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In-line thermography evaluates surface temperature distributions for quality control. This paper addresses the
issue when the thermal imaging camera cannot fully capture a moving component undergoing successive stages
of processing with transient thermal behavior. Reconstruction of the 2D temperature distribution requires
stitching sequential partial images. When the object is moving and undergoing a thermal transient, simple
stitching of sequential images leads to discontinuities and erroneous temperature distribution because the images

are framed at different times. The correction of such artifacts is demonstrated using steel bars coming out of an
induction furnace as an example. Two strategies are compared: temporal alignment and spatial alignment.
Spatial alignment considers cooling relative to the distance from the furnace, requiring knowledge of the tran-
sient thermal pattern of the bar. The performance of the method is discussed in terms of effectiveness, uncer-
tainty, and practical implementation.

1. Introduction

In today’s industrial environments, Zero-Defect Manufacturing
emerges to improve the efficiency and effectiveness of production pro-
cesses [1] and, with the evolution of electronics and computational
tools, Non-Destructive Testing (NDT) are increasingly suitable for inline
operation. Inline measurements are paramount to identify anomalies
and avoid defect propagation through the line. In this context, Non-
Destructive Inspection systems (NDIs), as Industry 4.0 enabling tech-
nology [2], are employed to detect features in-line at the earliest stages
of the manufacturing process. NDIs are required to provide accurate
information to be used for data analytics, decision support tools, and
business decision-making. To provide valuable information, sources of
measurement errors must be detected, quantified, and, if possible,
corrected.

NDIs features depend on the nature of the variable to be monitored. If
it is necessary to monitor surface temperature distribution, thermo-
graphic NDIs are required. The main advantage of thermography is the
ability to obtain 2D temperature distributions rather than a point mea-
surement. For example, in [3] thermography is necessary to obtain
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temperature information along the width of the measuring object. The
other advantages are the ability to obtain temperature data on objects at
very high temperatures, as in [4], and the ability to acquire infrared
radiation emitted by moving objects [5]. According to [6], these ad-
vantages render thermography a promising measurement technique in
the steel industry. Some steel-industry applications of thermography can
be found in [7,8,9]. Thermography can also be a valuable tool for
qualitative measurements. When thermomechanical treatments are
employed to deform material during manufacturing operations, tem-
perature uniformity is an important feature to evaluate.

Monitoring and optimizing the temperature distribution of steel bars
as they exit a furnace is crucial for ensuring product quality and oper-
ational efficiency. This study is focused on a thermographic NDI system
installed at the exit of an induction furnace that heats steel bars to
temperatures above 1400 K. After the induction furnace, the bar enters
the descaling unit where it is cooled due to the removal of oxides on the
surface using water jets. Next, several stations deal with the deformation
of the part. According to [10], temperature measurements are essential
for forming processes, to properly deform the bars without producing
defects. Thermographic systems are often designed to be installed in-line
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to frame the entire object of measurement [2,8,9,11]. However, in the
industrial plant considered in this paper, the thermal camera cannot
frame the whole bar acquiring a single thermal image due to the ma-
chinery layout, which partially obstructs the field of view of the camera.
In fact, the distance between the exit of the induction furnace and the
entrance of the descaling unit is intentionally kept short, in order to
minimize cooling of the bar. Since the bar length is larger than this
distance, the camera can frame it only partially, therefore an image of
the whole bar can be reconstructed only by stitching occluded multiple
images taken in sequence while the bar moves. The alternative would be
to send multiple images without concern for their union, but combining
the data into a single piece of information increases the efficiency of the
pipeline. According to [12], if the information were to go to an operator,
a single information field would increase its efficiency, allowing it to
analyze the entire process as a whole and not in scattered parts.

Line scanning is a technique commonly used in imaging for objects in
motion [13], sometimes in combination with lasers for defect detection
([14,15]). Line scanning can be achieved by linear cameras or by matrix
cameras properly triggered. The sensor captures one line of an image at a
time, instead of capturing the entire image in one frame; the resulting
image is reconstructed as a series of lines if a trigger signal is available
which encodes spatial motion. However, the industrial scenario being
examined does not allow a reliable trigger. In fact, variability is observed
in the speed of the steel bar being imaged, which moves over a roller
conveyor, initially pushed by a rod, then transported by the motorized
rollers and all this results in uneven velocity and relative slip between
bar and rollers. In a typical scenario, encoders could be used for deter-
mining the motion of the object, however, they fail to provide reliable
synchronization in space if a slip occurs. Therefore, without accurate
synchronization between the motion of the object and the acquisition of
line images from the camera, motion blur or geometrical distortion can
occur, compromising the quality and accuracy of the reconstructed
image. In such conditions it is impossible to ensure the necessary syn-
chronization, leading to the inability to utilize the line scanning cameras
effectively.

Therefore, this paper addresses the question of how to recombine
thermal images acquired in sequence on a moving bar during a thermal
transient, to reconstruct the thermal spatial distribution over its surface.
In this application, to reconstruct the steel bar thermal image, first, the
two images must be geometrically stitched. Then, due to the cooling of
the bar between the two acquisitions, the temperatures must be cor-
rected to compensate for the discontinuity that is present in the prox-
imity of the stitching area without altering the meaning of thermal data.
Two approaches have been evaluated and described in this paper: the
alignment of the images in time, adding the value of the thermal
discontinuity to the whole second image, and the alignment of the im-
ages in space, as if line-scanning has been performed. To align the im-
ages in space, the cooling of the bar must be monitored. Thermography
is often used to monitor heat flows, heating, or cooling of objects, such as
in [16]. Therefore, a thermal video showing the complete transition of
the bar must be recorded to create a correction model and compensate
for the discontinuity.

The issue of image stitching is common in machine vision applica-
tions. It is the process of merging images that have overlapping regions
to create a single image with a wide field of view and enhanced reso-
lution [17]. Generally, it is based on features-based methods, on the
extraction of common descriptors from the images ([18,19,20]), more
recent applications are based on deep learning algorithms [21]. The
same issue was also addressed with infrared thermal imaging
([22,23,24,25]). However, the stitching of thermal images was treated
with thermal images of common applications, not in hostile environ-
ments with extremely high temperatures like the one under analysis. For
example, these techniques are used to stitch images of UAV systems or in
medical applications [26] where temperatures are not extremely high.
Specifically, the stitching of thermal images during a thermal transient,
which is the challenge of this study, is not addressed in the literature.

Measurement 246 (2025) 116693

The novelty of the approach lies not in the geometric stitching itself,
which is well-established in image processing, but in the handling of
significant thermal transient due to the extremely high temperatures
involved. In typical image stitching applications, the object is often
assumed to have a stationary temperature distribution, or temperature
changes in time are negligible. However, in this case, the steel bar ex-
hibits substantial variations of temperature in time, driven by rapid
cooling as it moves along the conveyor. These thermal transients
introduce additional complexity, as the temperature distribution can
vary significantly even within short time intervals. This makes it
essential to consider not only the spatial alignment but also the temporal
dynamics of heat transfer, which our data-driven method addresses by
carefully synchronizing the thermal data acquisition with the motion of
the bar. This aspect of thermal stitching, accounting for temperature
variations in real-time, represents a key innovation that distinguishes
our approach from more conventional image stitching techniques used
in lower-temperature and stationary environments impacting signifi-
cantly on thermographic applications in the high temperature metal
industry.

The rest of this paper is organized as follows. In Section 2, materials
and methods are described, with a particular focus on the use-case and
thermographic setup. The proposed reconstruction methodology is
described in Section 3, divided into geometric stitching and thermal
correction, which in turn is divided into method No.1 (temporal align-
ment of images) and method No.2 (spatial alignment of thermal data). In
Section 4, an analysis of uncertainty sources is presented and then both
methodologies are applied to the thermal images, after analyzing their
validity. Finally, conclusions are given in Section 5.

2. Materials and methods
2.1. Use-case

In many industrial applications, achieving a complete view of the
thermal distribution across a component is challenging due to the scale,
complexity, or accessibility of the object being monitored. Examples
include large aerospace components [24], buildings requiring detailed
but overall thermal inspections, or even electrical circuits where
microscopic lenses are needed to capture fine details. With reference to
high temperature industry, this approach can be effectively applied in
industries like steel manufacturing, where similar thermal transients
occur in the processing of metal sheets, coils, and other flat products
such as plates and strips. Our methodology is particularly suited to
scenarios where high temperatures introduce significant thermal tran-
sients, resulting in non-uniformities that can affect the quality and
integrity of the manufacturing process. One such application is the hot
forming of metal bars, where the temperatures involved are exception-
ally high. In this context, the thermal transients are more pronounced.

In the Ecoline of VDL Weweler bv, trailer suspension arms for
truckers and buses are manufactured. The raw material is a
parallelepiped-shaped steel bar which must be deformed to achieve the
desired final shape. To be deformed the bar must be brought to a high
temperature which is realized by heating it up to about 1400 K in an
induction furnace (provided by INDUCTION s.r.l.). Many sources in-
fluence the uniform heating of the bar in such a production process, such
as heat exchange with the rollers carrying the hot component ([27]-
[28]), or the oven operation. Therefore, it is good to monitor the heat
exchanges and try to model them by placing the focus on the component
to be manufactured. Non-uniformity of the heating process could have
consequences in the cooling of the bar, so in its deformation. The non-
uniformity of the distribution can lead to the non-straightness of the
bar and defects in the later stages of the process.

A thermographic NDI system has been installed in-line for this pur-
pose (Fig. 1) to monitor the surface temperature distribution and detect
non-uniformity of the heating process. Due to the obstruction of the field
of view, the camera cannot frame the full bar length; in fact, the NDI



V. Medici et al.

Measurement 246 (2025) 116693

Longitudinal

Profile
A
= Bar Length :
Thermal
Camera g gl T Bar Width
A >
i Transversal
Tail of Profile ~ Head of
760 the bar the bar
mm
Induction » High Temperature Steel Bar
Furnace #1

895 x562 mm?

| |
Distance #1 - #2 < Bar Length

Descaling
Unit #2

Fig. 1. Thermal camera framing the high-temperature steel bar that is leaving the furnace and entering the next station. The distance between the two machines is

less than the length of the bar.

acquisition software provides two images (Fig. 2) for each bar: the image
of the leading portion of the bar (the head) and the image of the end
portion of the bar (the tail).

After these two images are acquired, the processing is done as fol-
lows: the bar is cropped by removing the background from both images
by rectangle detection, rotation, and image cropping; then the two
cropped bar segments are used for geometric reconstruction (Section
3.1). This workflow is represented in the flowchart in Fig. 3.

2.2. Thermal transient phenomenology

The thermal behavior of the steel bar during the transition from the
furnace to the descaling unit involves complex heat transfer dynamics.
The bar is initially heated in an induction furnace, where electromag-
netic fields induce eddy currents that generate heat within the bar’s
material. As the bar reaches high temperatures, thermal energy is
transmitted throughout its volume by conduction.

As depicted in Fig. 4, the image of the head (blue continuous frame in
the top scheme) is captured while the tail of the bar is still inside the
furnace, which means it continues to absorb heat. At this stage, also the
part of the bar outside the furnace (head) continues to heat up because of
the conduction from the part of the bar (tail) that is still inside the
furnace. Simultaneously, the part of the bar outside of the furnace (head)
dissipates heat through convection in the air and radiation. When a
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small portion of the head has exited the furnace, the heat dissipated by
the bar is still less than the heat being introduced, then the temperature
values continue to increase (see data reported in Fig. 4, bottom plot).
When a larger length of the bar is outside, the thermal energy introduced
by the furnace and the energy dissipated is balanced, and subsequently,
the dissipated energy exceeds the incoming energy, leading to the
cooling of the bar. The bar starts to cool down from the point of the plot
in Fig. 4 denoted with the asterisk.

The second acquisition (green dashed frame in the top scheme of
Fig. 4) occurs when the bar tail is completely out of the furnace. In this
case the tail of the whole bar is exposed to the environment while the
head has already entered inside the descaling unit, where it is subjected
to water sprays. These high-pressure sprays serve to mechanically
remove oxides from the steel surface. However, water acts as a cooling
medium with a significantly higher heat transfer coefficient than air and
absorbing latent heat through evaporation. As a result, the surface
temperature of the steel bar in the descaling unit decreases rapidly and
significantly lower temperatures occur in the tail image than in the head
image.

These physical phenomena in addition to the temporal and spatial
disparity between the two image acquisitions, all together, explain the
reasons why the simple stitching of the two images introduces an artifact
which appear as a thermal discontinuity. The head, still influenced by
residual heat from the furnace, exhibits a higher temperature, while the
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Fig. 2. Thermal images acquired at bar transition: a) head image, the tail of the bar is still inside the furnace, b) tail image, the head of the bar is already inside the

descaling unit.
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Fig. 4. Schematic representation of the steel bar’s thermal behavior during its transition from the furnace to the descaling unit.

tail, which is subject to cooling, exhibits a decreasing temperature
profile. This thermal discontinuity creates an artifact in the stitched
thermal image, potentially leading to false positives in diagnostics. Such
artifacts may be mistakenly interpreted as defects in the manufacturing
process, compromising the accuracy of any subsequent analysis.
Therefore, mitigating or eliminating this discontinuity while maintain-
ing the integrity of the thermal data is crucial for accurate diagnostics.

This paper presents two methodologies to mitigate the thermal
discontinuity that will occur when stitching thermal images undergoing
a thermal transient. The first methodology focuses on mitigating the
thermal disparity by applying a correction that compensates for the
cooling of the tail and aligns data in time as if a snapshot was taken. The
second methodology, on the other hand, adopts a model of the cooling

process to align data in space, each part of the bar acquired at the same
position. However, it is not feasible to model the full thermal dynamics
of the process, as numerous unknown parameters contribute to the bar’s
cooling and heating behavior, including factors related to heat loss to
the environment, the bar’s movement speed, and the exact influence of
the water sprays in the descaling unit. Due to these uncertainties and the
inherent complexity of the process, it is challenging to construct a purely
physics-based model that accurately captures the thermal behavior of
the bar at each point in the process.

To address this challenge, the second methodology presented in this
paper leverages a data-driven cooling model. This model is constructed
based on an analysis of thermographic data obtained from video se-
quences that capture the complete thermal evolution of the bar as it
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transitions from the furnace to the descaling unit. By analyzing these
thermal videos, patterns in the cooling behavior can be extracted, as
shown in the figure, allowing the model to predict the cooling rates and
temperature gradients along the bar more effectively. This data-driven
approach compensates for the lack of complete knowledge about the
system’s physical parameters by using empirical data to approximate the
bar’s cooling dynamics.

Finally, this paper develops and demonstrates the methodology
applying it to steel bars; its demonstration has been done on the real
application case to which it was possible to access and install equipment
in the production line during normal production. Even if the aspect ratio
of a bar is different than that of a slab (bars are slender bodies), the
methodology is general and can be applied also to non-slender bodies,
whose surface temperature distribution is of interest.

2.3. Experimental setup

The thermal camera employed for the acquisition is the Optris PI 1 M
model. The spectral range is 0.85 — 1.1 pm, Near InfraRed (NIR). It can
detect temperature values in the range 500 — 1800 °C with a CMOS
sensor of 764 x 480-pixel resolution. The thermal camera has a Noise
Equivalent Differential Temperature (NETD) of about 4 K (for temper-
ature under 1400 °C). NETD is a measure of the signal-to-noise ratio of a
detector of thermal radiation, it indicates the minimum temperature
difference that is still resolvable by the IR camera. Due to the harsh
environment, the thermal camera is housed in a cooling jacket, and it is
continuously cooled with water. The thermal camera frames an area of
about 895 x 562 mm? (Fig. 1), therefore its spatial resolution in the
object plane is about 1.2 mm/pixel. The distance between the lens and
the surface of the framed steel bar is about 760 mm. The experimental
setup, which is the NDI installed inline, is shown in Fig. 5.

The emissivity of the bar was set to 0.85 based on experimental tests
preliminarily carried out in the laboratory on a blackbody at the same
temperature as the steel bar during production.

The thermal camera is controlled via software by an SDK and thermal
images are acquired when triggered with a TTL signal provided by the
industrial PLC controlling the process. This acquisition software ac-
quires the image of the head and then the image of the tail of the bar, and

Induction
Furnace
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these images are then read by another software developed in Python,
which processes them. Before information about the temperature dis-
tribution can be derived, it is necessary to reconstruct the thermal image
by stitching them together and correcting the temperature values
appropriately.

3. Reconstruction methodology

When merging two thermal images undergoing to a thermal tran-
sient and acquired at different times to reconstruct the 2D thermal dis-
tribution, three dimensions must be considered: two for the position in
space (pixel in x and y direction) and the third for the time t across
pixels. For each bar, the spatial distribution of temperature is a function
of time T (x, y, t). In the case of reconstructing the bar image:

e Geometric reconstruction involves stitching the two images to recreate
the geometry of the object. Since the bar is a simple rectangle
without distinctive features for cross-correlation, an external refer-
ence is necessary. This reference could be the length of the bar or its
speed during the transition.

e Thermal reconstruction entails integrating the thermal profiles, and
correction of temperature values. The tail and head of the bar are
spatially connected along a transversal profile. In the two images,
this profile lies at different distances from the furnace exit, leading to
differential cooling rates depending on the time spent outside the
furnace.

3.1. Geometric reconstruction

Different strategies are possible to geometrically reconstruct the
image. In common machine vision applications, geometric matching of
images is performed to detect features of objects in the scene [17]. In this
application, the steel bar has no features to be monitored during the
transition to reconstruct the object image. Some bars show clearly
identifiable traces of oxide, but not all. An external parameter is
required which could be the speed of the bar or the length of the bar in
pixels.

Thermal
Camera

Descaling
Unit

Conveyor rollers on
which the bar moves

Fig. 5. NDI installed in-line.
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Given the variability in the speed of the bar during this stage of the
process, relying on speed alone as an external parameter for image
reconstruction is not feasible. To address this, the adopted strategy le-
verages the known physical length of the bar, which is provided in
millimeters. Using this information, the desired length of the bar in
pixels, denoted as Lg, is determined through a pixel-to-millimeter ratio,
as shown in Eq. (1).

Lenght of the bar [mm)]

Lq [pi =
« [pixels] Pixels per mm

= Ltail + Lhead - Loverlapping (1)

The geometric reconstruction of the bar’s image is carried out by
stitching together two segments: the head of length Lp.,4 and the tail of
length L. of the bar, which are captured at different times during the
process, as illustrated in Fig. 2. The two segments are depicted in more
detail in Fig. 6.

The two bar segments, extracted from the two images, have a portion
in common called the overlapping area, of length Lyyeriqpping Which can be
extracted from Eq. (1). Once defined, to manage this overlap, an arbi-
trary parameter k is introduced. The parameter k specifies the portion of
the tail that will not be considered in the geometric reconstruction. In
other words, the tail length used for reconstruction is reduced by this
parameter, and it is Lg;«. Conversely, the head length used (Lpeqq+) for
reconstruction consists of the non-overlapping portion of the bar present
only in the head image, plus the k portion of the overlapping region (Eq.
(2)).

Lheads = La — (Ltail - k)k € (0, Loverlapping) 2
The parameter k plays a crucial role in the geometric reconstruction. Its
value must be chosen carefully to ensure that the thermal data from both

the head and tail segments align properly, thus minimizing any dis-
continuities in the temperature distribution. If k is too large or too small,

Ltail
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it could introduce errors in the reconstructed thermal profile, leading to
inaccurate assessments of the bar’s quality. Therefore, the parameter k is
optimized based on empirical data.

3.2. Thermal reconstruction

After geometric matching, two distinct methodologies are proposed
for the thermal reconstruction of the bar and thus to eliminate the
discontinuity:

e Time-alignment of the thermal images (method no.1): change the values
of T in one of the two images to the acquisition time of the other
image. This adjustment effectively simulates the scenario where the
second image is captured at the time of acquisition of the first image,
capturing the state of the object before any significant cooling oc-
curs. In essence, it is akin to taking a snapshot at the exact time of
acquisition of the first image, allowing for a comparison at a
consistent temporal reference point.

e Space-alignment of the thermal images (method no.2): change the
values of both images to return all values to the same point in space.
This adjustment simulates the scenario where line-scanning is per-
formed at a specific distance from the exit of the furnace.

The two methodologies are better described in 3.2.1 and 3.2.2
subsections.

Processing for thermal alignment is done on a 1D temperature signal
obtained by averaging over the bar width the longitudinal profiles of
temperature distributions along the bar length (for a clear representa-
tion of the longitudinal profiles see the scheme in Fig. 1).

3.2.1. Time-alignment-method n.1
A straightforward thermal reconstruction method that eliminates the

Lhead

Loverlapping

Overlapping
Area

Desired Length L,

Fig. 6. Geometric reconstruction of the bar. Two portions of the bar, which are cropped from different images, must be stitched in order to reconstruct the shape of

the bar with the desired length.
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discontinuity involves adding the temperature difference value occur-
ring in the x-position where the two thermal images are connected, as
evidenced at pixel 222 in Fig. 7, representing the longitudinal thermal
profiles of the bar. This adjustment aligns the tail image data (green line
in Fig. 7) to the acquisition time of the head image (red line) and
transform the tail profile in the yellow line. Conversely, another
approach could entail subtracting the temperature difference value from
the head image, thus reverting temperature values to the acquisition
time of the tail image. This process ensures temporal consistency be-
tween the thermal profiles of the head and tail, facilitating seamless
integration and analysis. It can be noticed that the difference is calcu-
lated on the longitudinal mean profile, so it is not possible to eliminate
the discontinuity in all rows or the thermal image. However, this pre-
vents noise from impacting the reconstruction process. The way in
which the temperature differences at the discontinuity attenuate along
the various rows can be seen in Fig. 9.

The stitched thermal image of the bar before and after this type of
alignment is shown in Fig. 8, reporting the thermal distributions overall
the entire bar (bottom 2D plots) and a close up on the stitching area (top
3D waterfall plots).

To demonstrate the effectiveness of the proposed methodology in
resolving the thermal discontinuity, a comparative analysis of the tem-
perature differences across the stitching boundary was performed.
Ideally, this difference should be zero in a noise-free uniform spatial
distribution. Specifically, the temperature difference has been evaluated
at each row of pixels along the width of the bar at the x-position where
the head and tail images are connected. For this analysis, two plots are
presented in Fig. 9: one for the original stitched thermal image without
any correction and another for the image reconstructed using the
described alignment method. These plots represent the difference in
temperature between the head and tail images across the disjointed
region for each row of pixels. In the plot from the original image with the
discontinuity, the temperature differences exhibit significant variation
along the stitching boundary, with large deviations observed due to the
temporal and spatial disparities between the head and tail images. In
contrast, the plot for the reconstructed image shows a substantial
reduction in temperature differences along the stitching boundary. The
alignment method effectively attenuates the thermal discontinuity, as
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reflected by a lower and more stable difference profile across the image.
The overall average temperature difference decreases significantly,
further verifying the success of the alignment in achieving a smoother
thermal transition.

By comparing the two plots, it is evident that the temperature dif-
ferences in the reconstructed image are significantly mitigated
compared to the original image. The reduction in the overall mean
temperature difference provides quantitative evidence that the method
effectively addresses the thermal discontinuity, ensuring a more
coherent thermal profile across the bar’s length.

3.2.2. Space-alignment — method n.2

Instead of aligning data over time, it is possible to align the data in
space, as if all the points have been acquired at the same distance from
the furnace. To do this, the cooling of the bar must be considered.

To evaluate the cooling behavior of the bars, a thermal video has
been recorded which shows the complete transition of the bar from the
induction furnace to the descaling unit. There are no features to monitor,
so areas of dimension 5 x 5 mm? were selected at known distances from
the edges of the bar. The authors selected three areas on the head of the
bar and three areas on the tail of the bar. The positions of areas on the
head of the bar are shown in Fig. 10.

Starting from the tail, the plot in Fig. 11 shows the trend of the
temperatures at the three-selected area at different distance from the
edge of the bar. It is important to consider that in this case, the bar is
completely outside of the furnace and the head of the bar is already
inside the descaling, which cools down the bar. The tail of the bar only
cools down.

This trend of temperatures can be used to model the correction curve.
First, these curves have been fitted with a second-order polynomial,
which is shown in Fig. 5 — b. The quality of the fit is quantified by two
metrics: Root Mean Square Error (RMSE) and correlation coefficient R-
squared (R?). For the 2nd-order polynomial fit, the RMSE was calculated
for all three curves and the maximum RMSE is 0.76 K, indicating the
average magnitude of the residuals. In addition, the R? value, which
measures the proportion of the variance of the data explained by the
model, is 0.99 for all curves. The correction curve must be used to
compensate for the cooling of the bar during the transition. It indicates
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Fig. 9. Comparison of temperature differences across the stitching boundary before and after reconstruction.

how many degrees of temperature should be added to each pixel
depending on its distance from the exit of the induction furnace.

The same process has been applied to monitor the temperature trend
of the tail, selecting three areas on it, and correct temperatures of it
(Fig. 12). As previously pointed out, in the first part of the transition the
head is still heated by conduction, the tail still being inside the furnace;
this fact explains the trend of the temperature profile that undergoes an
initial heating and then a cooling phase These curves were also fitted
with second-order polynomial functions, with maximum RMSE of 0.65 K
and minimum R? of 0.97.

Fitted curves, one for the head and one for the tail, have been
inverted by subtracting the value of the curve at 100 mm of distance
from the furnace. Then, the curves have been corrected by applying

another constraint: the correction of the tail model in the proximity of
the discontinuity summed to the correction of the head model in the
proximity of the discontinuity must be equal to the value of the
discontinuity (AT).

The two modeled correction curves are shown in Fig. 13.

When applied to the two thermal images, this model shows all
temperatures at the same distance from the furnace (100 mm) elimi-
nating the discontinuity as shown in Fig. 14.

The correction curves were obtained by modeling the cooling of the
material with a second-degree polynomial, the function best suited to
the behavior of the product in question. However, should the material
properties of the component under inspection or the process parameters
(e.g. furnace temperature, or ambient temperature) change, these
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correction curves must be recalculated by performing a video again.
4. Application of the reconstruction methods

The first proposed methodology (method n. 1, alignment in time) is
highly dependent on specific reconstruction parameters, such as the
length of the bar portion available in the tail image, and the k parameter
(shown in the Fig. 6), which represents the partition of the overlapping
area between the tail image and the head image. The reconstruction
methodology should be independent of the speed variability, so it is
important to assess which parameters are optimal to perform it, and
which parameters allow this independence. In particular, the k param-
eter can be chosen during data processing while the amount of available
bar in the tail image cannot be changed once the images have been

acquired. Therefore, it was also analyzed how k could be changed, thus
having a k that fits the uncertainty on the amount of bar available in the
tail image.

Concerning the second methodology (method n. 2, alignment in
space), it has been developed such that there is no dependency on these
two parameters and therefore no need for a choice of optimal k. The
accuracy of the methodology does not trend with k but depends solely on
the uncertainty of the correction model developed. This method has
been validated by performing a kind of line-scanning using a video that
shows the complete transition of the bar.

4.1. Analysis of time-alignment method — method n. 1

First, sources of uncertainty in the first reconstruction methodology
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Fig. 14. Thermal Image of the bar before (on the left) and after (on the right) the thermal discontinuity correction. The 3D plots represent an enhancement of the
discontinuity area. On the left: in the full bar image the colormap represents values from 1292 K (dark blue) to 1484 K (yellow), in the enlargement the colourmap
goes from 1366 K to 1409 K. On the right: in the full bar image the colormap represents values from 1303 K (dark blue) to 1493 K (yellow), in the enlargement the

colourmap goes from 1374 K to 1411 K.

were assessed. They depend on bar cooling, and consequently on the
parameters used for image stitching.

In the following figure (Fig. 15), there are some examples of tail
images, all suitable for the geometric reconstruction. In each of these
images a different bar-tail length, acquired at different time intervals
from the acquisition of the head image, is used. It could also happen, due

10

to the variability of the speed, that at the same acquisition time, different
bar-tail lengths are available. Therefore, the authors will refer below to
the available bar-tail length.

40 different tail images have been acquired. One might inquire
which of these images is optimal for bar reconstruction using method
no.1, which involves aligning the tail image temporally with the head
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Time of acquisition 2.06 s

Fig. 15. Example of possible tail images. The time of acquisition is expressed as a difference of time from the acquisition of the head image. The thermal maps in the
figure represent values in the range 950 to 1448 K (on the left), 913 to 1437 K (on the center), and 889 to 1432 K (on the right).

image. To define which bar-tail length is the best, the average longitu-
dinal profile of the head and the average longitudinal profile of these
tails have been correlated in the overlapping window (these profiles are
shown in Fig. 16, only 5 profile over the 40 analyzed are shown). As
expected, the correlation (Fig. 17) is greater the shorter the time trav-
eled, i.e. the greater the available bar-tail length (at least 400 pixels).
The obvious reason for this is that the shorter the length of the tail bar,
the more time has elapsed since the exit of the furnace and therefore the
more the tail has cooled and the more the temperature difference must
be corrected. The correlation is performed using the Pearson coefficient.
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The other parameter influencing the reconstruction is the k param-
eter and it is also crucial: the thermal image of the bar has been
reconstructed with the time-alignment methodology using all eligible k,
each value of k compatible with the size of the overlapping area. In
Fig. 18, it is possible to see that the shapes of the average longitudinal
profiles are highly dependent on the k parameter. Figure-a shows the
variability zone of the average longitudinal profiles. The average lon-
gitudinal profiles of the reconstructed bars vary within the shown red
interval. Figure-b shows how the value of a point in these profiles varies
depending on k. It is strongly dependent on the parameter k and
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Fig. 16. Different longitudinal profiles of the head (blue plots) and tail (orange plot) bars as the portion of the bar available from the tail image decreases.
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decrease as it increases.

Looking at the longitudinal profiles (Fig. 19) of the two bars to be
joined (tail and head), the tail profile completely changes tendency
compared to the head profile, as those points on the tail have already
undergone cooling.

Hence, one would need to select a sufficiently large k to mitigate such
cooling effects. It can be inferred that the accuracy of the reconstruction
using this methodology increases with a greater availability of tail-bar
length and higher parameter k, within the acceptable range of k values.

As announced, k can be managed, being a parameter of the recon-
struction algorithm. However, the length of the tail image is not
completely under control. An adaptive k can be used, and the best k can
be selected depending on how far the bar has travelled out of the
furnace. In the 3D graph below (Fig. 20), it is possible to see how the
reconstructed bar temperatures vary as the available tail length and
parameter k change. Specifically on the z-axis is the mean temperature
calculated on the reconstructed bar for each combination of bar-tail
length and k, which is one of the possible indicators. One could also
use the variability of the average temperature of the reconstructed bar.

12

The values of the longitudinal profiles best ensure the consistency of the
shape of the distribution.

The desired temperature value is known, having previously analyzed
the suitable parameters in x and y, i.e. those for which you have as much
tail bar as possible available and k as large as possible. Then it is possible
to build an xy-plane at that desired temperature, and the intersection
(Fig. 20-a blue points) of the graph with the plane gives the parameters
locus that allow the right reconstruction, i.e., the length-tail and k pairs
to perform the reconstruction always in the same way. These intersec-
tion points can be fitted with a straight line whose equation is shown in
the Fig. 21. The linear regression fits the data with a linear correlation
coefficient R? = 0.97. A curve was obtained that defines, for each
available tail length, which value of the parameter k allows to obtain the
optimal reconstruction.

4.2. Validation of space-alignment method

Concerning the second methodology, which uses the model to align
the pixel in the space (at 100 mm distance from the exit of the furnace),
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Fig. 21. Relationship between parameter k and the tail length to get the optimal combination of parameters to use for the reconstruction method n.1.

as previously mentioned, it is not dependent on the reconstruction pa- position is shown in Fig. 22 (yellow line).
The average longitudinal profile of the bar has been reconstructed

using line-scanning and compared with the average longitudinal profile
of the bar after reconstruction with the second developed methodology.
The two profiles are plotted together in Fig. 23 with separate abscissa
axes, and different scales on bar length dimension. The mean

rameters. Focus will be on its validation.

To validate the reconstruction method, the authors performed a kind
of line-scanning on a video that shows the complete transition of the bar
from the induction furnace to the descaling unit. The value of each point
of the bar passing in this position has been recorded. This monitored
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Fig. 22. Position of the monitored line (yellow line) on the video to perform line-scanning.
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Fig. 23. Comparison of average longitudinal profile of the reconstructed bar using method No.2 correction (pink) and the same profile from the image acquired using

line-scanning (dark blue).

longitudinal profile of the image reconstructed using the second meth-
odology has as its abscissa the number of pixels of the bar length. The
line-scanning profile has as its abscissa the bar displacement, calculated
for this specific bar. The comparison is shown in Fig. 23: the two profiles

are well correlated and match each other. The profile with the largest
number of samples was subsampled to quantify the linear correlation
between the two profiles, resulting in an R? of 0.97. This linear corre-
lation is shown in the Fig. 24.
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Fig. 24. Linear correlation between the average longitudinal profile of the reconstructed bar using method no.2 and the one acquired using video line-scanning.
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4.3. Uncertainty analysis

The methodologies presented in Section 3 are applied to reconstruct
the thermal distribution of products. Product features are extracted from
it, such as the mean temperature of the bar or the percentage area
covered by oxides on the bar surface. The reconstruction process in-
fluences these parameters leading to uncertainty. The uncertainty of the
average bar temperature and the uncertainty in the estimation of
anomaly (oxides area) size.

To evaluate the uncertainty associated with the parameters derived
from the bar surface thermal distribution, potential sources of error must
be analyzed.

Concerning the estimation of the average bar temperature, its un-
certainty is associated with the parameters of geometric stitching, spe-
cifically the available tail length and the parameter k (analyzed in
Section 4.1). The average temperature of the bar was measured as these
parameters were varied, allowing an evaluation of how changes in tail
length and k affect the bar’s temperature.

The uncertainty associated with the anomaly size identification is
correlated to the pixel length used for geometrical stitching. The reso-
lution of the thermal image is limited, and the edges of the bar appear
not-sharp. Suppose there are such uncertainties in the bar crop and thus
in the geometric stitching, and anomalies are present in the overlapping
area. In that case, likely, the dimensions of the anomaly are incorrectly
measured. To show this effect, the length of the bar is varied so that the
stitching point is shifted by + 15 pixels relative to the optimum point.
The change in size of the anomaly is then measured.

This approach enables a clearer understanding of how stitching pa-
rameters impact results in terms of temperature and anomaly
dimensions.

4.3.1. Influence of the tail-bar length and k parameter

Ten different tail images have been acquired, one with the optimal
bar-tail length and the others with shorter lengths. After the geometric
stitching, performed by knowing the bar length and pixel-mm ratio, both
correction methodologies have been applied to eliminate the disconti-
nuities resulting from the matching and reconstruct the thermal image
of the bar.

In the application of method no.1, an adaptive k parameter was used,
in accordance with the above. In this way, compared to the case where
an equal k is used for all bars, the temperature of the reconstructed bar is
less dependent on the available tail length and consequently on the time
of acquisition. Always using the same value of k, the mean temperature
of the reconstructed bars has been monitored and its dispersion has been
calculated. The dispersion of the mean temperature has been calculated
as the difference between the maximum and minimum obtainable mean
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temperature values. It turned out that, when using different tail images
without changing k, the temperature could vary by 6 K. In contrast, if k
were varied in accordance with the selected tail image, the dispersion of
mean temperature values would be reduced to 1 K.

The average longitudinal profiles of four bars reconstructed using the
first methodology are shown in Fig. 25. The discontinuity is not present,
and the resulting distribution is no longer dependent on the chosen
parameters.

To reconstruct with the second methodology, an equal k was set for
all bars, and it can be seen from the reconstructed profiles that this
method is not dependent on the k parameter and how much cooling the
tail has undergone. The dispersion of these mean temperatures is 1 K,
without changing k.

4.3.2. Presence of anomalies in the overalapping area

If anomalies are present near the discontinuity, errors in geometric
reconstruction can lead to an underestimation or overestimation of the
anomaly size. If the anomaly is substantial, these errors can also prevent
the discontinuity from being fully corrected.

Consider the two images (head and tail) shown in Fig. 26. An arti-
ficial anomaly simulating the presence of oxide of 81 pixels area, with an
apparent temperature of approximately 1300 K, was introduced near the
point where the two bar segments will be joined. The two images are
aligned through both geometric and thermal stitching processes. The
geometric stitching carries uncertainty associated with the input pa-
rameters (such as tail length, the parameter k, and the desired length in
pixels) described in Fig. 6. A head-to-tail mismatch is simulated by
varying the bar’s target length within a range of —10 to + 10 pixels from
the optimal length. This adjustment allows to observe the impact of
these variations on the alignment accuracy and the resulting dimensions
of the anomaly.

The reconstructed image using the correct parameters is shown in
Fig. 27. In Fig. 27-a, the geometrically stitched image is displayed, fol-
lowed by images corrected with both methods. Fig. 27-b presents close-
ups of the stitching area, showing three different configurations: one
where the match is exact, allowing for accurate detection of the oxide;
another where the oxide size is underestimated; and a third where it is
overestimated.

To assess the uncertainty of the geometric reconstruction method,
the variation in oxide size and the average bar temperature was evalu-
ated by adjusting the input length in pixels provided to the algorithm.
The oxide size fluctuated between 55 and 136 pixels, as shown in
Fig. 28, corresponding to an area range of 78 to 193 mm?. Therefore, the
uncertainty is equal to 57.5 mm?, a half of the range.
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Fig. 25. Average Longitudinal Profile of the reconstructed bar using four different tail images. a) Method No.1 — Time-alignment: adding the A T of the discontinuity
to the whole tail image using an adaptive k parameter depending on the available length of tail bar. b) Method No.2 — Space-alignment: using cooling correction

curve to simulate line-scanning and always using the same k parameter.
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a)

Fig. 26. A) tail, and b) head of the bar including an artificial anomaly in the overlapping area. the color map represents value from 1298 to 1473 K (on the left) and
from 1300 K to 1510 K (on the right).

a)

Fig. 27. Image with an artificial anomaly in the overlapping area. (a) Stitching using the correct length value. At the top, the image after geometric stitching; in the
middle, after applying Method n.1; and at the bottom, Method n.2. (b) Zoomed-in view of the stitching area showing the optimal case, a case where part of the

anomaly is lost, and a case where it appears twice.
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Fig. 28. Variation of oxide size with the input desired length.

For each bar, the area covered by oxides is calculated, and based on
the analyses conducted, the detected oxides have an associated uncer-
tainty of 57.5 mm?, a half of the variability range calculated above.

Since a k dependent on the length of the available tail was used, the
uncertainty on the average bar temperature is +1K.

4.4. Example of application

Both methodologies have been tested on a set of 100 products, some
of which exhibited partial oxidation. Two products are presented in
Fig. 29 as example. The oxides present in these products typically do not
display significant intensity compared to those created artificially. As a
result, the discontinuity is consistently eliminated successfully, since
this value does not affect the average profile used for reconstruction.
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Fig. 29. Examples of bars on which the two methodologies were applied. a) and c) show the original head and tail images. b) and d) show the respective images
stitched geometrically (top image), then thermally corrected first with Method n.1 (central image) and then Method n.2 (bottom image).

5. Conclusions

In the installation of thermal cameras in real manufacturing contexts,
imaging moving objects like steel bars, there may be a condition in
which not the whole object can be framed. The authors have described
an industrial use case in which thermal images of steel bars at very high
temperatures, in motion at an unsteady speed and undergoing a thermal
transient must be acquired. The thermal camera cannot frame the entire
bar, therefore two images are acquired in sequence; of course, each
image is acquired at a different time, while the bar is cooling. The im-
ages must be combined into a single information field to improve the
efficiency of the data pipeline. Therefore, the images must be merged to
reconstruct the thermal image of the bar and obtain useful information
on the symmetry of the temperature distribution of the object. In the
literature, there is a gap in thermal image stitching match solutions at
very high temperatures of objects in motion, where thermal corrections
are necessary to eliminate discontinuities caused by the cooling of the
bar during its transition. This is a problem in which temperature T varies
in space x-y and time t.

Two methods are presented for correcting the thermal data and
eliminating the spatial discontinuity appearing when stitching the two
images without any correction. The two methods have two different
objectives: to align the temperature data of the two images in time (as if
a single snapshot framing all the bar was taken) or to align the tem-
perature data of the two images in space (as if line-scanning was done).
The first methodology is easier to apply but it is more dependent on
acquisition and reconstruction parameters, such as the time the bar has

18

passed completely out of the furnace, which corresponds to the amount
of bar available in the tail image, and the partition of overlap area be-
tween head and tail image (named k parameter). An analysis was per-
formed that led to the optimal choice of these parameters to minimize
the variability of the temperature distribution as the acquisition pa-
rameters changed. An adaptive k, dependent on the available tail length
of the bar in the tail image, helps in reducing the uncertainty of the mean
temperature of the reconstructed bar from 6 K to 1 K. The second
methodology does not depend on these acquisition parameters, it has the
same performance as the other methodology regardless of these pa-
rameters, but it requires a bar cooling model that can be difficult to
achieve being phenomena with so many heat transfer sources. In addi-
tion, an analysis of the main sources of uncertainty affecting the results
of the proposed methods was carried out. It was demonstrated that these
methods are applicable and reliable in a real industrial production
context, allowing for accurate thermal reconstruction of the bar and
precise evaluation of parameters such as mean temperature and area
covered by oxides. This approach ensures that uncertainties arising from
the geometric stitching process and image resolution do not compromise
the reliability of the information obtained for condition monitoring.
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