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Thickness of tundish cover flux (TCF) plays an important role in continuous casting (CC) steelmaking process. Traditional
measurement method of TCF thickness is single/double wire methods, which have several problems such as personal security,
easily affected by operators, and poor repeatability. To solve all these problems, in this paper, we specifically designed and built
an instrumentation and presented a novel method to measure the TCF thickness. The instrumentation was composed of a
measurement bar, amechanical device, a high-definition industrial camera, a Siemens S7-200 programmable logic controller (PLC),
and a computer. Our measurement method was based on the computer vision algorithms, including image denoising method,
monocular rangemeasurementmethod, scale invariant feature transform (SIFT), and image gray gradient detectionmethod. Using
the present instrumentation and method, images in the CC tundish can be collected by camera and transferred to computer to do
imaging processing. Experiments showed that our instrumentation and method worked well at scene of steel plants, can accurately
measure the thickness of TCF, and overcome the disadvantages of traditional measurementmethods, or even replace the traditional
ones.

1. Introduction

As the development of high-speed casting, tundish cover flux
(TCF) is becoming the key material for continuous casting
process, which has more and more important and irreplace-
able roles on the quality of steel billet. The main functions
of TCF are as follows: isolate the steel surface to prevent
freezing, protect the steel surface from oxidation, absorb
inclusions that are transported to the surface, maintain a low
friction between steel shell andmold by lubrication, create an
optimum heat transfer from steel to mold, and so on [1–4].

The melting point of TCF (about 1000∼1150∘C) is lower
than the temperature of molten steel (about 1500∘C). And the
TCF is divided into threemain parts according to the physical
form, namely, liquid slag layer, sintered layer, and powder slag
layer (shown in Figure 1). TCF is added on the top of the
molten steel in the continuous casting mold, which partially
melts and forms a liquid slag layer (about 6∼15mm) above the
molten steel. The liquid slag layer can partly prevent the heat

of molten steel from transferring; therefore, above the liquid
slag layer, temperature drops, which forms a sintered layer
(about 600∼900∘C). Above the sintered layer, more heat is
prevented; therefore, the TCF can keep its original pulverous
characteristic to form a powder slag layer. The powder slag
layer covers the molten steel surface evenly to prevent heat
radiation and isolate oxygen.

In the continuous casting steelmaking process, due to
crystallizer vibration and solidified shell movement, the
liquid slag layer may slowly get into the gap between the shell
and the copper wall of crystallizer. Therefore, along with the
casting process, the liquid slag layer is constantly consumed
by the molten steel and gets supplement from the sintered
layer. Similarly, the sintered layer is constantly transformed
into liquid slag layer and gets supplement from the powder
slag layer. And the operator keeps an eye on the powder
slag layer and adds new TCF into CC tundish as necessary.
The thickness of TCF has a great effect on the continuous
casting steelmaking process; if the TCF is too thin, the steel
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Figure 1: Schematic diagram of TCF three main components in the
CC tundish, which are powder slag layer, sintered layer, and liquid
slag layer.

will become carburized, unmelted slag patches will occur as
surface defects, and worse of all the result can be a breakout
because of too high friction between steel shell and mould.
On the contrary, if the TCF is too thick, crystallized rim will
emerge at the meniscus which will disturb the solidification
process and cause surface defects on the steel.Therefore, TCF
thickness is an essential parameter to guarantee the quality of
strand surface and can provide important information for the
operators to keep track of the status in the CC tundish.

Nowadays, in continuous casting steelmaking process,
the most common used measurement methods for TCF
thickness are single-wire measurement method and double-
wire measurement method, because these two methods
are cheap and easily operated. In single-wire measurement
method, one iron wire is vertically inserted into the molten
steel, and kept steady for 3∼5 seconds. Then pull it out
and measure the TCF thickness based on the length of
color change and slag-adhering part (shown in Figure 2).
In double-wire measurement method, one iron wire and
one copper wire, which have the same length, are parallel
and firmly tied together, then vertically inserted into the
molten steel, and kept steady for 3∼5 seconds. Melting
point of the iron wire is higher than the temperature of
liquid slag layer and lower than the temperature of the
molten steel, therefore, the iron wire below the liquid slag
layer is melted. Melting point of the copper wire is higher
than the temperature of sintered layer and lower than the
temperature of liquid slag layer; therefore, the copper wire
below the sintered layer is melted. The whole thickness of
TCF can be calculated based on the length of the color
change and slag-adhering part on the iron wire. Compared
with the singe-wire measurement method, the double-wire
measurement method can specifically measure the thickness
of the liquid slag layer using the length of the remaining iron
wire minus the length of the remaining copper wire (shown
in Figure 3). Although the single-wire measurement method
and the double-wire measurement method are widely used
in continuous casting steelmaking process, they both have
insurmountable and severe shortcomings: (1) operators need
to stand on the tundish to hold the wires, which means

Iron wire

 Color change 
and slage which 
  adheres to the 
   iron wire

  Melted by 
molten steel

Metre rule

Figure 2: Single-wire measurement method of TCF thickness. TCF
thickness can be measured by the length of color change and slag-
adhering part on the iron wire.
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Figure 3: Double-wiremeasurementmethod of TCF thickness.The
whole thickness of the TCF can be measured by the length of the
color change and slag-adhering part on the iron wire. The thickness
of the liquid slag layer can be measured by the length difference of
two wires.

lethal danger to operators; (2) the detection results are easily
influenced by the operators, such as hand trembling or not
vertically holding the wires; (3) poor repeatability. All these
shortcomings make these two TCF thickness measurement
methods inaccurate and dangerous.

In this paper, a novel TCF thickness measurement
method and instrumentation are proposed. We use a high-
definition industrial camera to collect the image informa-
tion in the CC tundish, which is fastened to a custom-
designed mechanical device. The thickness of TCF is cal-
culated based on the computer vision algorithms, includ-
ing image denoise method, monocular range measurement
method, scale invariant feature transform (SIFT), and image
gray gradient detection method. Our measurement method
is noncontact measurement, full automatic working, good
repetitiveness, and absolutely safe.
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Figure 4: Schematic diagram of the continuous temperature meas-
urement systembased on the blackbody radiation theorem. (1)Tem-
perature sensor, (2) optical lens, (3) internal tube, (4) external tube,
(5) molten steel, (6) tundish, (7) bracket, (8) single-chip micyoco
(SCM), (9) signal processor, and (10) display for temperature.

2. Method

The TCF thickness measurement method and instrumenta-
tion are an extension of a previous work from our group [5–
21], which is continuous temperature measurement method
and sensor formolten steel inCC tundish based on blackbody
chamber theorem. We briefly recall it in order to make the
following sections more clearly.

Theoretical principle of continuous temperature mea-
surement method is blackbody radiation theorem:

𝐸

𝑏
= (𝜆, 𝑇

𝐿
) = 𝜀

𝑇

(𝜆, 𝑇) ⋅ 𝐸

𝑏
(𝑇

0
, 𝜆) . (1)

𝐸

𝑏
represented the spectral radiosity of blackbody chamber,

𝜀

𝑇 represented the spectral emissivity of blackbody chamber,
𝑇

𝐿
represented the brightness temperature of blackbody

chamber, and 𝑇 represented the actual temperature of black-
body chamber.

Based on this theorem, we specifically made a measure-
ment bar and used it as a temperature sensor, which was
inserted into the molten steel to measure the temperature of
molten steel. The measurement bar was the core component
of the system, which was composed of external tube and
internal tube. The external tube was heat resistant, shock
resistant, and anti corrosion and had good heat conduction,
which can offer protection for the internal tube. The inter-
nal tube was made of certain translucent medium, which
had steady radiation characteristic and specular/diffusion
reflection characteristic. Heat radiation in the measurement
bar was transformed into electrical signal by a photoelectric
transducer. And the electrical signal can be used to calculate
the temperature of the molten steel based on the blackbody
radiation theorem.The schematic diagram of the system was
shown in Figure 4.
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Figure 5: Schematic diagram ofmeasurement bar, which is inserted
into the molten steel.

More details about the continuous temperature method
and sensor for molten steel in CC tundish can be referenced
from [5–13].

2.1.Theory. Themeasurement bar is also the core component
of TCF thickness measurement method and instrumenta-
tion. While the measurement bar is inserted into the molten
steel, a high-definition industrial camera is used to collect the
image information in the tundish. Based on computer vision
algorithms, which are elaborated in the Sections 2.3 and 2.4,
TCF thickness is calculated by

𝐿powder = 𝐿 lower − 𝐿upper, (2)

where 𝐿 lower represents the distance from TCF lower surface
to optical center of the camera and 𝐿upper represents the
distance from TCF upper surface to optical center of the
camera (shown in Figure 5).

Molten steel and TCF have different thermal conductivi-
ties; therefore, these two different media have different tem-
peratures, and there is obvious temperature gradient in the
interface layer of these two media. While the measurement
bar is inserted into the molten steel for long enough time
(shown in Figure 5), the measurement bar can be in the state
of thermal balance. And then the measurement bar is pulled
up; the temperature information of molten steel and TCF can
be reflected by the luminance of themeasurement bar (shown
in Figure 6). In Figure 6(a), the brighter zone indicates that
this part of the measurement bar is in the molten steel before
being pulled up, and the darker zone indicates that this part
of the measurement bar is in the TCF before being pulled
up. The arrow indicates the peak value of image gradient
between the brighter zone and the darker zone, which is also
the interface layer between the molten steel and the TCF.
In Figure 6(b), it can be seen that the temperature on the
measurement bar has an intense change, which causes the
peak value of the temperature gradient indicated by the arrow.
These two arrows in both Figures 6(a) and 6(b) actually point
to the same location of the measurement bar, which is the
lower surface of the TCF. Therefore, the distance from TCF
lower surface to optical center of the camera can be calculated
by gray gradient detection in the image, which is elaborated
in Section 2.4.
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Figure 6: The surface condition of the measurement bar, when the measurement bar is pulled up from the molten steel. (a) Luminance
information on the measurement bar, on which obvious image gray scale difference can be seen. (b) Schematic diagram of temperature
distribution and gradient curve on the measurement bar. Horizontal ordinate represents coordinates of the measurement bar, left vertical
ordinate represents the temperature of the measurement bar, and the right vertical ordinate represents the temperature gradient of the
measurement bar.

2.2. Instrumentation. Asmentioned before, themeasurement
bar is inserted into the molten steel; therefore, a specialized
mechanical device is required to hold the measurement
bar, and the camera is also fixed on the mechanical device
(shown in Figure 7). The mechanical device can ascend and
descend under the control of frequency conversion motor,
and the measurement bar can be lifted and lowered with the
movement of the mechanical device. The camera is fixed and
well-secured on the crossbeam of the mechanical device, and
in case of overheating, the camera is cooled down by cool air
through ventilating pipe. With the help of this mechanical
device, the height of the crossbeam, the temperature of the
measurement bar, and images collected by the camera are
transferred to the computer and the programmable logic
controller (PLC, Siemens S7-200). We can use all these
information tomake judgments and calculate TCF thickness.
The main functions of the computer are imaging processing
and displaying the calculation result of TCF thickness. The
main functions of the PLC are controlling the movement of
themechanical device andmaking it accurate and steady.The
schematic diagram of the whole instrumentation system is
shown in Figure 8.

2.3. TCF Upper Surface Distance Measurement. The distance
from TCF upper surface to the optical center of camera
is calculated based on the principle of monocular distance
measurement [22, 23]. Two images 𝐼

1
, 𝐼
2
can be obtained

while the camera is moved from position 𝑃
1
to position 𝑃

2
. In
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Figure 7: Schematic diagram ofmechanical device, which holds the
camera and measurement bar.
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Figure 8: Schematic diagram of the whole instrumentation system,
including computer, Siemens S7-200, mechanical device, camera,
and measurement bar.
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base point, which is in the center of the image, 𝑃 represents one
pixel in the image with coordinate (𝑝
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), x-g-y represents the
rectangular coordinate system,W represents the width of the image,
and H represents the height of the image.

these two images, the same objects have different coordinates
due to the camera movement. According to the coordinate
differences and the movement distance from 𝑃

1
to 𝑃
2
, the

distance from the objects to the optical center of camera can
be calculated. And there are two key steps in the calculation:
(1) the transformation from image coordinates to the world
coordinates; (2) matching the corresponding pixels of the
same objects in two images 𝐼

1
and 𝐼
2
.

2.3.1. Transformation from the Image Coordinates to the
World Coordinates. Suppose that the image coordinates are
defined as (𝑝

𝑥
, 𝑝

𝑦
), and the world coordinates are defined

as (𝑃

𝑥
, 𝑃

𝑦
, 𝑃

𝑧
). We can see that the image coordinates

are two-dimensional and the world coordinates are three-
dimensional; therefore, one of the world coordinates should
be set as constant. The base point of the image coordinate
system is defined as the center of the image (shown in
Figure 9). The base point of the world coordinate system is
defined as the intersection point of TCF upper surface and
the optical axis originated from the camera’s optical center
(shown in Figure 10); therefore, 𝑃

𝑧
≡ 0. The transformation

from image coordinates (𝑝
𝑥
, 𝑝

𝑦
) to the world coordinates

(𝑃

𝑥
, 𝑃

𝑦
, 𝑃

𝑧
) is defined as formula (3), and the details of proof

can be obtained in appendix.
In Figure 10, plane ABU represents TCF upper surface,

ABCD represents the camera’s field of view, point𝑂 represents
the camera’s optical center, line OG represents the camera’s
optical axis, point 𝐺 represents the intersection point of
optical axis and plane ABU, point 𝐺 is also the base point of
theworld coordinate system, point 𝐼 represents the projection
point of optical center 𝑂 on the plane ABU, and the distance
from point𝑂 to point 𝐼 is h.X-G-Y represents the rectangular
coordinate system. 2𝛼

0
represents the camera’s vertical field

angle, 2𝛽
0
represents the camera’s horizontal field angle, and

𝛾

0
represents the camera’s pitch angle. Namely, ∠𝐸𝑂𝐹 = 2𝛼

0
,

line OG equally divides ∠𝐸𝑂𝐹; ∠𝐾𝑂𝐽 = 2𝛽
0
, lineOG equally

divides ∠𝐾𝑂𝐽, ∠𝐺𝑂𝐼 = 𝛾

0
. Point 𝑃 is any point on the

TCF upper surface, and its world coordinate is (𝑃
𝑥
, 𝑃

𝑦
) in

the rectangular coordinate systemX-G-Y. FrompointP, draw
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Figure 10: Schematic diagram of world coordinate system.

perpendicular line on the axis𝐺𝑌, and the perpendicular foot
is pointQ; therefore, 𝑃

𝑦
= 𝐺𝑄. Connect point 𝑃 and pointU,

and line PU intersects axis GX at point L; therefore, 𝑃
𝑥
= 𝐺𝐿.

Connect point 𝐿 and optical center O, and the intersection
angle of line OL and optical axis is 𝛽. Connect point 𝑄 and
optical center O, and the intersection angle of line OQ and
optical axis is 𝛼:

𝛼 = arc𝑡𝑔
2𝑝

𝑦
× 𝑡𝑔𝛼

0

𝐻

,

𝛽 = arc𝑡𝑔
2𝑝

𝑥
× 𝑡𝑔𝛽

0

𝑊

,

𝑃

𝑥
=

ℎ

cos 𝛾
0

× 𝑡𝑔𝛽

× (1+

(𝑡𝑔 (𝛾

0
+ 𝛼) − 𝑡𝑔𝛾

0
)×(cos (𝛾

0
− 𝛼

0
) − cos 𝛾

0
)

(𝑡𝑔𝛾

0
− 𝑡𝑔 (𝛾

0
− 𝛼

0
))×cos (𝛾

0
− 𝛼

0
)

) ,

𝑃

𝑦
= ℎ (𝑡𝑔 (𝛾

0
+ 𝛼) − 𝑡𝑔𝛾

0
) ,

𝑃

𝑧
= 0.

(3)

H represents the height of the image,W represents the width
of the image, h represents the vertical distance from camera’s
optical center to the TCF upper surface, 2𝛼

0
represents

the camera’s vertical field angle, 2𝛽
0
represents the camera’s

horizontal field angle, and 𝛾
0
represents the camera’s pitch

angle.
Based on formula (3), the world coordinates of any point

on the TCF upper surface can be calculated, and the only
unknown parameter is h, which is the distance from the TCF
upper surface to the camera’s optical center. By moving the
camera vertically from ℎ

1
to ℎ
2
(ℎ

2
> ℎ

1
), although ℎ

1
and

ℎ

2
are unknown, Δℎ = ℎ

1
− ℎ

2
can be obtained (shown in

Figure 11). Suppose that the same object on the TCF upper
surface has one world coordinate 𝑃

1
(𝑎, 𝑏) before movement
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1

to ℎ
2

.
While the camera is moved from ℎ

1

to ℎ
2

, then the camera’s optical
center is moved from 𝑂

1

to 𝑂
2

after movement: therefore, the base
point of world rectangular coordinate system is also moved from𝐺

1

to 𝐺
2

.

and another world coordinate𝑃
2
(𝑐, 𝑑) aftermovement.While

the camera is moved from ℎ

1
to ℎ
2
, then the camera’s optical

center is moved from 𝑂

1
to 𝑂
2
after movement; therefore,

the base point of world rectangular coordinate system is also
moved from 𝐺

1
to 𝐺
2
. Because the movement of camera is

vertical, two world rectangular coordinate systems have the
same 𝑦-axis and different 𝑥-axis; therefore,𝑃

1
and𝑃
2
have the

same horizontal coordinates in the world coordinate system,
namely, 𝑎 = 𝑐. Therefore, the distance from TCF upper
surface to camera optical center can be calculated by formula
(4):

ℎ

1

cos 𝛾
0

× 𝑡𝑔𝛽

1
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(𝑡𝑔 (𝛾
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𝑊

.

(4)

2.3.2. Matching the Corresponding Pixels of the Same Objects
in Two Images. SIFT based image registration method is
used to match the corresponding pixels of the same objects

in two images. SIFT was published by Lowe in 1999 [24]
and improved in 2004 [25], which was used to detect and
describe local image features. SIFT is an excellent feature
descriptor, because it is invariant to uniform scaling, orien-
tation, and partially invariant to affine distortion and illu-
mination changes. SIFT’s application includes object recog-
nition, robotic mapping and navigation, image stitching, 3D
modeling, gesture recognition, video tracking, individual
identification of wildlife, and match moving.

Scale space is a formal theory for handling image struc-
tures at different scales fromphysical and biological vision, by
representing an image as a one-parameter family of smoothed
images. The main type of scale-space is the linear (Gaussian)
scale-space, which can be defined by

𝐿 (𝑥, 𝑦, 𝜎) = 𝐺 (𝑥, 𝑦, 𝜎) ∗ 𝐼 (𝑥, 𝑦) . (5)

𝐼(𝑥, 𝑦) represents one image, ∗ represents convolution, and
𝐺(𝑥, 𝑦, 𝜎) represents Gaussian filter function:

𝐺 (𝑥, 𝑦, 𝜎) =

(1/2𝜋𝜎

2

) 𝑒

−(𝑥

2
+𝑦

2
)

2𝜎

2

.

(6)

(𝑥, 𝑦) represents image coordinates, and 𝜎 represents scale
level.Therefore, difference of Gaussian (DoG) scale space can
be defined as

𝐷(𝑥, 𝑦, 𝜎) = (𝐺 (𝑥, 𝑦, 𝑘𝜎) − 𝐺 (𝑥, 𝑦, 𝜎)) ∗ 𝐼 (𝑥, 𝑦)

= 𝐿 (𝑥, 𝑦, 𝑘𝜎) − 𝐿 (𝑥, 𝑦, 𝜎) .

(7)

Once DoG images have been obtained, keypoints are
identified as local minima/maxima of the DoG images across
scales. This is done by comparing each pixel in the DoG
images to its eight neighbors at the same scale and nine
corresponding neighboring pixels in each of the neighboring
scales. If the pixel value is the maximum orminimum among
all compared pixels, it is selected as a candidate keypoint.

Scale-space extreme detection produces too many key-
point candidates, some of which are unstable. The next step
in the algorithm is to perform a detailed fit to the nearby data
for accurate location, scale, and ratio of principal curvatures.
This information allows points to be rejected that have low
contrast (and are therefore sensitive to noise) or are poorly
localized along an edge.

The interpolation of keypoints is done using the quadrat-
ic Taylor expansion of the DoG scale-space function:

𝐷 (𝑋) = 𝐷 +

𝜕𝐷

𝑇

𝜕𝑋

𝑋 +

1

2

𝑋

𝑇
𝜕

2

𝐷

𝜕𝑋

2

𝑋.
(8)

Then, the location of the extreme ̂𝑋 is determined by
taking the derivative of this function with respect to 𝑋 and
setting it to zero:

̂

𝑋 = −

𝜕

2

𝐷

−1

𝜕𝑋

2

𝜕𝐷

𝜕𝑋

,

𝐷 (

̂

𝑋) = 𝐷 +

1

2

𝜕𝐷

𝑇

𝜕𝑋

̂

𝑋.

(9)
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TheDoG functionwill have strong responses along edges,
even if the candidate keypoint is not robust to small amounts
of noise. Therefore, in order to increase stability, the Hessian
matrix is used to eliminate the keypoints that have poorly
determined locations but have high edge responses:

𝐻 = [

𝐷

𝑥𝑥
𝐷

𝑥𝑦

𝐷

𝑥𝑦
𝐷

𝑦𝑦

] ,

Tr (𝐻) = 𝐷
𝑥𝑥
+ 𝐷

𝑦𝑦
= 𝛼 + 𝛽,

Det (𝐻) = 𝐷
𝑥𝑥
𝐷

𝑦𝑦
− (𝐷

𝑥𝑦
)

2

= 𝛼𝛽.

(10)

𝛼 represents bigger eigenvalue, and 𝛽 represents smaller
eigenvalue. Suppose that 𝛼 = 𝑟𝛽. We can get

𝑅 =

Tr (𝐻)2

Det (𝐻)
=

(𝛼 + 𝛽)

2

𝛼𝛽

=

(𝑟𝛽 + 𝛽)

2

𝑟𝛽

2

=

(𝑟 + 1)

2

𝑟

.
(11)

It follows that, for some threshold eigenvalue ratio 𝑟th, if
𝑅 for a candidate keypoint is larger than (𝑟th + 1)

2

/𝑟th, that
keypoint is poorly localized and hence rejected.

Each keypoint is assigned one or more orientations based
on local image gradient directions. This is the key step in
achieving invariance to rotation as the keypoint descriptor
can be represented relative to this orientation and therefore
achieve invariance to image rotation:

𝑚(𝑥, 𝑦)=
√
(𝐿 (𝑥+1, 𝑦)−𝐿 (𝑥 − 1, 𝑦))

2

+(𝐿 (𝑥, 𝑦 + 1)−𝐿 (𝑥, 𝑦 − 1))

2

𝜃 (𝑥, 𝑦) = tan−1 (
𝐿 (𝑥, 𝑦 + 1) − 𝐿 (𝑥, 𝑦 − 1)

𝐿 (𝑥 + 1, 𝑦) − 𝐿 (𝑥 − 1, 𝑦)

)

(12)

𝑚(𝑥, 𝑦) represents the gradient magnitude, and 𝜃(𝑥, 𝑦) rep-
resents the orientation.

A set of orientation histograms are created on 4 × 4

pixel neighborhoods with 8 bins each. These histograms are
computed frommagnitude and orientation values of samples
in a 16 × 16 region around the keypoint such that each
histogram contains samples from a 4 × 4 subregion of the
original neighborhood region. The magnitudes are further
weighted by a Gaussian function with 𝜎 equal to one half the
width of the descriptor window.The descriptor then becomes
a vector of all the values of these histograms. Since there are
4 × 4 = 16 histograms each with 8 bins, the vector has 128
elements. This vector is then normalized to unit length in
order to enhance invariance to affine changes in illumination.

The SIFT feature descriptors extracted from two images
𝐼

1
, 𝐼
2
while the camera is moved from position 𝑃

1
to position

𝑃

2
are shown in Figure 12.

2.4. TCF Lower Surface Distance Measurement. While the
measurement bar is pulled out, due to the temperature
difference, there is temperature gradient on themeasurement
bar. And the temperature gradient is reflected as gray gradient
in the image (shown in Figure 6). Therefore, the distance
from TCF lower surface to the camera optical center is
calculated based on gray gradient detection in the image.

The measurement bar and the camera are both fixed in
themechanical device, so they are in the relatively static state.
Therefore, in the image, pixels in the middle line of mea-
surement bar have constant distance to the camera optical
center. Suppose that (𝐿

𝑥
, 𝐿

𝑦
) represents pixel coordinate and

𝑑 represents the pixel’s distance to camera optical center. The
function {𝑓 : 𝐿

𝑦
→ 𝑑} can be obtained (shown in Figure 13).

There is a pitch angle between camera optical axis and
the middle line of the measurement bar (21.5∘ in this paper);
therefore, pixels in the middle line of the measurement bar
have different spatial resolutions (mm/pixel), and the bigger
the vertical coordinate is, the higher the spatial resolution
is. Suppose that (𝐿

𝑥
, 𝐿

𝑦
) represents pixel coordinate, and sr

represents the pixel’s spatial resolution, the function {𝑔 :

𝐿

𝑦
→ 𝑠𝑟} can be obtained (shown in Figure 14).
In the continuous casting steelmaking process, the range

of the TCF thickness is 5mm∼50mm. Given the prior
knowledge, the functions 𝑓 and g, and the distance from the
TCF upper surface to the optical center, the image region
of interest (ROI) on the measurement bar can be obtained.
And in the ROI, the Gaussian-Laplace operator is used to
detect the gray gradient (shown in Figure 15). While the gray
gradient caused by TCF lower surface is detected, distance
from TCF lower surface to camera optical center can be
obtained by using function f.

2.5. Implementation. The steps below outline the procedure
for measuring the thickness of TCF, and the Steps (2)–(7) are
circularly implemented every 30 minutes.

(1) Initialization. Prepare the mechanical device, move it to
the specified location, check the status of the movement bar
and the camera, and ensure that they are steadily fixed. Then
control the mechanical device to insert the movement bar in
the molten steel.

(2) Thermal Balance. Keep the movement bar in the molten
steel long enough to make it in the thermal balance (30
minutes in this paper). And save the current position as 𝑝

1

and current image as 𝐼
1
.

(3) Pulling out the Measurement Bar. Control the mechanical
device to pull out the measurement bar, and save the current
position as 𝑝

2
and current image as 𝐼

2
.

(4) Distance Calculation from TCF Upper Surface to Camera
Optical Center.Use formula (4) to calculate the distance from
TCF upper surface to camera optical center, and save it as
𝐿upper.

(5) Distance Calculation from TCF Lower Surface to Camera
Optical Center. Use the Gaussian-Laplace operator to obtain
the image gray gradient caused by TCF lower surface, and use
the function {𝑓 : 𝐿

𝑦
→ 𝑑} to calculate the distance fromTCF

lower surface to camera optical center, and save it as 𝐿 lower.

(6) TCF Thickness Calculation. Use formula (2) to calculate
the TCF thickness.
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(a) (b)

(c)

Figure 12: Schematic diagram of matching the corresponding pixels in two images based on SIFT descriptors, (a) image 𝐼
1

in position 𝑃
1

,
(b) image 𝐼

2

in position 𝑃
2

after the measurement bar is pulled out, and (c) matching the corresponding pixels in two images based on SIFT
descriptors.

(7) End Measurement. Control the mechanical device to
insert the measurement bar in the molten steel, and then
implement Step (2).

3. Experiments and Results

TheTCF thicknessmeasurement instrumentation has alread-
y been installed and applied in four Chinese steel plants,
which are Nanjing Steel Plant located in Jiangsu province
since 2010, Daye Steel Plant located in Hubei province since
2011, Hanzhou Steel Plant located in Zhejiang province since
2011, and Sanming Steel Plant located in Fujian province since
2012.The instrumentation works well in these four worksites,
and Figure 16 shows the working condition at scene.

3.1. Experiment of TCF Upper Surface Distance Measurement.
Wedid this experiment to verify the correctness and accuracy
of the method discussed in Section 2.3. The experiment steps
are as follows

(1) We localized themechanical device in position𝑃
1
and

manually measured the distance from the camera to
the TCF upper surface (700mm in this experiment)
and then saved the image in this position as 𝐼

1
.

(2) We lifted the mechanical device in position 𝑃
2
(𝑃
2
−

𝑃

1
= 50mm in this experiment) and then saved the

image in this position as 𝐼
2
.

(3) We did image registration for images 𝐼
1
and 𝐼
2
based

on SIFT and matched the corresponding pixels in
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Figure 13: Schematic diagram of the relationship between pixels’
vertical coordinates in the middle line of the measurement bar and
its distance to the camera optical center. ∙ represents the sampling
points.

sr
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Figure 14: Schematic diagram of the relationship between pixels’
vertical coordinates in the middle line of the measurement bar and
its spatial resolution. ∙ represents the sampling points.

these two images (226 pixels were matched in this
experiment).

(4) We set the parameters in formula (4). Δℎ represents
lifted distance from 𝑃

1
to 𝑃
2
(50mm in this experi-

ment), 2𝛼
0
represents vertical angle of view (42.6∘ in

this experiment), 2𝛽
0
represents horizontal angle of

view (50∘ in this experiment), 𝛾
0
represents angle of

pitch (21.5∘ in this experiment), and (𝑝
𝑥1

, 𝑝

𝑦
1

) and
(𝑝

𝑥2
, 𝑝

𝑦
2

) represent the coordinates of corresponding
pixels in images 𝐼

1
and 𝐼
2
. Table 1 showed the horizon-

tal and vertical angles of view of several kinds lens,
which had different sizes and focuses.

Table 1: Horizontal and vertical angles of view of several kinds lens,
which have different sizes and focuses.

Focus
(mm)

Horizontal
angle of
view for
1/3 inch

Vertical
angle of
view for
1/3 inch

Horizontal
angle of
view for
1/4 inch

Vertical
angle of
view for
1/4 inch

2.5mm 96.4∘ 86.2∘ 81.9∘ 72.9∘

2.8mm 89.9∘ 79.8∘ 75.6∘ 66.8∘

3.6mm 75.7∘ 66∘ 62.2∘ 54.3∘

4mm 69.9∘ 60.7∘ 57∘ 49.5∘

6mm 50∘ 42.6∘ 39.8∘ 34.2∘

8mm 38.5∘ 32.6∘ 30.4∘ 26∘

12mm 26.2∘ 22.1∘ 20.5∘ 17.5∘

16mm 19.8∘ 16.6∘ 15.4∘ 13.2∘

30mm 10.6∘ 8.9∘ 8.3∘ 7∘

60mm 5.3∘ 4.5∘ 4.1∘ 3.5∘

100mm 3.2∘ 2.7∘ 2.5∘ 2.1∘

200mm 1.6∘ 1.3∘ 1.2∘ 1.1∘

(5) We used formula (4) to calculate the distance from
camera to TCF upper surface and compared the
calculated results with the actual distance (700mm
in this experiment). The calculation and comparison
details were shown in Table 2.

From the comparison shown in Table 2, average deviation
is 1.2mm, and the biggest deviation is 2.2mm; therefore,
we can conclude that the method in Section 2.3 based on
monocular vision and image registration can accurately
calculate the distance from the camera to TCF upper surface.

3.2. Comparison betweenOurMethod and Single/DoubleWire
Methods on TCFThicknessMeasurement. In this experiment,
the results of our method were compared with the traditional
methods, which are single-wire measurement method and
double-wire measurement method. Although single/double
wire measurement methods have several disadvantages, such
as easily affected by the operator, dangerous to the operator,
and poor repeatability, they are still the most common used
and the most accredited methods in continuous casting
steelmaking process. Therefore, we took these two methods
as the golden standard to verify the correctness and accuracy
of our method.

To improve the accuracy of the single/double wire mea-
surement methods and reduce the human interference from
the operators as far as possible, two operators were asked to
join the experiment and strictly obey the following rules: (1)
standing on the secure spot and staying alert; (2) vertically
inserting the wires into themolten steel; (3) keeping the hand
steady while the wires are in the molten steel; (4) keeping
the wires in the molten steel for five seconds; (5) pulling the
wires out of the molten steel as quickly as possible while the
time is up. One operator measured the TCF thickness using
one-wire measurement method, and the other one measured
the TCF thickness using two-wire measurement method.
While our instrumentation measured the TCF thickness,
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(a) (b)

Figure 15: (a) Original image, (b) result of gray gradient detection. Arrows represent the gray gradient caused by TCF lower surface.

(a) (b)

Figure 16: Working condition of our instrumentation at scene, (a) in the idle condition, (b) in the working condition.

both operators simultaneously measured the TCF thickness
using single/double wire measurement methods. In this way,
we can obtain three groups of experimental data at the same
time to make the comparison, one from our method, two
from single/double wire measurement methods.

The main ingredient of the TCF was shown in Table 3.
The operator was asked to add one bag of TCF through each
tundish hole every two hours, and the weight of one bag of
TCF was about 10 kg.

We did this experiment in two steel plants, respectively,
which are Sanming Steel Plant and Nanjing Steel Plant.
The error range that can be accepted by the steel plants is
±5mm. Because the variation of TCF thickness is slow, we
measured the TCF thickness every 30minutes using both our
method and the traditional single/double wire measurement

methods. The experiments took ten hours in Sanming Steel
Plant and nine hours in Nanjing Steel Plant. The measure-
ment results and comparison between our method and the
traditional single/double wire measurement methods were
shown in Table 4 (Sanming Steel Plant) and Table 5 (Nanjing
Steel Plant), and the comparisons were also shown in Figures
17 and 18.

It is shown in Table 4 that in the experiment of Sanming
Steel Plant, the biggest deviation of our method from single-
wire measurementmethod is 5.7mm and themean deviation
of our method from single-wire measurement method is
3.0mm, and in the experiment of Sanming Steel Plant, the
biggest deviation of our method from double-wire mea-
surement method is 6.3mm and the mean deviation of our
method from double-wire measurement method is 2.8mm.
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Table 2: Calculated distance from TCF upper surface to camera
optical center, and the comparison between calculated distance and
actual distance which is manually measured.

Image
coordinates
before
movement

Image
coordinates

after
movement

Calculated
distance
(mm)

Actual
distance
(mm)

Deviation
(mm)

(455, 220) (450, 345) 698.6 700 −1.4
(492, 224) (486, 348) 701.3 700 1.3
(501, 227) (494, 351) 701.5 700 1.5
(520, 251) (513, 374) 701.1 700 1.1
(526, 247) (518, 370) 698.5 700 −1.5
(534, 252) (526, 374) 700.8 700 0.8
(547, 249) (539, 372) 700.0 700 0
(551, 248) (542, 371) 701.8 700 1.8
(330, 277) (335, 402) 700.9 700 0.9
(474, 239) (468, 363) 699.1 700 −0.9
(501, 231) (495, 355) 701.3 700 1.3
(513, 240) (505, 362) 699.0 700 −1
(520, 246) (513, 369) 701.4 700 1.4
(528, 254) (521, 376) 701.8 700 1.8
(529, 260) (522, 382) 702.2 700 2.2
(535, 255) (527, 378) 701.1 700 1.1
(535, 259) (527, 382) 701.0 700 1
(540, 257) (532, 380) 701.1 700 1.1
(513, 240) (505, 362) 698.4 700 −1.6
(501, 225) (494, 349) 700.3 700 0.3

It is shown in Table 5 that in the experiment of Nanjing
Steel Plant, the biggest deviation of our method from single-
wiremeasurementmethod is 6.4mm and themean deviation
of our method from single-wire measurement method is
2.1mm, and in the experiment of Nanjing Steel Plant, the
biggest deviation of our method from double-wire mea-
surement method is 7.6mm and the mean deviation of our
method from double-wire measurement method is 3.0mm.

From Tables 4 and 5, we can conclude that our instru-
mentation andmeasurementmethod can accurately measure
the TCF thickness, and our method has higher measure-
ment precision and even can replace single/double wire
measurement methods in continuous casting steelmaking
process.

It is shown in Figures 17 and 18 that these three groups
of measured results (our method, single-wire measurement
method, and double-wire measurement method) have simi-
lar trend. As time went by, the TCF was melted by the molten
steel on and on; therefore, the TCF thickness became thinner
and thinner until the operator added one more bag of TCF
through the tundish hole.The operator added TCF every two
hours (at 2, 4, 6, and 8 hours in Figures 17 and 18); therefore,
the TCF thickness became much thicker after the TCF was
added.

TC
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Figure 17: Measurement results and comparison between our
method and the traditional single/double wire measurement meth-
ods. All these data were obtained from Sanming Steel Plant. ◻
represents the results of our method, ∙ represents the results of
single-wire measurement method, and △ represents the results of
double-wire measurement method.

4. Conclusion

This paper presents a novel measurement method and in-
strumentation to measure the thickness of TCF in con-
tinuous casting steelmaking process. The method is based
on computer vision algorithms and the instrumentation is
specifically designed and built, which was composed of a
measurement bar, a mechanical device, a high-definition
industrial camera, a PLC, and a computer. Experiments and
results showed that our measurement method and instru-
mentation can accurately measure the thickness of TCF in
continuous casting steelmaking process and had good safety
for operators. Furthermore, our measurement method and
instrumentation can replace traditional single/double wire
measurement methods.

Appendix

Theproof of transformation from image coordinates toworld
coordinates

∵ Point 𝐼 is the joint point of optical

center 𝑂 on the plane 𝐴𝐵𝑈

∴ Line 𝑂𝐼 ⊥ plane 𝐴𝐵𝑈

∴ Plane 𝑂𝐺𝐼 ⊥ plane 𝐴𝐵𝑈

∵ Line 𝐽𝐺 ⊥ line 𝐸𝐹

∴ Line 𝐽𝐺 ⊥ plane 𝑂𝐺𝐼.

(A.1)

Suppose that point 𝑃 is any point on the plane ABCD, whose
world coordinate is (𝑃

𝑥
, 𝑃

𝑦
). And the corresponding point of
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Table 3: Main ingredient of the TCF.

Ingredient SiO2 MnO Al2O3 CaO MgO FeO Fe2O3 P2O5

Content (%) 11.7–15 3.1–4 1–1.6 49–53 3.1–10 11–17 6.9–8 1.7–2

Table 4: Measurement results and comparison between our method and the traditional single/double wire measurement methods. All these
data were obtained from Sanming Steel Plant.

TCF thickness
measured by our
method (mm)

TCF thickness measured
by single-wire

measurement method
from operator no. 1 (mm)

TCF thickness measured
by double-wire

measurement method
from operator no. 2 (mm)

Deviation of our method
from single-wire

measurement method (mm)

Deviation of our method
from double-wire

measurement method (mm)

26.1 23.9 24.8 2.2 1.3
24.8 23.3 23.5 1.5 1.3
20.7 18.8 22.1 1.9 −1.4
30.5 26.1 27.6 4.4 2.9
29.1 24.6 27.6 4.5 1.5
24.9 22.8 26.1 2.1 −1.2
22.8 21.8 24.1 1 −1.3
29.8 25.1 28.3 4.7 1.5
28.6 22.9 27.3 5.7 1.3
25.7 22.5 26.1 3.2 −0.4
20.5 23.6 25.3 −3.1 −4.8
32.9 28.8 30.8 4.1 2.1
29.8 25.3 26.2 4.5 3.6
24.3 21.8 27.5 2.5 −3.2
20.9 18.5 26.5 2.4 −5.6
20.8 23.9 25.8 −3.1 −5
35.1 31.8 28.8 3.3 6.3
31.6 33.4 26.9 −1.8 4.7
29.1 28.4 26.6 0.7 2.5
21.0 24.4 25.8 −3.4 −4.8
Biggest deviation 5.7 6.3
Mean deviation 3.0 2.8

𝑃 in the image is 𝑃, whose image coordinate is (𝑝
𝑥
, 𝑝

𝑦
). As

shown in Figure 7, point𝑃 and point𝑄 have the same vertical
coordinate, which isGQ.Therefore, corresponding point of𝑄
in the image is𝑄, and𝑄𝐺 = 𝑝

𝑦
, which shown in Figure 19:

𝑡𝑔𝛼 =

𝐺



𝑄



𝑂𝐺



=

𝑝

𝑦

𝐺



𝐸



/𝑡𝑔 (∠𝐺



𝑂𝐸



)

=

𝑝

𝑦

(1/2)𝐻/𝑡𝑔𝛼

0

=

2𝑝

𝑦
× 𝑡𝑔𝛼

0

𝐻

(A.2)

∴ 𝛼 = arc𝑡𝑔
2𝑝

𝑦
× 𝑡𝑔𝛼

0

𝐻

.
(A.3)

Similarly,

𝛽 = arc𝑡𝑔
2𝑝

𝑥
× 𝑡𝑔𝛽

0

𝑊

.
(A.4)

𝐻 represents the height of the image:

𝑂𝐺 =

ℎ

cos 𝛾
0

∵ 𝐼𝐺 = ℎ × 𝑡𝑔𝛾

0

𝐼𝑄 = ℎ × 𝑡𝑔 (𝛾

0
+ 𝛼)

∴ 𝐺𝑄 = 𝐼𝑄 − 𝐼𝐺 = ℎ (𝑡𝑔 (𝛾

0
+ 𝛼) − 𝑡𝑔𝛾

0
)

(A.5)

∴ 𝑃

𝑦
= 𝐺𝑄 = 𝐼𝑄 − 𝐼𝐺 = ℎ (𝑡𝑔 (𝛾

0
+ 𝛼) − 𝑡𝑔𝛾

0
) . (A.6)



Mathematical Problems in Engineering 13

Table 5: Measurement results and comparison between our method and the traditional single/double wire measurement methods. All these
data were obtained from the Nanjing Steel Plant.

TCF thickness
measured by our
method (mm)

TCF thickness measured
by single-wire

measurement method
from operator no. 1 (mm)

TCF thickness measured
by double-wire

measurement method
from operator no. 2 (mm)

Deviation of our method
from single-wire

measurement method (mm)

Deviation of our method
from double-wire

measurement method (mm)

33.5 35.8 33.6 −2.3 −0.1
31.0 31.9 30.7 −0.9 0.3
30.0 27.6 29.8 2.4 0.2
37.6 40.3 36.1 −2.7 1.5
35.7 39.5 33.1 −3.8 2.6
31.2 30.0 28.5 1.2 2.7
26.5 29.1 23.8 −2.6 2.7
40.0 40.9 37.6 −0.9 2.4
37.9 31.5 34.8 6.4 3.1
31.0 27.6 29.7 3.4 1.3
21.6 25.9 28.1 −4.3 −6.5
43.8 42.9 38.1 0.9 5.7
38.5 38.7 34.6 −0.2 3.9
28.9 31.6 30.8 −2.7 −1.9
25.3 24.3 28.5 1 −3.2
45.5 45.8 42.5 −0.3 3
40.6 42.6 33.0 −2 7.6
37.1 37.1 32.1 0 5
Biggest deviation 6.4 7.6
Mean deviation 2.1 3.0
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Figure 18: Measurement results and comparison between our
method and the traditional single/double wire measurement meth-
ods. All these data were obtained from Nanjing Steel Plant. ◻
represents the results of our method, ∙ represents the results of
single-wire measurement method, and △ represents the results of
double-wire measurement method.
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Figure 19: Schematic diagram of the corresponding point vertical
coordinate between the world coordinates system and the image
coordinates system. Point 𝑄 has the same vertical coordinate with
the point𝑃 in the planeABCD, and the corresponding point of point
𝑄 in the image is point 𝑄, and 𝑄𝐺 = 𝑝

𝑦

.

From formula (A.6), the vertical coordinate of point 𝑃 in
the world coordinates system can be obtained from the image
coordinate system:
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∵ 𝐼𝐺 = ℎ × 𝑡𝑔𝛾

0

𝐼𝐹 = ℎ × 𝑡𝑔 (𝛾

0
− 𝛼

0
)

∴ 𝐺𝐹 = 𝐼𝐺 − 𝐼𝐹 = ℎ × (𝑡𝑔𝛾

0
− 𝑡𝑔 (𝛾

0
− 𝛼

0
))

∵ 𝑂𝐺 =

ℎ

cos 𝛾
0

𝑂𝐹 =

ℎ

cos (𝛾
0
− 𝛼

0
)

and 𝐹𝐶//𝐺𝐽, 𝐽𝐺 ⊥ plane 𝑂𝐺𝐼

∴ 𝐹𝐶 ⊥ plane 𝑂𝐺𝐼

∴ 𝐺𝐽 = 𝑂𝐺 × 𝑡𝑔𝛽

0
=

ℎ

cos 𝛾
0

× 𝑡𝑔𝛽

0

𝐹𝐶 = 𝑂𝐹 × 𝑡𝑔𝛽

0
=

ℎ

cos (𝛾
0
− 𝛼

0
)

× 𝑡𝑔𝛽

0

∵ Δ𝑈𝐹𝐶 ∽ Δ𝑈𝐺𝐽

∴

𝐹𝐶

𝐺𝐽

=

𝑈𝐹

𝑈𝐺

∴

𝐹𝐶 − 𝐺𝐽

𝐺𝐽

=

𝑈𝐹 − 𝑈𝐺

𝑈𝐺

=

−𝐺𝐹

𝑈𝐺

(A.7)

∴ 𝑈𝐺 =

𝐺𝐽 × 𝐺𝐹

𝐺𝐽 − 𝐹𝐶

=

ℎ [𝑡𝑔𝛾

0
− 𝑡𝑔 (𝛾

0
− 𝛼

0
)] cos (𝛾

0
− 𝛼

0
)

cos (𝛾
0
− 𝛼

0
) − cos 𝛾

0

(A.8)

∴ 𝐺𝐿 = 𝑂𝐺 × 𝑡𝑔𝛽 =

𝑂𝐼

cos 𝛾
0

× 𝑡𝑔𝛽 =

ℎ

cos 𝛾
0

× 𝑡𝑔𝛽 (A.9)

InΔ𝑈𝑃𝑄, 𝐺𝐿
𝑃𝑄

=

𝑈𝐺

𝑈𝑄

∴ 𝑃𝑄 =

𝐺𝐿 (𝑈𝐺 + 𝐺𝑄)

𝑈𝐺

.

(A.10)

GQ, UG, and GL can be obtained by formulas (A.6), (A.8),
and (A.9), respectively.

Thus,

∴ 𝑃

𝑥
= 𝑃𝑄

=

ℎ

cos 𝛾
0

× 𝑡𝑔𝛽

×(1+

(𝑡𝑔 (𝛾

0
+ 𝛼) − 𝑡𝑔𝛾

0
)×(cos (𝛾

0
− 𝛼

0
) − cos 𝛾

0
)

(𝑡𝑔𝛾

0
− 𝑡𝑔 (𝛾

0
− 𝛼

0
))×cos (𝛾

0
− 𝛼

0
)

).

(A.11)

From formula (A.11), the horizontal coordinate of point
𝑃 in the world coordinates system can be obtained from the
image coordinate system.

Therefore, the transformation from the image coordinates
system (𝑝

𝑥
, 𝑝
𝑦
) to the world coordinates system (𝑃

𝑥
, 𝑃
𝑦
) is

𝑃

𝑥
=

ℎ

cos 𝛾
0

× 𝑡𝑔𝛽

×(1 +

(𝑡𝑔 (𝛾

0
+ 𝛼) − 𝑡𝑔𝛾

0
) × (cos (𝛾

0
− 𝛼

0
) − cos 𝛾

0
)

(𝑡𝑔𝛾

0
− 𝑡𝑔 (𝛾

0
− 𝛼

0
)) × cos (𝛾

0
− 𝛼

0
)

) ,

𝑃

𝑦
= ℎ (𝑡𝑔 (𝛾

0
+ 𝛼) − 𝑡𝑔𝛾

0
) ,

𝛼 = arc𝑡𝑔
2𝑝

𝑦
× 𝑡𝑔𝛼

0

𝐻

,

𝛽 = arc𝑡𝑔
2𝑝

𝑥
× 𝑡𝑔𝛽

0

𝑊

.

(A.12)
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