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Monitoring and control algorithms of various technological processes often require
many input signals and other information if ever growing quality requirements are to be
satisfied. Among such signals, in many cases very important one, is the temperature of in-
process objects or moving parts. For example, in paper industry [1], the temperature of
dryers and calandering steel rollers are crucial for controlling of a paper moist-temperature
balance which affects overall process efficiency and final product quality. Moreover,
current state of the art in paper production technology, allowing high speed product output
up to 120 km/h [2], requires effective and reliable control algorithms, design of which be-
comes more and more complicated.

Paper drying and calandering, as the last steps that affect the final product quality, can
be implemented as hot air dryers and steam heated cylinders [3] or as microwaves applica-
tion [4]. However, the idea behind each of them is to sustain stable drying temperature and
moisture profile of the output paper by appropriate control of power and position of heat
sources.

A disparate approach to the problem of the plant heating in paper industry have been
recently discuss��	0�	��"�$'�/#!	1'2czyk and Urbanek on a basis of spinning steel cylinder
(as roller), heated by a set of inductive heaters mounted in fixed positions just above the
cylinder surface [5–8]. It was proven that the temperature of such a cylinder can be con-
trolled by a closed loop system influencing the electrical power of each inductor while the
surface temperature is measured by a set of infrared thermocouples rigidly located along
the axis of the cylinder (Fig. 1a). Authors discuss dynamic properties of heat transfer with
inductive heating, control models and issues of contactless temperature measurement with
emissivity correction algorithms [9] for heterogeneous surfaces. Despite many advantages,
some weak points of the method were also pointed out. The most important drawbacks
result from the static character of both the heat sources (inductors) and the temperature
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sensors. The first one causes inevitable non-uniformity of temperature profile along cylin-
der axis while the latter significantly reduces information about the thermal state of the
cylinder available to the control system. Therefore the next step in the development of the
method is to make the inductors able to move and to replace spot temperature sensors by
IR camera gathering information about the temperature of the whole cylinder surface.
It obviously yields several new tasks to be realized within the control system, some of them
belonging to the image processing area.

In this article authors introduce a method for processing of gray-level images acquired
from thermo-vision IR camera, which portray instant surface temperature distribution. Such
an approach, in connection with moveable inductors, opens a new field of research on algo-
rithms that will utilize holistic temperature measurement for control purposes.

The organization of this paper is as follows. Section 2 describes mechanical and elec-
trical components used in experiment to obtain thermal images. Section 3 is devoted to
synchronization between different components described previously. Section 4–7 intro-
duces the clusterization algorithm as a set of independent image processing steps in which
output of preceding step can be considered as an input for. Section 8 describes proposed
clustering algorithm and Section 9 presents obtained results. Finally Section 10 carries
a discussion on advantages and disadvantages of presented algorithm.
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The central part of the experimental setup used is a steel cylinder of 60 cm diameter,
120 cm length and 5 mm thick. It is driven by an asynchronous 1,5 kW three-phase motor
with SJ200 inverter (Fig. 1a) connected to a PC with RS485 line on which MODBUS proto-
col is employed. The surface of the cylinder is heated by a set of six inductive exciters [7].
Each of them is supplied by a power amplifier with PWM control [10] and its position is
referenced by a PC controller workstation.
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Instead of a spot measurement, as previously mentioned, a thermovision IR camera is
used as shown in Figure 1b. It is connected to the PC workstation and positioned in such
a way that it allows the system to monitor temperature distribution on visible part of cylin-
der’s surface.
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Due to specific character of the heated plant which is a spinning cylinder, its angular
position at any given time becomes a vital information for synchronization of IR camera
recordings with power dispatch and position of every heater.

To obtain current position of the cylinder, together with its velocity, an electronic syn-
chronization device was built. It utilizes a DSP microprocessor, namely a Microchip
dsPIC33FJ128MC706A with 16-bit architecture and a differential quadrature encoder at-
tached to the shaft of the cylinder.

The device interfaces with a PC via Universal Serial Bus communication link and with
IR camera with use of standard I/O digital signals. The PC receives a steady stream of infor-
mation that consists of: a time stamp of every measurement, a current position of the shaft in
pulses (with resolution of 2×104 ppr1 ) and a velocity of the shaft. Together with PC commu-
nication process, the IR camera is triggered by synchronization impulses generated by the
device each time the spaced markers on the perimeter of the cylinder pass mechanical refer-
ence point2 .

1 Pulses per revolution
2 A mechanical reference point (or zero-angle point) is an arbitrary selected point on the cylin-

der’s perimeter that we assume it is angle 0.
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The encoder works in Index mode which results in a synchronization impulse once per
revolution – a mechanical reference point. This feature will be necessary in further work on
emissivity correction where the surface will be covered by an emissivity map in which each
point is strictly related with specific physical area of the cylinder’s surface.
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The presented algorithm can be considered as a set of three independent steps of image
processing executed in given order (Fig. 3). Last step is the clusterization algorithm sup-
plied by the image with corrected geometry. Of course, not every step is required. However
for the purpose of described experimental setup it is necessary.

�����#�	��	��������	��	���	���������	���������	��	���	�����

All of the three processing steps have its own input and output. Input image for each of
them is denoted as ID (a distorted image). In the case of the radial correction block, it is an
image directly received form IR camera. After processing the distorted input image ID, each
block exposes on its output corresponding corrected image IC. Therefore in the case of pro-
cessing pipeline depicted in Figure 3, a corrected image IC from radial correction block is
the distorted image ID for perspective correction block. The same is the case for surface
unwrapping block. Finally, an image that was processed in sequence by each of three blocks
is given as an input for clustering algorithm. The final output, after the clusterization block,
consists of a set of Gaussian functions Γ calculated in (8.7) which can be interpreted as
a temperature clusters.

During the development of the algorithm we decided to perform all operations on se-
lected region, ROI (region of interest). Since every image, irrespective of its content,
should be processed by the radial correction block, a decision was made to place the ROI
selection rectangle after the first step. In each of the following images, the ROI is visualized
as a white rectangle in selected part of an image. The coordinates of ROI are user-selected.
It is also important to mention, that during each correction process a corrected pixel that
does not fit the rectangle is rejected (not written to the corrected image).
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The radial distortions are well-known phenomena accompanying almost every image
processing task where the source image is acquired from a digital camera, especially with
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wide-angle lenses. Radial distortion displaces every image point further or closer from the
correct3  point along radius line between the central point of the distortion and the correct
point [11].

A positive displacement, when distorted point is further from the centre of distortion
then the correct point is known as barrel distortion (Fig. 4a). A negative displacement, when
distorted point is closer to the centre of distortion than the correct point, is known as pin-
cushion distortion (Fig. 4b). Former is the distortion inherent in IR camera images and its
idea is depicted in Figure 4c where distorted point PD is further from the centre than the
correct one PC.
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To diminish the existing barrel distortion we made the following assumptions (see Fig.
4c): point PD = [xD yD]T is an arbitrary point in the distorted image frame ID acquired from
IR camera with resolution 640×480. Every point PD contains a value of measured tempera-
ture, normalized for the whole image, thus in the range [0; 1]. Point PC = [xC yC]T is
a corresponding to PD point in corrected (without distortion) image IC, also with resolution
640×480. Both images are then translated into two-dimensional unit area; the central pixel
is located at [0; 0], upper left at [–1; –1] and lower right at [1; 1].

The classical radial distortion model [12] delivers the following equation for approach
that employ mapping from ideal, undistorted image coordinates (point PC) to corresponding
coordinates in distorted image (point PD) [11]:

2 4
1 22 2

1

1
D C

C C

P P
P P

=
+ κ + κ

(5.1)

Expression ||·||2 given in (5.1) is the L2–norm – a distance between PC and center of the
image. Both κ1 and κ2 are distortion coefficients. For convenience we assume that points

3 Correct point in an image without distortion corresponding to one or more points in distorted
(original) image
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with coordinates [0; 1], [0; –1], [–1; 0], [1; 0] in distorted image ID are mapped to the same
coordinates in corrected image IC. To achieve this, the (5.1) has to be scaled with coefficient
s = 1 +  κ1 + κ2 which alters the numerator of (5.1) as follows:

1 2
2 4

1 22 2

1

1
D C

C C

P P
P P

+ κ + κ=
+ κ + κ

(5.2)

As the result of such computation, we arrive at corrected image (Fig. 5b) from distort-
ed image (Fig. 5a). Both distortion parameters κ1 and κ2 are determined experimentally as
κ1 is set to 1/45 and κ2 is set 0. Second parameter was assumed 0 from the beginning as
simplification and due to the fact that value of zero (reduced order of the distortion model)
does not significantly affects corrected image quality [13].

�����%�	�	�$�+%�	����	�$/� 	(�'�	67	"$��'$%	$5	.#��	&#�#0%�	0$''�%	�#���'�#� &	05	"�''�"���	#�$3�

The value of κ1 was obtained by a simple iterative algorithm, that for a given value of
κ1 in range (0; 1〉 (where 0 gives no image alteration) detects the upper edge of the cylinder
(Fig. 5a, b) and calculates the collinearity for detected edge points. The highest value of
collinearity (best fit) selects the value of κ1.
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Along with geometric distortions, caused by the camera lenses and quite easy to dimin-
ish, there are two effects that will also be treated as pixel coordinates distortions and dealt
with as such.

First type of distortion is the perspective projection in which a three-dimensional ob-
ject (in this case a horizontally placed cylinder) is projected onto a two-dimensional image
surface. Due to the curvature of the cylinder’s surface the horizontal mid area is closer to the
camera then the rest of the visible surface. As a result the two strips placed parallely along
the cylinder circumference appear to be bent outward the center of the image, as depicted in
Figure 6b.
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Since camera’s view axis is positioned perpendicular horizontally and vertically to the
surface tangent (as shown in Fig. 6a), an empirical model of pixel distortion was imple-
mented to diminish the influence of perspective on the final image.

The correction algorithm operates on a set of pixels from input/distorted image ID
bounded by a ROI (the white rectangle in Fig. 6b) defined by the height (H) and width (W)
on the distorted image ID (Fig. 7a). Each pixel from ROI is denoted as distorted pixel PD.

When IR camera is positioned as described above, point p in Figure 6 should coincide
with center of the ROI rectangle (located at Cx, Cy in ID) denoted as p’. This causes the
center of ROI to be located in perpendicular tangent point p. Such compliance between the
physical setup and the image is not required; nevertheless it gives the best results since
cylinder is bent symmetrically to the abscissa.

�����)���$'$����'�	�(	+�'�+�"�#&�	"�''�"�#� 	����%	4$5!
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Radius R is selected in such a way that it gains best fit to the circular edges of the
cylinder or in the case depicted in Figure 6b to the outer edges of bright stripes. Coefficient
d determines the strength of the distortion for the extreme values of x ∈ {–½W; ½W} as
shown in Figure 7a. In mid cases, d is proportionally scaled by x (6.2).

Finally, a corrected pixel PC is obtained by translating coordinates of distorted pixel PD
as shown in (6.1). The values of x and y are relative to the position of the ROI and changes
in range 〈1; W〉 and 〈1; H〉 respectively. In the case of PD(x+ax,y, y), coordinates can point
outside the window. If, however, PD(x+ax,y, y) crosses the image boundaries, value of such
non-existing pixel is assumed to be 0.

,( , ) ( , )C D x yP x y P x a y← + (6.1)

Component ax,y can be interpreted as horizontal correction value that depends on dis-
torted pixel’s row and column. For instance: let (x, y) equals (–½W, 0) which is denoted in
Figure 7a as correct point mC. Then ax,y = –d which is denoted as distorted point mD. Value
of d is depicted in Figure 7a.

2 2 2 2

,
2 2

0.25
;

0.5 20.25
x y

R y R Hx H
a d R

W R R H

− − −
= ≥

− −
(6.2)

The example image shown in Figure 6a was used for tests of the proposed correction
algorithm. To make the results more readable a thick vertical line near the left edge of the
image was added to the image just before the perspective correction was performed. Figu-
re Figure 7b shows same image after correction. Bright vertical stripes were straightened
and the white vertical line, located at arbitrary x value was bent accordingly to the parame-
ters d, R and its position.

)������������*��
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Second kind of distortion is caused by the natural curvature of the surface of cylinder.
Final version of the image, usable for further processing and analysis, requires the surface
to be ‘unwrapped’.

In contrast to described above pixel-oriented distortion corrections, the following is
a row-oriented one. An image with corrected perspective according to (6.1) can be consid-
ered as an image with distorted y coordinate of each row. Again, similar coordinate conver-
sion expression (7.1) can be used, where RC is the set of rows in corrected image IC and RD
is the set of rows in distorted image ID.

( ) ( )C D y yR y R C row← + (7.1)
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The value of rowy is an y coordinate (relative to Cy) of distorted row. Its is calculated
via (7.2) and points a pixel row in distorted image which has to be placed under y coordinate
in corrected image as in Figure 8.

�����+�	6��$	�(	� .'$++# 3&	$	+#'�%	'�.	����%�	0�	# ��'+'����
$�	$	%# �	�(	+#'�%�	+�'+� �#"�%$'	��	���	+$3�	��'($"�

Value of R is the radius of the cylinder viewed by the IR camera. The 1/R coefficient in
(7.2) stands for ‘amount of radians per one row of pixels’.

1 1
sin

2rrow R r H
R

⎛ ⎞= −⎜ ⎟⎝ ⎠
(7.2)

Finally, after applying both corrections (described in section 6 and 7) to the input im-
age, the result is similar to that shown in Figure 7b. Of course, the input image should be
previously processed by radial distortion correction routine.

�����,�	7���%��	�(	"�''�"�#� 	$%3�'#����	"�''�"�#� 	�((�"�%
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A sample image depicted in Figure 6b is shown again in Figure 9a, but after unwrap-
ping operation only. It should be noticed that straight diagonal line is bent accordingly to the
surface curvature. The final result of applying both steps is depicted in Figure 9a. It is clear-
ly visible, that both artificial lines are now ‘corrected’ according to distortion model.
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The main idea behind proposed clusterization algorithm is to describe a thermal image
of the steel cylinder surface as a set of fuzzy objects – a kind of ‘temperature clusters’. This
way of proceeding was previously mentioned by the authors in [14]. Such a set of fuzzy
clusters indicating cooler and warmer areas of a surface can be used together with inferring
methods based on fuzzy spatial relations between fuzzy objects [14] to arrive at robust algo-
rithms which enable to control both position of movable heaters and amount of power dis-
patched by them on the surface of steel roller, as depicted in Figure 2.

For this purpose the Mountain Method (MM) [15] was explored. It was introduced
by Yager and Filev with further modifications [16]. The method was originally intended as
a preprocessing method for obtaining initial number of clusters for FCM (Fuzzy C-means)
algorithm, but it can also be used as a stand alone clustering algorithm. In this paper authors
have utilized the idea of calculating modified Mountain Function for the input image. As
a result a mountain surface is obtained based on which the proposed algorithm iteratively
extracts temperature clusters from the original temperature image. The algorithm is de-
scribed step-by-step in further text.

The main idea of MM is to create a grid of nodes in a domain space of points constitut-
ing input data set. Then a potential in each node Ni is calculated by so called Mountain
Function (MF) given by (8.1).

( , )

1

( ) k i
n

d x N
i

k

MF N e−α

=
= ∑ (8.1)

The Ni is i-th grid node, n is the number of points in data set, xk is the k-th point from
given data set and α is a constant chosen empirically whose value depends on the applica-
tion of Mountain Method; it can be interpreted as a construction coefficient. The function
d(⋅,⋅) is the Euclidean distance.

It is important to mention, that there are two approaches to idea of the grid. First one –
the basic one assumes grid nodes declared as points in a space with the same dimensionality
as the data points. Latter, discussed in [17] assumes data points as grid nodes, hence the
potential calculated by (8.1) is not in grid nodes but in the data points. This ‘data points as
grid nodes’ approach was utilized in the presented algorithm.

After mountain function (8.1) is built, MM algorithm destructs MF as follows: A grid
node Ni

* with highest value of MF(Ni
*) is selected. Coordinates of such a node are memo-

rized as a cluster initial position and the mountain function is destroyed as follows:

*( , )1 1 *

1

( ) ( ) ( ) i i
n

d N Ns s s
i i i

k

MF N MF N MF N e−β− −

=
= − ∑ (8.2)
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Variable s determines current iteration and β is a constant chosen empirically – a de-
struction coefficient. The sequence of steps is carried as long as termination condition
occurs (max number of clusters reached or ratio of MF s–1(Ni

*) to MF s(Ni
*) is less then δ).

Our proposal modifies the construction equation (8.1) in order to obtain a function
called Mountain Surface (MS) (8.3). The MS function is defined on a normalized image I of
width (W), height (H) and a set P, containing coordinates of pixels . Coordinates of each
pixel are denoted as Pxy, where Pxy ∈ P; x ∈ 〈1; W〉 and y ∈ 〈1; H〉. Expression I(x,y) denotes
measured temperature at point x, y (at Pxy) and I(x,y) ∈ 〈0; 1〉.

( , )
1 1( ) ( , ) uv xyd P PW H

xy u v
MS P I u v e

−α
= == ∑ ∑ (8.3)

Main modification is done by adding a multiplication of exponent by I(u, v). It was
necessary, since we assumed to use a grid with same number of nodes and their coordinates
as the image I. Lack of coefficient I(u, v) resulted in a flat surface since α is constant
through the whole process.
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Result of (8.3) can be observed in Figure 10. It is clearly visible, that the original image
(Fig. 10a) contains noise inherent to temperature measurement. In this case, Mountain
Function also works as a digital filter that smoothes source image.
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After a mountain surface is built from an input image, our method begins extracting
clusters, one by one in the following, iterative manner:
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Following section shows the results of proposed clustering algorithm. Results are pre-
sented as a reconstruction of given sample input images from produced clusters. The recon-
structed image is obtained by calculating a sum of Γ images acquired from selected number
of clusters with equation (8.7).
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There were three samples tested, as shown in Figure 11. Resolution of each of them is
given in their subscriptions. Results as reconstructions from 25, 50, 75 and 100 clusters
(obtained form samples in Fig. 11) are depicted in Figures 12, 13 and 14.
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Along with three arbitrary selected samples, presented algorithm was also tested on
full-size IR image depicted in Figure 15.
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Results of reconstruction of image from Figure 15 is presented along with a residual
image after decomposing into 100, 500 and 1000 clusters (Fig. 16). The residual image is
denoted as IS+1 in equation (8.8).
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Following chart, depicted in Figure 17, shows a difference in percents between original
image (samples 1–3 and full image) and their reconstructions. The difference assessment
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index was calculated from original image I and its reconstruction RI as in (9.1) where p is
the number of a pixel, I(p) and RI(p) are the values of pixel p:

( )2
1 ( ) ( )

( , ) 100

W H
Ip

I

I p R p
Index I R

W H

⋅
= −

= ⋅
⋅

∑
� (9.1)
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With reference to stop condition in described algorithm, it is visible that e.g. for sample
3 clustering algorithm can be finished at level of 100 clusters, for sample 1 at level of 200
clusters, since samples 2 and full image should require more iterations.
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The idea of presented algorithm is to describe a thermal image in terms of unlabeled
clusters interpreted as warmer areas. The choice of Gaussian functions is justified by the
nature of temperature distribution generated by a heat point source [18]. Moreover, as
Gaussian is one of basic membership functions in the fuzzy logic theory this choice corre-
sponds to further research plans aiming at interpreting obtained clusters as fuzzy objects.

Clustering algorithm is divided into two parts: First involves correction methods for
three kinds of distortions: a radial pixel distortion caused by optical block of IR camera,
perspective distortion and curvature of the measured object – a steel roller. Second part is
the clustering algorithm itself, which is an iterative algorithm with simple minimization
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routine for acquiring a best fit of cluster into input image. Calculated cluster is subtracted
from both image and mountain surface and then algorithm performs next iteration, until the
stop condition are met.

Next step of our research will be devoted to combine both: temperature clusters as
fuzzy objects and assessing methods for spatial relations between these fuzzy objects into
fuzzy rules for inferring about state of the heat distribution on the surface of steel cylinder.
Finally, a method based on fuzzy logic for controlling heat dispatching and heaters position
will be developed.
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