Radiation Thermometer

Total radiation thermometers receive almost the whole

thermal radiation to determine the temperature of the target

commonly instead of using a band-pass filter. The radiant

spectrum arrived at the thermometer is huge because the

bandwidth of the whole spectrum is relatively wide. Nev-

ertheless, only in the environment of a vacuum or with an

inert gas could the high accurate calibration of total radi-

ation thermometers be achievable in such extreme constant

atmospheric situations. The metallurgical application of

total radiation thermometers is almost unable to deploy

because the accuracy of total radiation thermometers was

sensible to the surrounding environment [28]. Under ideal

conditions, the temperature of total radiation thermometers

is then estimated as an average of the whole radiation

spectrum reaching the thermometer. Thus, the temperature

is described as Eq. (5):

T ¼
ffiffiffiffiffi
T4
b

e

4

r
ð5Þ

where e is the total emissivity.

Total radiation thermometers receive the whole spec-

trum, so there is no way to reduce errors by optimizing the

spectrum. This problem must be solved by optimizing the

hardware. In 1996, Martin et al. adopted a new and
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accurate method with an electrical substitution cryogenic

radiometer to measure thermodynamic temperature, which

was used in the temperature range from about - 140 to

100 �C [55, 56]. The results showed that the values of

uncertainties were below 0.8 �C. One typical type of total

radiation thermometer is called a gold-cup pyrometer

[57–62]. A gold-plated hemisphere is placed on the surface

of interest and serves to form a blackbody collecting nearly

all the radiation emitting from the surface. When the

hemisphere is placed against the surface to be measured, it

forms a blackbody cavity so that the radiation passing

through the window is unrelated to the emissivity of the

surface.

A total radiation thermometer is designed based on

Stefan–Boltzmann’s law, and its advantage is the ability to

receive radiation. But its shortcomings are also obvious.

Because the intermediate medium in the environment can

absorb radiant energy, the radiant energy received by the

total radiation thermometer is reduced, resulting in errors

caused by low indications. Under normal conditions, the

energy absorbed by the air is very small. However, it will

increase with the increase of the water vapor and CO2

content in the air. To reduce this error, the distance

between the measured object and the total radiation ther-

mometer should preferably not exceed 2 m.

3.2.5. Multi-wavelength Thermometer

It should be pointed out that the abovementioned spectral

radiation thermometer (including broadband radiation

thermometer), ratio radiation thermometer, and total radi-

ation thermometer do not measure the actual temperature

of the object, but are the brightness temperature, color

temperature, and radiation temperature, respectively. To

determine the true temperature of the object, the emissivity

must be calibrated. The emissivity of an object is often

related to different factors such as the material, tempera-

ture, radiation wavelength, and surface state of the object,

which inevitably brought difficulties to the correction. The

multi-wavelength thermometer is a continuation of this

idea of which ratio radiation thermometer operated. A

multi-wavelength thermometer measured infrared energy

at three or more wavelengths and determined the object’s

temperature based on the specific algorithm which is

designed specifically for this occasion. On this occasion, it

is commonly regarded that the determination of the

changeable emissivity could be resolved by describing the

emissivity as the function of multiple wavelengths

[5, 28, 33].

The complexity of the thermometers and the tempera-

ture transformed algorithms changed according to the

actual deployment need. This kind of thermometer is

always adopted for materials, and applications where

traditional broadband or ratio thermometers are inapplica-

ble. The output signal S of the n channel from a multi-

wavelength thermometer can be expressed as Eq. (6).

Si ¼
Kieðki; TÞcik�5

exp c2

ki
� 1

� � ð6Þ

where Ki is the geometric factor of the i channel, which is

related to the spectral response of the detector and the

optical transmittance of the optical device. It can be

obtained by calibration.

There are n equations in total and n ? 1 variables, so the

equations cannot be solved directly. An extra function of

emissivity and wavelength is needed to form a certain

relationship with the wavelength, so that the number of

variables in the system of equations is less than or equal to

n and then the true temperature and spectral emissivity of

the target could be calculated by solving the equations.

Typically, this additional equation is based on the proper-

ties of the designed multi-wavelength radiometer, and how

to construct this equation is the focus of the study of multi-

wavelength thermometry. In 1981, Barker et al. firstly

created a six-wavelength thermometer [63], of which the

working wavelength was from 0.75 to 1.6 lm with a

temperature measurement range of 726.85 to 1326.85 �C.

In 2001, Dai et al. successfully developed an eight-wave-

length thermometer that simultaneously measured the true

temperature of the target and the spectral emissivity. Based

on the emissivity hypothesis model, the true temperature of

the rocket’s plume was detected [64].

The wavelength selection of multi-wavelength ther-

mometers depended on the actual application. Xue et al.

applied a technique in which a multi-wavelength pyrometer

was used to measure a sample temperature with its short

wavelength based on the reflectivity measurement and then

to obtain the normal spectral emissivity at longer wave-

lengths [65]. Wang et al. designed an experimental appa-

ratus to measure the emissivity of a steel surface in both

vacuum and oxidation atmosphere [66]. The surface tem-

perature fluctuation of casting billets was reduced from ±

20.7 to ± 2.8 �C based on multi-wavelength thermome-

try. For the temperature range of 1426.85 to 2726.85 �C,

typical of electrode surfaces in high-power electric

propulsion thrusters, Leonard et al. proposed an east-

squares multi-color pyrometer method and the results

proved that the method could achieve higher accuracy [38].

Multi-wavelength thermometers are more widely used

than total radiation thermometers. Typical applications

include solid rocket motor tail flame temperature mea-

surement, explosive temperature measurement, and smel-

ted metals that require high-temperature accuracy. This

method is currently the most accurate in radiation tem-

perature measurement, but its disadvantage is that the
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physical structure is complex, and the multi-wavelength

true temperature construction algorithm and effective

wavelength calibration algorithm are still quite difficult.

3.3. Selection Principle of Radiation Thermometer

Generally, choosing a radiation thermometer requires

careful consideration. Firstly, the wavelength selection of

the radiation thermometer is perhaps the most important

optimization consideration for radiation measurement

accuracy. Wavelength selection of radiation thermometer

not only significantly impacts the ability to measure

emitted energy from objects through certain intervening

media, such as vapor or smoke, but also dramatically

influences the effect to measure low emissivity targets such

as glass. Besides, each radiation thermometer uses a dif-

ferent wavelength range and has a corresponding optimal

temperature range. Table 1 reveals the effective wave-

length distribution at different temperatures for the spectral

ranges of several classical broadband radiation ther-

mometers [5, 28, 33]. Once used in an application beyond

this range, it will have a more or less impact on the

accuracy of its temperature measurement. For example, the

temperature measurement environment of infrared ther-

mometers used in the medical field is very different from

that of the metallurgical industry.

Secondly, it requires consideration of the distance

between the radiation thermometer and the object to be

measured. Selecting the optimal distance for temperature

measurement will be more conducive to obtaining accurate

temperature data. The determination of this distance should

comprehensively consider the factors affecting the size of

the measured object and the personal safety factors of the

measuring personnel. While measuring the temperature, it

must be ensured that the distance will not damage the

radiation thermometer itself. Finally, attention should be

paid to the influence of the temperature measurement

environment. If the temperature measurement site has large

influencing factors such as dust, the environment needs to

be cleaned up in advance to create a temperature mea-

surement environment without objective interference and

obstruction.

Thirdly, it is necessary to know another key parameter

of the object, namely the emissivity, to calculate the true

temperature of the target. As we all know, the material

emissivity of an object is not only related to the compo-

sition of the object, its surface state, and temperature. It is

easy to change with the surface condition, and it is not easy

to measure online. To measure the true temperature of the

target surface, the most accurate method is to use a ther-

mometer with multiple wavelengths to obtain the rela-

tionship between emissivity and wavelength. A multi-

wavelength thermometer sets a pyrometer as an instrument

with more than two spectral channels. It obtains the true

temperature of the measured target by processing the

brightness temperature information of the measured target

collected at multiple wavelengths, combined with the true

temperature construction method.

Table 1 Effective wavelengths at various radiation temperatures for the spectral ranges of a spectral radiation thermometer at 0.65 mm and

typical industrial band radiation thermometers [28]

Temperature (�C) Wavelength (lm)

From 0.65 to 0.65 From 0.7 to 1.2 From 1.1 to 1.7 From 2.0 to 2.5 From 4.5 to 5.5 From 8.0 to 14.0

- 100 – – – – 5.16 11.43

0 – – – – 5.07 10.71

100 – – – 2.34 5.03 10.36

200 – – 1.57 2.31 5.00 10.16

300 – – 1.57 2.30 4.99 10.04

400 – 1.13 1.55 2.28 4.97 9.95

500 – 1.11 1.53 2.27 4.96 9.89

600 0.65 1.10 1.51 2.26 4.95 9.84

800 0.65 1.08 1.47 2.25 4.94 9.78

1000 0.65 1.05 1.44 2.24 4.94 9.73

1200 0.65 1.03 1.42 2.23 4.93 9.70

1400 0.65 1.01 1.40 2.23 4.93 9.68

1600 0.65 1.00 1.39 2.23 4.93 9.66

1800 0.65 0.98 1.38 2.22 4.92 9.64

2000 0.65 0.97 1.37 2.22 4.92 9.63

2500 0.65 0.94 1.35 2.22 4.92 9.61

3000 0.65 0.92 1.34 2.21 4.91 9.60
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In conclusion, Table 2 lists the various characteristics of

commercially available typical radiation thermometers,

including temperature range, response time, detector

materials, etc.

4. Computer Vision-Based Pyrometers

4.1. General Structure and Characteristics

With the availability of low-cost CCD (charge-coupled

device) colorful sensors and recent advances in digital

image processing techniques, computer vision-based

pyrometers, of which a CCD camera is a core component,

have been developed for temperature measurement in

various industrial fields. As computer vision-based

pyrometers always adopt a CCD as a sensor, they are also

called CCD-based pyrometers for short.

Compared with radiation thermometers, computer

vision-based pyrometers mainly receive visible light

(0.38–0.74 lm) or near-infrared light (0.75–1.1 lm), while

radiation thermometers receive a wider spectrum span,

including infrared light, ultraviolet light, and visible light,

from 0.5 to 40 lm. Currently, the spectral response of

commercial computer vision-based pyrometers can be

extended to 1.1 lm, which can be used to measure tem-

peratures higher than 1000 K. Figure 5 shows a relative

individual spectral response of a CCD sensor for the red

(R), green (G), and blue (B) channels, respectively, taking

into account the infrared filter included in the RETIGA

1300C camera [67].

From the spectral response characteristics and photo-

electric conversion characteristics of the CCD, it can be

known that the output value of the CCD reflects the

brightness and the radiated light chromaticity information

on the surface of the measured target, and the radiated light

information of the object has a specific relationship with
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Fig. 5 Relative spectral response of the ICX085AK CCD sensor for

the red (R), green (G), and blue (B) channels, taking into account the

infrared filter included in the RETIGA 1300C camera
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the object temperature. According to the thermal radiation

theory, the surface temperature field of the radiator could

be calculated from the output of the CCD image informa-

tion. For CCD-based pyrometers, Wien’s Law lay a theo-

retical foundation for CCD temperature measurement.

Since the emissivity is difficult to obtain, to avoid calcu-

lating the emissivity directly, the radiant energy measured

in the R channel and G channel of the CCD sensor is used

to calculate the temperature:

T ¼
c2

1
kg
� 1

kr

� �

ln MR

MG
þ K þ 5 ln kr

kg

ð7Þ

where kr and kg are the wavelengths of the R and G

channels of the CCD sensor, MR and MG are the luminance

response values of R and G channels, and K is the cor-

rection factor related to camera parameters, exposure time,

and emissivity of the object, which can be calibrated

experimentally. Therefore, as a photoelectric conversion

device, it can be used to achieve noncontact temperature

measurement. In addition to the advantages of traditional

radiation temperature measurement, this temperature

measurement method also has the following outstanding

advantages [19]:

(1) The measurement results are less affected by the

emissivity of the measured target and the selective

absorption of various media in the way of radiation.

(2) The measurement results are less affected by the

temperature measurement environment with strong

electromagnetic interference and toxic gases.

(3) The measurement results can give the surface

temperature gradient field of the measured target

and realize the pseudo-color display of the surface

temperature gradient field on a screen.

(4) The measurement results are convenient for long-

distance transmission of measurement data via the

network to realize remote monitoring and data

sharing.

The basic principle of temperature field measurement

with the sensor of a planar CCD is shown in Fig. 6. The

optical system projects the optical radiated information of

the target onto the photosensitive element at the surface of

the CCD to form an optical image. The CCD converts the

optical image on the surface of the photosensitive element

into a proportional electric charge corresponding to the

light intensity under the control of the electronic shutter.

The accumulated electric charge is driven into thermal

images at the output of the CCD. The magnitude of each

discrete voltage signal in the video signal corresponds to

the intensity of the radiation energy achieved by the pho-

tosensitive cell, and the timing of signal output corresponds

to the spatial arrangement order of the position of the CCD

photosensitive cell. The video signal from the CCD output

is then processed by the video acquisition and signal pro-

cessing circuit and then handed over to the computer for

further processing.

4.2. Classification of CCD-Based Pyrometers

The CCD-based temperature measurement technology is

still under research, and there is no unified classification

standard. According to the number of spectra used in CCD-

based pyrometers, this paper classifies CCD-based

pyrometers into three categories: single spectrum, broad-

band spectrum, and multi-spectrum. The structural differ-

ence between those three CCD-based pyrometers remains

in whether to add a beam splitter in front of the CCD-based

pyrometers lens. The difference between them mainly lies

in the device, temperature range, or operating band used for

temperature measurement. The research progress is intro-

duced as follows.

Fig. 6 principal of temperature field measurement with the sensor of a planar CCD

Optical Noninvasive Temperature Measurement of Molten Melts in Metallurgical Process: A Review 803

123



4.2.1. Single-Spectrum CCD-Based Pyrometer

The physical structure of the single-spectrum CCD-based

pyrometers is similar to that of the broadband spectrum

CCD-based pyrometers, except that the neutral attenuation

plate is replaced by a narrow band-pass filter so that the

influence of air absorption can be avoided.

In 1993, Keanini et al. used single-spectrum CCD-based

pyrometers to test and study the time-varying temperature

field on the solution surface, but the result did not turn out

to be ideal [68]. In 2003, Suterer et al. tested a CCD-based

pyrometer to measure a single spectrum emitted from the

surface of an object which was approximately regarded as a

blackbody, and the accuracy was extremely high [69]. By

adding a filter in front of the CCD cameras to improve the

sensitivity of the temperature measurement, Renier et al.

invented a type of strengthened CCD-based pyrometers

which were used in the steel industry [70]. Assuming that

the flame structure was symmetric, Lu et al. tried to apply

the Radon transform theory to rebuild the dimensional

temperature field of the flame image acquired by a single-

spectrum CCD-based pyrometer in the laboratory [71]. An

algorithm for measuring the temperature gradient field of a

monochrome image based on a reference point was pro-

posed by Zhou et al. [72]. This method was adopted to

calibrate the magnitude of the CCD output signal to the

corresponding point temperature, which was measured by

thermometers. Although this method was relatively simple,

the specific position of the reference point was difficult to

determine, which makes it difficult to apply in actual

measurement.

4.2.2. Broadband Spectrum CCD-Based Pyrometer

Similar to single-spectrum CCD-based pyrometers, broad-

band spectrum CCD-based pyrometers also used com-

mercial CCDs to perform multi-point calibration between

temperature ranges and a certain set of optical parameters

with a blackbody furnace. The broadband spectrum CCD-

based pyrometers do not need to be spectroscopic, as long

as a neutral attenuation plate or filter is installed on the

optical lens of CCD cameras. Then they are calibrated by a

standard source so that measurement of high temperature

can be achieved.

As early as 1985, the HACCS-3000 system invented by

Hitachi was designed to obtain the flame temperature dis-

tribution information with the use of flame image recog-

nition technology. In 1990, Shimoda et al. deployed

broadband spectrum CCD-based cameras which had a flat

sensitivity in wavelengths from 400 to 1000 nm on the

175 MW unit of Sendai Power Station [73]. Assumed that

the target under test had blackbody characteristics, Rank

et al. (2005) developed a general broadband spectrum

pyrometer with an effective wavelength range from 0.4 to

0.9 lm using ordinary commercial CCDs. In 2017, Zhang

et al. established a radiation temperature measurement

model for a narrow band-pass spectrum CCD-based

pyrometer system, and the nonuniformity and photometric

distortion caused by CCD arrays in the optical system were

analyzed in detail and compensated [18].

4.2.3. Multi-spectrum CCD-Based Pyrometer

The multi-spectral CCD-based pyrometer was invented to

overcome the impact of target emissivity on the tempera-

ture measurement results. Two or more spectra are used to

collect two or more single-spectral images, and then these

images are processed by algorithms to obtain the target true

temperature field temperature distribution. Many

researchers are committed to the development of multi-

spectral image temperature measurement technology and

have proposed various solutions. In conclusion, the existing

multi-spectrum CCD-based pyrometers are based on either

multiple single-spectrum CCD cameras (including colorful

cameras) or multiple filters.

Paul et al. developed an advanced three-color pyrometer

that depended on plenoptic imaging technology [74]. Three

band-pass filters set before a CCD camera lens allowed

separate 2D images to be obtained on a single image sensor

at three different and adjustable wavelengths. Images were

obtained of different blackbody or gray-body targets and

results proved that the instrument could measure temper-

ature with accuracy and precision of 10 K between 826.85

and 1076.85 �C. Meriaudeau et al. built a multi-spectral

temperature measurement system based on dual CCDs and

narrow band-pass filters to measure the temperature field

distribution on metal surfaces in 2007 [70]. The middle

wavelengths of the two filters were 750 and 950 nm,

respectively. Cheng et al. proposed a method for measuring

the temperature of the three primary colors. The principle

combined the blackbody radiation Planck’s law and the

three primary color theories of human eye color perception

in colorimetry and used the color matching curve of the

human eye to finally establish an equation set between the

radiation energy and the output data.

Since a color CCD and its built-in mosaic filter could

easily obtain the brightness information of triple primary

colors, such as R, G, and B, without the need for an

additional spectroscopic system, a color CCD-based

pyrometer had attracted much attention. In 2008, Lu et al.

announced a three-color temperature measurement algo-

rithm based on a color CCD camera [75, 76]. The results

showed that the flame temperature measured by this

instrument was consistent with the temperature measured

by the thermocouple. A temperature measurement

[11, 48, 49] and compensation methods are proposed by
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Jiang et al. based on computer vision. Industrial experi-

ments and applications demonstrated the proposed method,

and the infrared computer vision system could realize the

continuous accurate measurement of the molten iron tem-

perature at the tap hole and provide reliable temperature

data for operators.

4.3. Applications of Computer Vision-Based

Pyrometers

The current CCD-based image temperature measurement

technology has attracted extensive attention from experts

and scholars due to its advantages, such as noncontact

temperature measurement, rapid response, low cost, high

resolution, real-time monitoring of the full temperature

field, and convenient digitization and image processing.

However, most of the research is limited to laboratory

research using commercial monochrome or multi-color

image cameras, and there are few specialized CCD-based

measuring instrument products. The main reasons are as

follows:

(1) The core component of a computer vision-based

pyrometer is a CCD camera, originally designed to

meet the general public’s needs for recording video.

Its temperature measurement range is narrow, and it is

difficult to meet the needs of large-span temperature

field measurement [19, 77].

(2) Due to the inevitable distortion and vignetting of the

optical lens, and the inconsistency of the intensity

response between the CCD pixels, the CCD camera

will produce inconsistencies in-plane accuracy when

used for temperature measurement. Especially when

the field of view angle is large, the measurement

results of the average temperature field of different

pixels will produce large differences [78–82].

(3) Existed computer vision-based pyrometers are cali-

brated at a fixed distance and optical parameters. In

many cases of the actual industrial situation, the

distance from the measured target to the temperature

measurement system is inconsistent with the calibra-

tion distance, and it requires parameters such as

aperture and focal length to be appropriately adjusted

again. Sometimes small changes in these geometric

and optical parameters will cause large measurement

errors [83–87].

(4) Although a CCD-based pyrometer has a simple

structure and low cost, the dynamic range of pixels

corresponding to each wavelength cannot be fully

utilized at the same time. Only one wavelength

corresponding to the dynamic range of pixels can be

sufficiently used [88–93].

(5) Existed image-based cameras cannot embed user

programs inside and can only output their video to a

computer for algorithm processing, which greatly

limits the performance of the temperature measure-

ment device [93–97].

(6) The existed CCD image temperature measuring

device cannot eliminate the dark current noise well,

so the measurement accuracy of the low-temperature

section is much lower than that of the high-temper-

ature section [97–101].

5. Conclusion

5.1. Comparison Between Optical Noninvasive

Temperature Measurement

Optical temperature measurement technology can be

mainly divided into two categories according to the

working principle, which are radiation thermometers and

computer vision-based pyrometers. Most of the details

have been illustrated above. Here a parallel comparison

among them was performed, focusing on their parameter

differences (Table 3).

5.2. Discussion on Measurement Uncertainty

The uncertainty remains existing in both optical noninva-

sive temperature measurements, but each comes from dif-

ferent sources. As for radiation thermometers, the

emissivity of material surface and the absorption of trans-

mission media are always the main problems needed to be

solved. Those problems could be partly solved by using

ratio radiation thermometers or multi-wavelength ther-

mometers. In particular, atmospheric absorption could be

minimized or even eliminated by the optimization of

wavelength selection. When it comes to computer vision-

based pyrometers, the target temperature mainly depends

on the intensity of its luminous brightness captured by the

CCD sensor. The uncertainty mainly comes from the res-

olution capability of the CCD sensor and the causal rela-

tionship between the temperature of the target and its

brightness. Therefore, choosing a CCD sensor with high

sensitivity is beneficial to reduce measurement errors.

6. Current and Future Developments

With no doubt, there are more and more researches and

applications of optical temperature measurement technol-

ogy. Generally speaking, radiation thermometers would be
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used more widely in metals, molten glass, ceramics,

semiconductors, etc.

Among them, the multi-wavelength thermometer is

theoretically the most accurate in this article. It solves the

problem of the emissivity model in the ratio method while

retaining some of its advantages of that. Thereby, it is

widely used on many occasions. However, the multi-

wavelength temperature measurement method still has

shortcomings. First of all, the emissivity function obtained

by fitting may not be consistent with the actual situation.

There are many unavoidable factors, such as whether the

emissivity function model conforms to the actual situation,

the size of the measurement error, and the fitting method.

Due to the complexity of the fitting process, the error result

is not easy to estimate. Researchers found that within a

certain wavelength range, increasing the number of

wavelengths will increase the error of fitting temperature.

When the assumed emissivity model does not match the

actual one, the fitting temperature error will also increase

with the increase in the number of wavelengths. Besides,

complex spectroscopy and detection systems increase the

technical difficulty, uncertainty, and cost of temperature

measurement, which limits the application of the multi-

wavelength method. Moreover, limited by the working

principle, most of the current radiation temperature mea-

surement methods, except for the CCD-based radiation

imagers to obtain two-dimensional radiation fields, are still

limited to point measurements. The three-dimensional

temperature field cannot be directly measured because no

radiation thermometer can measure the three-dimensional

radiation field. At present, the three-dimensional radiation

field can only be reconstructed from multiple sets of two-

dimensional radiation measurement results, and then the

three-dimensional temperature field can be obtained from

the three-dimensional radiation field. At present, the most

researched is computed tomography based on various

optical principles.

With the continuous development of computer and

electronic technology, the monitoring method of high-

temperature field based on a CCD-based pyrometer has

attracted wide attention. This method has the advantages of

noncontact measurement, rapid response, low cost, high

resolution, real-time monitoring of the entire temperature

field, and high-speed image processing. However, the

spectral response of the CCD sensor itself is difficult to

establish a strict mathematical model with the temperature

of the target, and the measurement accuracy of the CCD-

based pyrometer is relatively low, which is the main reason

limits the popularization of CCD-based measurement

technology. In addition, the CCD camera’s exposure time,

focal length, aperture, gain, brightness, etc., all have a great

influence on imaging. Different application scenarios even

use the same CCD-based pyrometer may cause huge dif-

ferences in measurement results. Although the above facts

determine that a CCD-based pyrometer can only be used

specifically for applications, it can be used as a proprietary

three-dimensional temperature field temperature measuring

instrument and still plays an important and irreplaceable

role. For example, the ‘‘HIACS-MULTI’’ system devel-

oped by Hitachi Research Institute in Japan for monitoring

the flame temperature field of power plants uses CCD

optical image sensors to identify furnace flames. It is worth

noting that the rapid development of artificial intelligence

technology in recent years has a good ability to classify and

recognize images. Especially for the high-temperature melt

in the metallurgical process, because the accuracy of

measuring temperature is not high, but it may be necessary

to measure the temperature of two-dimensional or even

three-dimensional temperature field, the new temperature

measurement technology combining CCD-based pyrometer

and AI is suitable for this kind of occasions. In addition,

Table 3 Parallel comparison between radiation thermometers and computer vision-based pyrometers

Radiation thermometers Computer vision-based pyrometers

Target requirements Higher than absolute zero Hot enough and causes a glow

Spectral range/(lm) Mainly from 0.65–14 Mainly from 0.5–40

Measurement upper

limit/(K)

Almost unlimited Reached 3000K in literature

Temperature range Mainly from - 100 to 3000 �C Determined by CCD sensors

Temperature resolution ± 0.1 K was easily achieved 10 K achieved in the lab

Measurement precision 0.1 K or more accurate Determined by CCD sensors

Measurement accuracy High Relative low

Response speed Instant Instant

Measurement field Point Plane

Typical applications Industrial temperature measurement, such as molten metal,

graphite, etc.

Mainly still in the research stage, commercial products

were rare
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some dynamic feature extraction algorithms in artificial

intelligence show great applicability to flame features

accompanied by melts. Computer vision-based pyrometers

have gained more interest from researchers due to their low

cost and simple structure, and they are expected to be

commercially available.
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