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Abstract

Infrared thermography is a powerful technique that enables the non-contact measure-
ment of an object’s surface temperature and presents the results in form of thermal
images. The analysis of these images provides valuable information about an object’s
thermal behavior and allows in many cases the diagnostic of abnormal conditions. How-
ever, the fidelity with which thermal images depict the temperature distribution of an
object’s surface is limited because the position of the camera with respect to the sur-
face affects the accuracy of the measurements. 3D thermography offers the possibility to
overcome this and other limitations that affect conventional 2D thermography but most
3D thermographic systems developed so far generate 3D thermograms from a single per-
spective or from few noncontiguous points of view and do not operate in real time. As a
result, the 3D thermograms they generate do not offer much advantage over conventional
thermal images. But reductions in cost, size and weight of thermographic cameras, the
recent introduction to the market of depth cameras that are also small, low-cost and light
and the significant increase of computational power of commercial computers over the
last years have unlocked the possibility to implement affordable handheld 3D thermal
imaging systems that can be easily maneuvered around an object and that can generate

high-fidelity 3D thermograms in real time.

This thesis exploits these technological advancements and explores the multiple aspects
involved in the real-time generation of high-fidelity 3D thermograms at close range
using a handheld 3D thermal imaging system. It provides a structure for the knowledge
accumulated in the field of 3D thermography, offers new insight into the radiometric,
geometric and temporal calibration of the sensors and makes various contributions to
improve the design of 3D thermographic systems, the fidelity of the 3D thermograms
and the interaction with the user. In regards to the radiometric calibration, it shows
through a series of original experiments how the thermal background radiation affects
the accuracy of the temperature measurements and provides a plausible explanation for
this poorly documented behavior. On the subject of geometric calibration, it presents and
analyzes the results obtained with an improved calibration target and demonstrates that

the orientation of the thermographic camera cannot be estimated with enough accuracy
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Abstract

due of the poor spatial resolution of the thermal images and that manual fine-tuning may
be necessary. Concerning the temporal calibration, this work provides a detailed analysis
of the problem of assigning timestamps to the depth and thermal data. It also proposes
a distinction between the concepts of data fusion and data validation where the former
addresses the problem of determining which temperature measurements corresponds
to which vertex on the 3D model and the latter addresses the problem of validating
the measurement conditions before a temperature value is assigned to the corresponding
vertex. In regards to sensor data fusion, it discusses the most effective approach to relate
depth and thermal data and presents an effective method to reduce registration errors
due to the parallax effect. In regards to data validation, it presents a new approach
to determine when temperature values in the thermal texture of the 3D thermogram
should be updated. Finally, this work shows that the use of shading and special color
palettes helps improve the discernibility of features in renderings of 3D thermograms
and proposes the use of additional textures to inform the user during the scan which
parts of the model have been scanned under good measurement conditions and which

need to be rescanned.
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Chapter 1

Introduction

1.1 Motivation

Infrared thermography is a technique that enables the non-contact measurement of an
object’s surface temperature and presents the results in form of thermal images. The
analysis of these images, also known as thermograms, provides valuable information
about an object’s thermal behavior and allows in many cases the diagnostic of abnormal
conditions. Infrared thermography is extensively used in the industry sector to inspect
heat generating facilities, such as furnaces, boilers, engines, heat exchangers and radia-
tors and to monitor the quality of components produced in thermal processes such as
press hardening. Infrared thermography is also used in the building sector to carry out
energy audits and detect abnormal losses and gains of heat. Thermograms help audi-
tors determine whether a piece of equipment is overheating and where it is happening,
whether fabricated components meet the expected temperature profile and whether a
building needs insulation and where it should go. As such, infrared thermography is a

valuable tool in the assessment of energy efficiency.

The fidelity with which thermograms generated by a thermographic camera depict the
real surface temperature of an object depends, however, on a number of factors. Among
these factors are the position of the camera with respect to the object’s surface during
the inspection. On the one hand, surfaces that are captured outside the depth of field
of the thermographic camera look blurred in the thermal image and their estimated
temperatures are often incorrect, as their values result from averaging the temperature
values measured by the neighboring pixels. On the other hand, the accuracy of the
measurements depends on the orientation of the surface with respect to the camera’s
optical axis. In other words, there is an inherent limitation in trying to accurately portray

the 3D temperature profile of a three dimensional object by means of 2D images, when

1
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depth information is not available. Moreover, it is often difficult to recognize objects
and their constituent parts in thermal images because, despite the color mapping, these
provide less information than regular color images (one channel vs three channels of
information) and because the human brain uses other type of information to infer the
geometry of an object and identify it, for example, color shading. Figure 1.1 shows two
objects that would be easily recognized in a conventional color image but are difficult
to identify in a thermal image. For this reason, the documentation of thermographic
inspections is often accompanied with color images. Finally, it is difficult to carry out
accurate heat loss/gain estimations by means of 2D images, especially for objects with

complex geometries, because in general the true size of the inspected surface area cannot

be estimated from the thermal image.

23.9°C $FLIR

Figure 1.1: Thermal images captured with a FLIR i7 thermal imaging camera

3D thermography has the potential to overcome many of the limitations that affect con-
ventional 2D thermography. On the one hand, the geometry of the object is embedded
in the three dimensional representation of the results. This enables a more accurate es-
timation of the heat loss/gain experienced by the object’s surfaces. It also facilitates the
identification of the inspected objects and their features. On the other hand, knowledge
about the position of the thermographic camera with respect to the object during the
inspection can be exploited to improve the accuracy of the 3D thermogram. This can
be achieved, for example, by making sure that only data captured from perspectives
that provide appropriate measurement conditions are used to generate the 3D thermo-
gram. Furthermore, geometric data and other information that can be derived from
them can be used to assist users with little expertise in order to acquire higher quality
data during the inspection. Alternatively, this information could be used as feedback
to completely automatize the inspection process. Finally, 3D thermography can help
improve the visualization and analysis of the temperature distribution of large objects
with complex geometries such as the interior of large machines or buildings. Instead of

using several overlapping thermal images to document the inspection, the entire scene
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can be depicted by a single 3D thermogram which can then be viewed and analyzed

with a suitable software package.

The use of 3D thermography has been proposed for applications such as interior and
exterior building energy auditing [19, 28, 41], medical diagnostic [7, 25], biometrics [58],
industrial inspection [2], search and rescue [59], lab testing [14, 65] and the recording
of architectural monuments [13]. However, most of the 3D thermographic systems that
have been developed so far generate 3D thermograms with data acquired from a single
perspective or from few noncontiguous points of view, as they have been implemented
with cumbersome equipment that is difficult to move. As a consequence, few strategies to
process and integrate thermal data taken from multiple perspective have been proposed.
Furthermore, the 3D thermograms are not generated in real time so the person scanning
the object does not have feedback on the quality of the data being captured which
varies with the pose of the camera relative to the object. Consequently, these systems
do not exploit the full potential of 3D thermography. But reductions in cost, size and
weight of thermographic cameras and the increase of computational power over the last
years as well as the recent introduction to the market of new low-cost and lightweight
depth sensors have unlocked the possibility to implement affordable handheld 3D thermal
imaging systems that can be easily maneuvered around the object to be inspected. Such a
system could be mounted, for example, on a remote controlled or autonomous unmanned
ground vehicle (UGV) or unmanned aerial vehicle (UAV) to carry out inspections of
large machines or buildings from different perspectives. This opens up the opportunity
for novel research on how to further improve the design of 3D thermographic systems,

the fidelity of the resulting 3D thermograms and the interaction with the user.

1.2 State of the art

The generation of high-fidelity 3D thermograms depends on both the design of an accu-
rate and reliable 3D thermographic system and the acquisition of thermal and geometric

data under the best possible measurement conditions.

Many different types of 3D thermographic systems have been proposed in the literature.
These systems employ distinct combinations of sensors and methods to generate the
3D thermograms. The works usually include procedures to estimate the parameters of
the mathematical models that describe the sensors and to determine the position and
orientation of the sensors relative to each other. The methods employed derive from
the fields of computer vision and photogrammetry and have been adapted to fit the
particular characteristics and requirements of thermographic cameras. A comparative

analysis of different methods that have been used to calibrate the sensors, reconstruct

3
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the 3D model and fuse geometric and thermal data is presented in greater depth in

chapters 5 and 6.

In some works, 3D thermograms are generated from a single perspective. Once the
parameters of the system are known, the fusion of geometric and thermal information is
straightforward: the temperature value associated with each vertex of the 3D model is
obtained by projecting the vertex onto the thermal image. 3D thermograms generated
this way, however, are affected by the same problem that affects conventional 2D thermal
images: the accuracy of the measurements depends on the orientation of the surface with
respect to the camera’s optical axis. The works of [77] and [3] recognize this problem and
attempt to solve it using the geometric information embedded in the 3D thermogram.
They propose to adjust the measured temperature value with a correction factor based
on the position and orientation of the camera with respect to the object’s surface. This
idea presents two inconveniences. On the one hand, the thermal radiation emitted by
many surfaces drops very fast for emission angles greater than 70° and equals zero at
90°. This means that as the angle approaches 90°, the correction factor would approach
infinity. Moreover, since it is difficult to get accurate estimates of the emission angle
with current depth sensing technologies, especially at large angles, this approach could
potentially introduce more errors than it would correct for. On the other hand, as the
emissivity of a surface decreases, its reflectivity increases. This means, errors due to
background reflections could potentially be amplified by the correction factor. Another
problem with generating 3D thermograms from a single perspective is that there might
not be a single perspective from which to cover the entire area of interest. Some regions
might be occluded by objects in the foreground or by the geometry of the scanned object
itself. In [23], for example, a 3D thermogram generated from a single perspective is used
to determine the heat loss of the main facade of a concrete building but, from the sensor’s
point of view, parts of the facade are blocked from sight by trees. In this particular case,
the occluded regions are small and probably do not have a strong influence on the
accuracy of the heat loss estimation. Nonetheless, it is clear that a 3D thermographic
system capable of generating high-fidelity 3D thermograms should do so using data from

multiple perspectives.

In other works, 3D thermograms are generated with data captured from different per-
spectives either by rotating the object in front of the 3D thermographic system or by
placing the 3D thermographic system at discrete locations with respect to the object or
scene. Despite being generated with a more comprehensive data set, the fidelity of the
resulting 3D thermograms falls short of the full potential of 3D thermography because
little attention has been paid to determine an appropriate way to merge data captured
under different measurement conditions. The thermographic system used in [19], for ex-

ample, assigns temperature values to the point cloud generated by a 3D laser scanner
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without taking into account the position of the thermal camera with respect to the ob-
jects surface. As a consequence, the thermal texture of the 3D thermogram consists of
a mix of temperature measurements with varying degrees of accuracy and spatial reso-
lution, but there is no way to tell which measurements are more accurate than others.
In [60], on the other hand, thermal images are treated as regular color images and the
color assigned to each vertex of the 3D model results from averaging the color associated
with it in thermal images taken from different points of view. The angle of emission is
used as weight in the calculation of the average color. Averaging colors does not improve
the accuracy of the temperature values represented by the thermal texture. In fact, the

averaged color might not even form part of the original color palette.

The system proposed in [84] also generates 3D thermograms with data captured from
different perspectives but, unlike the aforementioned systems, data are captured while
the sensors are in motion. Because the geometric and thermal data are updated at least
30 times per second, the resulting 3D thermograms are able to describe the temperature
distribution at the object’s surface with great detail. The temperature value assigned to
each vertex of the 3D model results from averaging temperature measurements corre-
sponding to the same point on the object but taken from different perspectives. Weights
based on various measurement conditions are used in the calculation. This approach
produces smooth thermal textures which may even hide specular reflections on shiny
surfaces but, as will be explained in section 6.3, it can reduce the accuracy of the tem-
perature measurements. The system was modified later on to generate and visualize the
3D thermograms in real time [56]. This improvement allows the user to check the in-
tegrity of the 3D model during the scan but the user still gets no feedback on the quality
of the measurements that are being made so he or she cannot corrective actions during
the scan. In fact, a review of the literature revealed that no work exploits the geometric
information gathered by the 3D thermographic system to provide the user with feedback
on the quality of the thermal data.

Finally, in other works the thermal images are mapped onto computer generated 3D
models [14, 31, 34]. The main disadvantage of these approaches is that there is not
always a 3D model of the object to be inspected and when there is one, it might not

accurately describe the real object.

1.3 Objectives and outline

A review of the state of the art related to field of close range 3D thermography reveals
that various aspects concerning the generation of high-fidelity 3D thermograms have not

been addressed, are not well understood or still have potential for improvement. With
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this in mind, this thesis attempts to accomplish three objectives. The first objective is to
identify the different aspects involved in the generation of high-fidelity 3D thermograms
based on the work that has already been contributed to the field of 3D thermography.
The second objective is to provide a deeper understanding of the problems that affect
each of these aspects either by means of experiments or through mathematical analysis
and, where possible, find an alternative approach that helps improve the current state
of the art. The third objective is to develop new approaches to effectively exploit the
geometric information available to 3D thermographic systems in real time to improve

the fidelity and visualization of the generated 3D thermograms.

The remainder of this thesis is organized as follows. Chapter 2 introduces the main the-
oretical concepts needed to understand the fundamentals of infrared thermography as
well as the related terminology. Chapter 3 uses these to explain the principle of opera-
tion of a typical 2D thermal imaging system and to describe the limitations and main
issues that affect the fidelity of conventional thermal images. Chapter 4 introduces the
3D thermal imaging system used in this work. Chapter 5 elaborates on the different
aspects involved in the calibration of the 3D thermal imaging system. Similarly, chap-
ter 6 elaborates on the different aspects involved in the generation, representation and
visualization of high-fidelity 3D thermograms. Each aspect is worked out in a separate
section which includes a discussion of related previous works and the contributions made
in this work to the corresponding subject. Finally, Chapter 8 provides a summary of the
contents and findings of this thesis and an outlook of future work. The appendices in-
clude additional graphs that illustrate the radiative properties explained in chapter 2,
formulas used to generate some plots, a quick reference to the technical specifications
of the sensors, additional experimental results and a more thorough analysis of certain

topics.



Chapter 2
Theoretical background

This chapter briefly presents the theoretical background underlying 3D thermal imaging
systems. It is meant to provide the reader with basic knowledge to understand the

subsequent chapters as well as an explanation of terms and concepts used in this work.

2.1 Radiometric quantities

Radiometric quantities are used to describe the propagation of radiative energy in a

medium as well as its behavior at the interface between two different media.
Solid angle

The solid angle is an extension of the notion of the planar angle from 2D to 3D space.
A planar angle represents a section of a circle and its magnitude is proportional to the
length of the subtended arc. In analogy, a solid angle represents a section of a sphere and
its magnitude is proportional to the area of the subtended spherical cap. Solid angles
are expressed in a dimensionless unit called steradian (sr). By definition, the solid angle
Q2 is the ratio of the area A of a spherical cap to the square of the sphere radius r (2.1a).
Often, equations that describe how the radiative energy propagates through a medium
from one surface to another are expressed in spherical coordinates and as a function of
the differential solid angle dQ (2.1b), where dA is the effective area perpendicular to the

direction (0, ¢). These two concepts are illustrated in Figure 2.1.

A

Q- % (2.1a)

a0 = % = w = sinfdfde (2.1b)
r T
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Q= A/r? d§2 = sinfdfd¢

\“f v Tdé\\\\
Ao rsinfdde °

(a) Definition of Q2 (b) Derivation of d2

Figure 2.1: Solid angle

When working with radiometric quantities, the product cosfd2 comes up very often.
In analogy to the concept of projected (or effective) area element dA, = cosf#dA, the

projected (or effective) solid angle element is defined by (2.2).

dQ, = cosfd§) = cosfsinddfdep (2.2)

Radiant Flux and Derivatives

The base quantity that describes the amount of radiative power that leaves or reaches
a surface is the radiant flux. It is represented by the symbol ® and its unit is the watt.
Other radiometric quantities like irradiance, radiosity, radiant exitance, intensity and
radiance as well as their corresponding spectral counterparts describe density functions of
the radiant flux in terms of area, solid angle and wavelength for different flux directions.

These quantities are summarized in Table 2.1.

From the definitions in Table 2.1 it follows that the spectral exitance, the spectral
intensity and the spectral radiance are related to the radiant and spectral flux by (2.3a),
(2.3b) and (2.3c), respectively.

a2e dd,
My=" @ T aa (2.32)
d2® dd,
L= qamn = Ao (2.3b)
Bo a2®
Ly = = A (2.3¢)

dAcosfdQdN\  dAcosfHdS)

Here, dA denotes a differential area element located at the center of the sphere and
the variable 0 represents the angle between the normal to the area element dA and the

direction of the ray specified by d2.

8
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Table 2.1: Radiometric quantities

Quantity ‘ Symbol ‘ Description ‘ Unit
Base quantity

Radiant electromagnetic power

i fl P

Radiant flux received by or leaving® a surface w

Single density quantities

Irradiance B Rafliant flux received by a surface per W m—2
unit area

Radiosity J Ra'diant flux leaving® a surface per W2
unit area

Radiant exitance M Rafliant flux emitted by a surface per W m—2
unit area

Radiant intensity I Radiant flux received by or leaving® a Wl

surface per unit solid angle
Spectral flux Dy Radiant flux per unit wavelength Wm™!
Joint density quantities of two variables

Radiant flux received by a surface per

Spectral irradi E . ; Wm—3
pectral rraciance A unit area per unit wavelength m
Spectral radiosity 7 Ra.diant flux lean'/inga a surface per Wm—?
: unit area per unit wavelength
. diant fl itted b f ;
Spectral exitance M) Ra‘ tant fux eml. ec by a surlace per Wm3
unit area per unit wavelength
Radiant flux received by or leaving® a
Spectral intensity I surface per unit solid angle per unit Wsr~!m™!

wavelength

Radiant flux received by or leaving® a
Radiance L surface per unit solid angle per unit Wsr~!m~2
projected area

Joint density quantity of three variables

Radiant flux received by or leaving® a
Spectral radiance Ly surface per unit solid angle per unit Wsr~!m™3
projected area per unit wavelength

& .. emitted, reflected and transmitted by ...

For more information regarding radiometric quantities the reader is referred to [11].

2.2 Electromagnetic radiation

In thermodynamics, temperature is a measure of the total internal energy of an object
that results from translational, rotational and vibrational motion of its constituent par-
ticles (molecules, atoms and subatomic particles). The higher the object’s temperature,
the higher its internal energy. Subatomic particles are constantly absorbing and emitting
energy in form of electromagnetic radiation as they interact with each other and move

back and forth between different energy states. The higher the object’s temperature, the
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higher the frequency with which the subatomic particles switch energy states and also
the greater the energy that they emit. At the object’s boundaries, this electromagnetic
energy is radiated outwards to the surroundings. Thus, all objects at a temperature
above 0K emit some amount of electromagnetic radiation. The total electromagnetic
power that an object emits strongly depends on its surface temperature. Thermal imag-
ing systems exploit this fact to estimate an object’s surface temperature by measuring
the electromagnetic power it radiates. Most of the electromagnetic power radiated by
objects commonly found in measurement and inspection tasks is emitted in the infrared
range of the electromagnetic spectrum. For this reason, thermal imaging is also usually

referred to as infrared imaging.

Several subdivision schemes are used to describe the infrared spectrum. These typi-
cally consist of three bands —near-infrared (NIR), mid-infrared (MIR) and far-infrared
(FIR)— or five bands —near-infrared (NIR), short-wavelength infrared (SWIR), mid-
wavelength infrared (MWIR), long-wavelength infrared (LWIR) and far-infrared (FIR).
The boundaries of each band are defined somewhat arbitrarily and vary from standard
to standard. Criteria commonly used for defining these boundaries are the responsivity
of infrared detector or the atmospheric windows. Figure 2.2 shows the position of the

infrared band within the electromagnetic spectrum as well as a five bands subdivision

scheme.
visible
gamma X — ultraviolet —sl infrared micro radio
rags T rays ultraviole infrare waves waves
; ; ; ; ; ; T T t T ; ; ; ; A

l1pm 10pm 100pm 1nm 10nm 100nm 1pm 10pm 100 pm I mm 10mml00mm 1m  10m

NIR SWIR MWIR LWIR FIR A\

T ; ; ;
1pm 10 pm 100 pm 1 mm

Figure 2.2: Electromagnetic spectrum and five bands infrared subdivision scheme

2.2.1 Black body

A black body is a theoretical physical body that absorbs all incident electromagnetic
radiation, regardless of wavelength and angle of incidence. A black body also behaves as
a perfect emitter. It emits the maximum amount of electromagnetic radiation that an
object can emit at any temperature and for any wavelength. Furthermore, the radiance
emitted by a black body at constant temperature is the same in all directions. The

spectral radiance of a black body is described by Planck’s law (2.4) and is depicted in

10
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Figure 2.3.
2hc?
Lapb(T) = = T (2.4)
n2\ (exp(m) -1)

Here, Ly pp(T) denotes the emitted spectral radiance as a function of the black body’s
temperature 7', h is Planck’s constant, ¢, is the speed of light in vacuum, n is the
refraction index of the medium and kp is Boltzmann’s constant. According to [57],
the values of h, ¢, and kg are 6.62607004 x 10734 Js, 2.99792458 x 108 ms~! and
1.380648 52 x 10722 JK 1, respectively.

The plot includes the spectral radiance of a black body at —20°C, 25°C (room temper-
ature) and 100 °C to illustrate typical values of spectral radiance detected by thermo-
graphic cameras. It also includes the spectral radiance of a black body at 5778 °C, which
approximates the spectral radiance emitted by the sun, to illustrate that the peak of

this curve falls within the visible part of the electromagnetic spectrum.

108 £ 3 ‘
i T — —20°C | |
T 100k | B — 25°C| |
g 6l BN —— 100°C | |
‘T—u 10 ; \\/%S‘ 577800 g
F w0 %,
5 b1s %, LWIR ]
E 10% ¢ - 5, :
o} I N %{ ]
s 10% ¢ 1 %, £
= f e 1
By 1 ~
Tﬁ L N ]
E 10t E H == E
) 8 e NN ]
% 100 % ; / \\ é
1071 L / Ll N \\ I ]
1071 100 10! 102

wavelength (pm)

Figure 2.3: Spectral radiance of a black body

The integration of (2.4) for n = 1 (i.e. in vacuum) over a hemispherical solid angle!
centered on the area element dA and over all wavelengths results in (2.5). This equation
is known as the Stefan-Boltzmann law and o denotes the Stefan-Boltzmann constant.
According to [57], o is equal to 5.670 367 x 1078 Wm~2 K—*. The equation indicates the
maximum radiant exitance My, (T') that an area element dA at temperature 7' can emit

into a hemisphere. Figure 2.3 shows that the area under the curves increases as the

! The integration over a hemispherical solid angle is represented by the surface integral f f ( )d2 and
27

is equivalent to the double integral foh 0"/2( )sinfdfdep.
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temperature increases.

My, (T) = /O / Ly pb(T)cosfdQdN = 0T (2.5)
2w

Similarly, calculating the derivative of (2.4) with respect to A and equating it to zero for
n =1 (i.e. in vacuum) results in (2.6). This equation is known as Wien’s displacement
law and b represents Wien’s displacement constant. According to [57], b is equal to
2.8977729 x 103 mK. The equation allows the calculation of the wavelength Ay at
which the spectral radiance Ly pp(7") reaches its maximum as a function of the black
body’s temperature T'. Figure 2.3 shows that the maximum spectral radiance shifts

towards shorter wavelengths as the temperature increases.

AmaxT = b (2.6)

2.2.2 Real body

In practice, the amount of radiant power that real bodies emit or absorb depends not only
on their temperature but also on local properties such as surface finish and the direction
of the emitted or incident electromagnetic radiation. To take into account these factors
two new quantities are introduced: emissivity and absorptivity. The emissivity specifies
the fraction of the radiant power emitted by a black body that a real body at the same
temperature emits. It is a directional quantity because its value varies with the direction
of emission. From its definition it follows that the emissivity of a black body is equal
to one. The emissivity is represented by the Greek letter €. The absorptivity, on the
other hand, specifies the fraction of the radiant power incident on a real body that gets
absorbed by it. It is also a directional quantity because its value depends on the direction
of the incident radiation. The absorptivity is represented by the Greek letter a. Since a

black body absorbs all incident electromagnetic radiation, its absorptivity is one.

Due to the law of conservation of energy, the radiant power incident on a real body
that does not get absorbed by it must either be reflected back into the surroundings
or be transmitted through the body. To take into account these effects two additional
quantities are introduced: reflectivity and transmissivity. The reflectivity specifies the
fraction of radiant power incident on a body that gets reflected by it. It is a bidirectional
quantity because its value varies both with the direction of incidence and the direction
of reflection. The reflectivity is represented by the Greek letter p. Since a black body
absorbs all incident electromagnetic radiation, its reflectivity is equal to zero. Similarly,
the transmissivity specifies the fraction of radiant power incident on a body that gets

transmitted by it. It is also a bidirectional quantity because its value varies both with the

12
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direction of incidence and the direction of transmission. The transmissivity is represented

with the Greek letter 7. The transmissivity of a black body is also equal to zero.

Manufacturers of radiation thermometers provide tables with typical values of emissivity
for different materials at different temperatures. These values are frequently measured
with the surface oriented perpendicular to the radiometer and represent an average
emissivity within the operating wavelength range of the radiometer. A comparison of

the emissivity of various materials for different spectral ranges can be found in [11].

The terms emissivity, absorptivity, reflectivity and transmissivity are used to describe
intensive properties of matter, i.e., properties that do not depend on the amount of
material involved, for example, the emissivity of polished copper. The terms emittance,
absorptance, reflectance and transmittance follow similar definitions but are used to
describe extensive properties, i.e., properties that depend on the amount the material
involved, for example, the atmospheric transmittance. All these properties vary with the

temperature of the body.

2.2.3 Other theoretical bodies

The processes of emission, absorption, reflection and transmission of electromagnetic
radiation are very complex. To facilitate their description, analysis and understanding
other types of theoretical bodies are commonly used. A white body, for example, be-
haves opposite to a black body: it has zero absorptivity and perfect reflectivity for all
wavelengths. In nature, no true white bodies are known, but some materials exhibit very
high reflectivity within a particular wavelength interval. Similarly, a gray body refers
to a body that emits a constant fraction of the radiation emitted by a black body, re-
gardless of wavelength. A transparent body, on the other hand, is one that transmits
all radiation incident on it and an opaque body, on the contrary, is a body that trans-
mits no radiation. Radiation incident on an opaque body is either absorbed or reflected.
This type of body offers a good approximation to describe a large number of objects
found in real applications. A common practice is to assume in addition that the opaque
body’s surface is gray and Lambertian. A Lambertian surface emits and reflects radiance

uniformly in all directions.

The equation € + p + 7 = 1 is often used in the literature to indicate that, under
local thermal equilibrium (LTE), energy is conserved. This expression only holds for
ideal surfaces that are both gray and Lambertian and ¢, p and 7 indicate hemispherical
total quantities. The emissivity, reflectivity and transmissivity of real bodies vary with
wavelength and direction of propagation of the electromagnetic radiation, as will be

discussed later on in this chapter.
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2.2.4 Propagation in a medium

When the electromagnetic radiation emitted by an object propagates through a medium
other than vacuum, it loses some power due to absorption and out-scattering but also
gains some power due to local emission of the medium and in-scattering. The net change
in radiant power depends on the properties of the medium along the traversed path. The

propagation of radiance through a volume element dV in LTE is described by (2.7).

6L)\(S7Qat) aL)\(S7Q7t) _ 7
codt + BXS = UA,a(S)L)\(S,Q,t) O’,\7S(S)L)\(S,Q,t)

loss due to loss due to
absorption out-scattering

+0x,a(S) Labn(9)
| A A ——

gain due to
emission

*i//“’%5(5)%(57anlﬂ(m,Q)dﬂi 2.7)
A7

gain due to
in-scattering

This formula is known as the radiative transfer equation (RTE). The terms o) ,(S) and
o s(S) represent the spectral absorption and the scattering coefficient of the medium,
respectively. They have units of reciprocal length and their values depend on local proper-
ties of the medium including pressure, temperature and concentration of the constituents
materials as well as the wavelength of the traversing radiance. Ly (S, ,t) is the spectral
radiance in the direction of propagation Q. Ly 1,1, (S) is the spectral radiance emitted by
a black body at the same temperature as the volume element dV. ; is an integration
variable that represents the direction of incident radiance. Ly (S, £2;) is the spectral radi-
ance incident on dV from the direction ;. Py(.S, 4, Q) is the scattering phase function,
which describes how much of Ly(S,€) is scattered in the direction of propagation .
Gains due to in-scattering are integrated from all possible directions, that is, over a

spherical solid angle®. All variables are evaluated at the position S and time ¢.

When Ly (S, Q,t) varies slowly in time, the medium does not cause scattering in a given
wavelength interval (i.e. o) 4(S) = 0) and the local energy contribution of the medium
is negligible when compared to the magnitude of Ly(S5,), the RTE reduces to (2.8a)
and the solution to this differential equation is given by (2.8b), where the direction

) is omitted for simplicity. This equation is known as Bouguer’s law, Beer’s law, the

2 The integration over a spherical solid angle is represented by the surface integral jf( )dQ and is
4m

equivalent to the double integral f;w :{?2( )sinfdfd¢.
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Lambert-Beer law or the Bouguer-Lambert-Beer law.

w = —0xa(5)LA(S, Q) (2.8a)
5
Ly(S) = L)\(O)cxp< — /0 cr)\,a(s)ds> (2.8b)

When the medium is vacuum, oy, and o)s are both zero and L) remains constant
along the direction given by €2. This property is known as radiance invariance. The same
result can be obtained considering the spectral flux ®) that passes through the two area
elements dA; and dAy depicted in Figure 2.4. Since there are no losses along the path,
according to (2.3c), this flux can be expressed either as (2.9a) or as (2.9b), where d;
is the solid angle subtended by dAs when viewed from dA; and dfs is the solid angle
subtended by dA; when viewed from dAs.

5

Figure 2.4: Radiance invariance

d2¢‘,\ = LAJCOSHldAldQl (Q,Qa)
d*®) = Ly 2cos0zd Axd€y (2.9b)

Since dA; and dAjy are not perpendicular to r, according to (2.1b), dQ; = cosflad Az /r?
and dQy = cosf;dA;/r?. Tt follows then that Lyy1 = Lys = Ly. This means that the
radiance that passes through dA; and dAs is the same.

2.2.5 Radiative properties at an interface

To better describe the directional nature of the radiative properties at the surface of a real
body, rigorous definitions of emissivity, absorptivity, reflectivity and transmissivity are
necessary. These definitions also enable a more accurate description of the relationship
between the radiative properties. In this section, only the definitions that apply to opaque
bodies are presented. Although not all definitions are used later in this work, they are
included nonetheless for consistency. To improve the readability of the definitions, the
dependence of the radiative quantities and radiative properties on the temperature of

the real body is omitted. Illustrations of these definitions can be found in appendix A.
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Directional emissivities: (60, ¢) and £(6, ¢)

Let d2®) (6, ¢) be the spectral flux emitted by an area element dA of a black body at
temperature T within the solid angle d§2 in the direction (6, ¢). Similarly, let d>®, (6, #)
be the spectral flux emitted by an area element dA of a real body at the same tem-
perature 7' within the same solid angle d2 in the same direction (6, ¢). The directional
spectral emissivity e)(0, ¢) is defined as the ratio of d2®, (6, ¢) to d2®y (0, ¢) and is
given by (2.10a). The definition of the directional total emissivity €(0, ¢) is an extension
of the definition of ) (0, ¢) that includes all wavelengths of the electromagnetic spectrum
and is given by (2.10b).

A205(0,0)  Lx(0, p)cosfdAdQ  Ly(0, )

MO0 = By (0.0) ~ Lowncos0dAd? Ly (2.102)
/ L(6, )dA

c0, ) =0 (2.10D)
/ Ly prdA

Hemispherical emissivities: €y and €

Let d2<I>A,bb be the spectral flux emitted by an area element dA of a black body at
temperature 7' in all directions of a hemisphere centered on dA. Similarly, let d>®, be
the spectral flux emitted by an area element dA of a real body at the same temperature
T in all directions of a hemisphere centered on dA. The hemispherical spectral emissivity
ey is defined as the ratio of d>®y to d2<I>)\,bb and is given by (2.11a), where the terms
dA cancel out. The definition of the hemispherical total emissivity € is an extension of
the definition of €y that includes all wavelengths of the electromagnetic spectrum and

is given by (2.11b).

A2 S LA (0, $)cosfdf
e\ = A _2n (211a)
2Py I L ppcosfdQ
2w
oo
/ / L(0, ¢)cosddQdA
0
) : (2.11b)

o0
/ / Ly ppcosfd2dn
0
2

The directional spectral emissivity, the directional total emissivity, the hemispherical

spectral emissivity and the hemispherical total emissivity are dimensionless quantities.
Directional absorptivities: ay (0, ¢) and (60, ¢)

Let d?® Ai(0i, ¢1) be the spectral flux incident on an area element dA coming from the

direction (6;, ¢;) that passes normally through an area element dA; on a hemisphere
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centered on dA within an a solid angle d), where d) is the solid angle subtended
by dA when viewed from dA;. On the other hand, let d2<1>,\,a(61, ¢i) be the fraction of
d%®,;(6;, i) that gets absorbed by dA. The directional spectral absorptivity a(6;, ¢;)
is defined as the ratio of d2<I>,\7a(91,¢i) to d2<I),\,i(0i,¢i) and is given by (2.12a). Here,
the radiance invariance property was used to express all terms of the equation from the
perspective of dA; df; is the solid angle subtended by dA; when viewed from dA. The
definition of the directional total absorptivity (6, ¢) is an extension of the definition of
ax(6i, ¢i) that includes all wavelengths of the electromagnetic spectrum and is given by
(2.12b).

o AP0, 0i) d?®) . (6;, ¢1)
000 = B, (B i) — Lng ) cosbrd Adeh (2.122)
/Oo ax(i, ¢1) L (65, p1)dA
a(b;, ¢i) = = (2.12D)

/ Lyi(6, é1)dA
0

If the area element d A is in LTE, the radiative power that it absorbs must be equal to the
radiative power that it emits. This implies that £)(6, ¢) must be equal to a (6, ¢). This
relation is known as Kirchhoff’s law of thermal radiation. The relation (6, ¢) = «(6, ¢),

however, only holds for gray bodies.
Hemispherical absorptivities: ) and «

Let d?®,, be the spectral flux incident on an area element dA coming from all possible
directions of a hemisphere centered on dA. And again, let d®® Aa be the fraction of this
spectral flux that gets absorbed by dA. The hemispherical spectral absorptivity a is
defined as the ratio of d2<1>)\7.(L to d’®, and is given by (2.13a). The definition of the
hemispherical total absorptivity « is an extension of the definition of « that includes

all wavelengths of the electromagnetic spectrum and is given by (2.13b).

// ax(i, ¢i) L (05, ¢i)costid(;

42®,

oy = gt = (2.13)
A // L) i(6;, ¢1)costid€Y
27

-

[ [[ arit 00201061 ) costhasan

0
a=-—2 (2.13b)

<
/ / L,\J(Hi, d)i)COSHiind)\
0
2

The directional spectral absorptivity, the directional total absorptivity, the hemispher-
ical spectral absorptivity and the hemispherical total absorptivity are dimensionless

quantities.
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Bidirectional reflectivities: px bi-a(6r, @r, 0i, @i) and ppia(Or, Pr, 65, Pi)

Let dEy (6, ¢1) the spectral irradiance of an area element dA within the solid angle
dQ; from the direction (6;, ¢;). On the other hand, let Ly (6, ¢r, 6i, ¢;) be the spectral
radiance reflected by dA in the direction (6, ¢;) as a result of dEy;(6;, ¢;). The bidirec-
tional spectral reflectivity px pi-a(fr, ¢r, 6i, ¢i) is defined as the ratio of Ly ,(6r, ¢r, 6i, ¢i)
to dE) i(6;, ¢1) and is given by (2.14a). The definition of the bidirectional total reflectiv-
ity pbi-a(Or, dr, 05, ¢1) is an extension of the definition of py pi-a(br, ¢r, 0i, ¢i) that includes

all wavelengths of the electromagnetic spectrum and is given by (2.14b).

o L)\,r(erv ¢r7 017 (bl) _ L)\,r(el'7 d)ra 9i7 ¢1)
Pavialles 0, 00 05) = = T 03T = (8, ) costidh

| orbraBrs 60,65, 60 a6, )0
poi-d(Or, or, 05, 1) = 22 = (2.14b)
/0 Ly;i(6;, ¢1)dA

(2.14a)

The fact that py pi-a(fr, ¢r, 0, ¢;) has the term cos#;dQ; in its denominator allows to ex-
press the reflected spectral radiosity d.J) (6;, ¢;) of an area element dA caused by the in-
cident spectral radiance Ly ;(6;, ¢;) as the sum of the reflected radiances Ly ;(6r, ¢r, 6i, ¢1)
and also as a fraction of the spectral irradiance dEj ;(6;, ¢;) according to (2.15a) and

(2.15b), respectively.

A (65, 61) = / Las(Br. v, 01, 1) costyd (2.158)
2T

= L) i(6;, ¢i)cost;d€d // P bi-d (O, Gr, 05, b1)cosfdd,
27

:dEA,i(ai:¢i)/ PAbi-d(Or, @r, 01, di)cosddQd, (2.15b)
27

dimensionless
The bidirectional reflectivity is symmetric, i.e., px biea (6r, @r, 05, ¢1) = papi-d (05, G, Or, Pr).
Directional-hemispherical reflectivities: px d-n(6i, ¢;) and pa-n(6;, ¢1)

Let d2@® Ai(0i, ¢i) be the spectral flux incident on an area element dA within the solid
angle d€; from the direction (6;, ¢;). Let d2<I>,\7r(017 ¢i) be the fraction of d2<1>,\7i(t9i7 &)
that gets reflected in all directions of a hemisphere centered on dA. The directional-
hemispherical spectral reflectivity pyan(6s, #i) is defined as the ratio of d2®y (6, ¢1)
to d2®, ;(6;, ¢1) and is given by (2.16a). The definition of the directional-hemispherical
total reflectivity pg.n(6;, ¢i) is an extension of the definition of py ., (6, ¢i) that includes
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all wavelengths of the electromagnetic spectrum and is given by (2.16b).
2P (65, 61)
d20,;i(6:, #1)

/ Lax(Be, 1. 01, ) costd2,d A
27

Pad-n(0, 61) =

L,\A(Hi, ¢i)COS01indA
= // /)/\,bi»d(en ¢r7 0i7 ¢1)C080rer (216d)
27

000 /Ooo Pa,a-n (0, i) L i (05, di)dA
Pd-n (Ui, ¢i) = 9
| Ersto00an

(2.16b)

Due to the law of conservation of energy, the total radiative power incident on dA
must either be absorbed or reflected. This implies that ax(,¢) + pran(f,¢) = 1 or,
equivalently, x(6, @) + pr.an(0, @) = 1.

Hemispherical-directional reflectivities: py n-a(6i, ¢i) and pn-a(6;, ¢;)

Let Ly (65, ¢i) be the spectral radiance incident on an area element dA coming from the
direction (65, ¢;). Let Ly ;(6r, ¢r) be the spectral radiance reflected by the area element
dA as a result of irradiating dA from all possible directions of a hemisphere centered on
dA. The hemispherical-directional spectral reflectivity py p-a (6, ¢r) is defined as the ratio
of Ly (6:, ¢:) to the average value of Ly (6}, ¢;) over the enitre hemisphere and is given
by (2.17a). The definition of the directional-hemispherical total reflectivity pn.q(6:, ¢r)
is an extension of the definition of pyp.q(fr,¢r) that includes all wavelengths of the

electromagnetic spectrum and is given by (2.17b).

Pan-d(Or, b)) = Lo (B, ¢1) (2.17a)
(1/71') / LA,i(Qi,qﬁi)cosﬁiin
21
/Oo L)\,r(erv ¢r)dA
Ph-d(Or, br) = : (2.17b)

(1/7) / / Loi(6:, én)cosBidud
0
21

It follows that when the incident spectral radiance is isotropic, px d-n(0, @) = pan-d(6, ®).
Specular reflectivities: py (6, ¢) and ps(6, ¢p)

The definition of the bidirectional reflectivities is not practical to describe specular
surfaces, i.e., surfaces that reflect incoming radiance in a single direction according to

Fresnel laws of reflection. In such cases, the definitions of specular spectral reflectivity
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given by (2.18a) and specular total reflectivity given by (2.18b) are used instead.

_ L)\7r(07 ¢ + 71')

Prs(0,0) = L0i(0.0) (2.18a)
ps(0,¢) = % (2.18b)

Due to the law of conservation of energy, the total radiative power incident on dA must

either be absorbed or reflected. This implies that ax (6, #)+pa (6, ¢) = 1 or, equivalently,
E)\(97 ¢) + p)\,s(07 ¢) =1

The bidirectional spectral reflectivity and the bidirectional total reflectivity have the
unit st~!. The directional-hemispherical spectral reflectivity, hemispherical-directional
spectral reflectivity, the directional-hemispherical total reflectivity, the hemispherical-
directional total reflectivity, the specular spectral reflectivity and the specular total

reflectivity are dimensionless quantities.

2.2.6 Radiative properties of opaque bodies

For optically smooth surfaces the radiative properties described in the previous sec-
tion can be calculated using electromagnetic wave theory and the optical and electrical
properties of the materials involved. A surface is deemed optically smooth when the
imperfections or roughness of its texture are much smaller than the wavelength of the
incident radiation. In practice, nonideal surface conditions can introduce large deviations
from the values predicted by the theory, but the theory helps nonetheless to understand
and predict, for example, the directional behavior of the emissivity, absorptivity and
reflectivity. Two classes of materials are considered: dielectrics and metals. Figure 2.5
illustrates the directional dependence of the spectral emissivity with respect to the polar
angle 0 for the dielectric copper oxide (CuOz) and the metal copper (Cu) at A = 10 pm.
The curves were plotted using the Fresnel equations presented in Appendix B.2 and the

fact that (6, ¢) + pxs(f, ¢) = 1 for opaque bodies.

The plots show that dielectrics exhibit high emissivity values whereas metals exhibit
very low emissivity values. They also show that these values remain constant for emis-
sion angles smaller than approximately 45°C. For angles greater than approximately
60 °C, the emissivity drops sharply in the case of dielectrics and increases to some maxi-
mum value before dropping to zero in the case of metals. Refractive indices for different

materials at different wavelengths can be found in [54].

For more information regarding the topics covered in this section the reader is referred

to [32] and [86].
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Figure 2.5: Directional spectral emissivities € (6)
2.3 Optical systems

Optical lenses are needed to redirect the beams of electromagnetic radiation emitted
or reflected by a real body towards a detector. The change of direction of the beam is
caused by the change of the refractive index in the transmitting medium and is described

by Snell’s law (see Appendix B.1).

2.3.1 Thin lens

The thin lens is a special type of lens whose thickness along the optical axis is negligible
compared to the radii of curvature of the lens surfaces. It is often used to illustrate the
process of image formation because optical effects associated with the lens thickness can

be neglected (see Figure 2.6).

object

optical axis

front
focal image
point
center
D D'

Figure 2.6: Process of image formation using a symmetric thin lens
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The object is assumed to be contained on a plane called the object plane and its image
is formed on the other side of the lens on a plane called the image plane. The focal
point refers to the point where rays traveling parallel to the optical axis would converge
after crossing the lens. The distance f between the lens and the focal point is called
the focal length and the plane that contains the focal point is called the focal plane.
All the aforementioned planes are orthogonal to the optical axis. When different rays
emitted by the same point on the object converge on a single point on the image plane,
the distances shown in Figure 2.6 satisfy the relation given by (2.19). In the case where
the object is very far away from the lens (i.e. D — o) the image plane coincides with
the focal plane. On the other hand, when (2.19) does not hold, the emitted rays form a
circular spot on the image plane known as the circle of confusion.

1

+ 5 (2.19)

=
Sl=

2.3.2 Depth of field

In practice, the detector on the opposite side of the lens has finite dimensions and the
amount of radiation that reaches it is constrained by the diameter of the lens or by a fixed
or adjustable opening called aperture that is typically located between the lens and the
image plane. Under such conditions, an image appears as sharp as possible on the image
plane when the circle of confusion does not exceed the size of the detector. This scenario
is depicted in Figure 2.7, where, for simplicity, the diameter of the aperture equals the
diameter of the lens. These conditions impose a limit on the nearest and farthest distance
between the lens and the object which are given by (2.20a) and (2.20b). The depth range
delimited by Dp and Dy is known as the depth of field (DOF) and is given by (2.20c).
In all three equations, ¢ is the diameter of the circle of confusion and N = f/d is the
ratio of the focal length f to the aperture diameter d. N is known as the f-number or

the f-stop. The distance D for which Dg — oo is called the hyperfocal distance.

<~ DOF —

Figure 2.7: Depth of field
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_ Df? ,
_ Df?
poF = 2PI*eND — ) (2.20c)

A= (eN(D - f))?
2.3.3 Field of view

The field of view (FOV) describes the extent of the world seen by a detector through
the camera’s optical system. Because the majority of detectors arrays have a rectangular
shape, the FOV is typically expressed as the product of two angles that denote the
horizontal field of view (HFOV) and wvertical field of view (VFOV) (see Figure 2.8).

optical
w g center
‘ l VFOV \/
h
/ HFOV FO
detector
array

\
0
’IF

Figure 2.8: Field of view

The HFOV and VFOV are related to the focal length f and to the detector array’s width
w and height h, by (2.21a) and (2.21b) respectively. Furthermore, in remote sensing, the
FOV subtended by a single detector element in a detector array is called instantaneous

field of view (IFOV).
HFOV = 2tan™! (ﬂ) (2.21a)
2f

VFOV = 2tan’1<%) (2.21D)
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2.3.4 Optical aberrations

Real lenses introduce optical aberrations that cause image blurring and distortion. These
aberrations fall into two categories: chromatic and monochromatic. Chromatic aberra-
tions are caused by the wavelength dependence of the lens’ refractive index. This results
in rays of different wavelengths being brought to focus at different distances from the
lens and the optical axis. Monochromatic aberrations, also known as geometric aberra-
tions, are caused by the shape of the lens and its alignment in the optical system. In
this case, rays emitted by an object converge at different distances from the lens and the
optical axis. The main types of monochromatic aberrations are: spherical aberration,
coma, astigmatism, field curvature and distortion. The first four types of aberrations
can be minimized through proper optical lens design. The last type, distortion, is easier

and cheaper to correct via image processing algorithms.

For more information regarding optical systems the reader is referred to [29] and [72].
2.3.5 Pinhole camera model
The pinhole camera model is a simple mathematical model that describes the correspon-

dence between points in the real world and their projections on the image plane in a

pinhole camera. This is illustrated in Figure 2.9.

U ‘/l
\Y% P(Xc,Yc, Zc)

Y Yc P(Xw, Yw, Zw)
Xc
b’ X K optical
optical  Zg axis
center Yw

P'(z,y)

P’ (u,v)
Xw

image plane
Figure 2.9: Pinhole camera model

Points in the real world are projected onto the image plane using a series of projective
transformations that map the point from one coordinate system onto another. These

transformations are given by (2.22a), (2.22b) and (2.22c¢).

[Xe Yo Zo|' = [Raws | tsa] [¥w Y 2w 1] (2.22a)
v 1] = KXo Yoz (2:22)
[u v 1}T:K3’X3 [x y I]T (2.22¢)
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where

Ri1 Rip Rig | ti
[R3><3 ‘ t3><1] = |Ro1 Ro2 Roz|to (2.224d)
R31 R3z Rsz |t

fx a 0
Ks3=10 fy 0 (2:22¢)
0 0 1
-ku 0 cu
Sx3= [0 kv o (2.22f)
0 0 1

Equation (2.22a) describes the relationship between two sets of coordinates that repre-
sent the same point P. [Xw Yiv Zw 1]T indicates the position of P with respect to an
arbitrary world coordinate system. [X¢ Yo Zc|" indicates the position of P with respect
to the camera’s coordinate system with origin at the camera’s optical center and whose
z-axis is aligned with the camera’s optical axis. The augmented matrix [ R3y3 ‘ tgxl] is
called the eztrinsic camera matriz and its components, the rotation matrix R3xs and the
translation vector t3x1, describe the geometric transformation between the world and
camera coordinate systems. Equation (2.22b) projects the point P (expressed in terms of
the camera coordinate system) onto the image plane. Here, fy and f, represent scaling
factors and « represents a skew coefficient. Usually, « = 0 because the pixels have a
rectangular shape. Furthermore, unless the lens introduces unintentional or intentional
distortions, fx = fy = f, where f represents the distance between the image plane and
the camera’s optical center. Finally, (2.22¢) transforms P’, the projection of point P, to
pixel coordinates [u v]T. Here, k, and k, represent the inverse of the detector element’s
dimensions (in pixels per unit length) and [c, ¢,]T denotes the position (in pixels and
with respect to the image corner) of the point where the optical axis intersects the image

plane.

The product of the matrices K}, 3 and Kj, 5 given by (2.23a) is called the intrinsic
camera matriz and its elements are known as the intrinsic parameters of the camera.
Here, fu = kufx, fv = kvfy and o/ = kya.

fu o
K3><3 = K§X3Kgx3 = 0 fv Cy (2233‘)
0 0 1

To avoid working with inverted images, the image plane is often assumed to be located

between the object and the camera’s optical center. This plane is called the virtual image
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plane. It is at the same distance from the camera’s optical center as the image plane and

it is parallel to it.

The pinhole camera model describes an ideal camera, where the projection of points
onto the image plane is rectilinear. Images produced by real cameras, however, are
subject to distortions introduced by the optical system. The two most common forms
of distortions are radial and decentering distortions. The former is caused by the shape
of the lens and the position of the aperture within the optical system. The latter occurs
when the optical axis is not exactly perpendicular to the image plane, for example,
due to alignment errors during the lens assembly. As a result of these distortions, a
point in space, its projection onto the image plane and the camera’s optical center are
not always collinear. The model most widely used to describe these distortions is the
Brown-Conrady model. Equations (2.24a) and (2.24b) describes the offsets caused by
the radial and decentering distortions based on this model. The distortion parameters
(k1, k2, p1,p2, k3], commonly given in this order, are considered part of the camera’s

intrinsic parameters.

0u(z,y) = 2(k1r? 4 kor* + ksr®) + (p1(32% 4+ y?) + 2pozy) (2.24a)
radial distortion decentering distortion

Sy(,y) = y(krr? 4 kar® + kar®) + (pa(2® + 3y%) + 2p12y) (2.24b)
radial distortion decentering distortion

P2 = 2?4y (2.24c)

Equation (2.25) relates the position of the distorted projected point [z4 yg 1]T that
results from adding these offsets to the ideal projected point [z y 1]T.

[:ch Yd l]TZ[x Yy 1]T+[5m(x7y) dy(xz,y) O]T (2.25)

For more information regarding the pinhole camera model and the Brown-Conrady

model the reader is referred to [52].

2.4 Summary

This chapter explains the main theoretical concepts needed to understand the funda-
mentals of infrared thermography as well as the terminology employed in this field. Sec-
tion 2.1, radiometric quantities, presents a summary of the main radiometric quantities
used to describe the flux of radiant electromagnetic power. Section 2.2, electromagnetic

radiation, explains the relationship between the temperature of an object’s surface and
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the amount of electromagnetic radiation that it emits and how this radiation propagates
in a medium. It also explains various concepts that frequently come up in the field of
infrared thermography like black bodies and real bodies as well as the main properties
associated with them: emissivity, absorptivity, reflectivity and transmissivity. In order
to describe the directional nature of these properties and to understand how exactly
they relate to each other, rigorous definitions are provided. Section 2.3, optical systems,
briefly explains the concepts of focal length, image plane, depth of field and field of view
which are used to describe most imaging systems. This section includes a description
of the pinhole camera model, a mathematical model that relates points in space with
their projections on the image plane. This model is used to describe the depth and

thermographic cameras of the 3D thermographic system presented in this work.
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Chapter 3

2D Thermal imaging

The objective of a 2D thermal imaging system is to produce 2D images that depict the
surface temperature distribution of the observed object. The generated image is called
a thermogram or simply a thermal image and the device that produces these images is
known as thermal imager, thermal camera, thermographic camera or infrared camera.
The works of [21], [45] and [40] provide good overviews of current applications of thermal

cameras.

This chapter uses the concepts introduced in the previous chapter to explain the principle
of operation of a conventional thermographic camera and describes the main issues that

affect the fidelity of conventional thermal images.

3.1 Radiometric chain

The measurement process starts with the emission of thermal radiation by the observed
object. This radiation is not necessarily the only radiation that reaches the detector of
the thermographic camera. Other sources of radiation like surrounding objects and the
camera housing also contribute to the radiant flux measured by the detector. Moreover,
the radiation coming from the object’s surface suffers gains and losses as it propagates
through the transmission medium and the camera lens (see section 2.2.4). The ensemble

of all these phenomena is known as the radiometric chain and is depicted in Figure 3.1.

For certain spectral bands, when the propagation medium is clean air and the distance
between the object and the thermographic camera is only a few meters, the effects of
atmospheric attenuation, scattering and emission can be neglected. Figure 3.2 shows

the atmospheric spectral transmittance at short distances. Similarly, if the optical lens
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Figure 3.1: Radiometric chain

used in thermal imaging system has very high transmittance, the effects of attenuation,

scattering and emission within the lens can also be neglected.
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Figure 3.2: Atmospheric spectral transmittance based on the HITRAN database [6]
at 25°C, 1 atm, 50 % relative humidity and for a path length of 10 m

Under such conditions, the spectral radiance Ly obi(6,$) leaving an area element dA
of an opaque body at temperature Tj,; that reaches the detector in the thermographic
camera is given by (3.1), where Ly ¢ (65, 1) is the spectral radiance incident on dA from

the direction (6;, ¢;) radiated by objects in the surroundings.

L obi(0, ¢) = ex(0, &) Lo (Ton;) +
—_——

radiance emitted
by object

/ Pabi-d(0, @, 05, ¢1) L sur (05, pi)cos(6;)d€ (3.1)

21

radiance reflected
by object

Furthermore, if the object under inspection has high emissivity (and therefore low re-

flectivity) or if Top; is much higher than the temperature of the surroundings, the second
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summand in (3.1) can be neglected. This is a very common assumption in thermal imag-

ing, however, this assumption is only valid when the aforementioned conditions hold.

Assuming that the spectral radiance of the object Ly o1 and spectral radiance of the
camera housing L) cam are uniform within the solid angles subtended by them when
viewed from the detector, the irradiance Fqey measured by the detector is then given by
(3.2).
)\2 )\2
Ba= Oa [ Lnongd + (=) [ Lacamd (3.2)
1 1

irradiance from object irradiance from camera housing
Here, the limits A\; and Ay represent the operating spectral range of the detector and €2,
is the projected solid angle subtended by the camera aperture. The value of €2, depends
on the position of the detector with respect to the lens and the optical axis but is always
smaller than its hemispherical complement (7 —,)*. This means that the temperature
of the camera housing has a strong influence on the total irradiance measured by the
detector, in particular, when temperature of the object is not much greater than the

temperature of the camera housing.

3.2 Thermographic camera

The thermographic camera measures the thermal radiation leaving an object’s surface
in the direction of the camera and produces images that depict the object’s surface tem-
perature distribution. The thermal radiation measured by each element of the camera’s
detector array is converted to a temperature value using the theoretical concepts and
assumptions discussed so far and taking into account the emissivity of the object’s sur-
face, which is given as input parameter to the camera. The color assigned to each image
pixel is determined based on the temperature estimated from the measurement of the
corresponding detector, a predefined color scale and the scale limits, which can be set

manually or computed automatically according to some predefined criterion.

3.2.1 Basic components

The main components of a thermographic camera are depicted in the block diagram in

Figure 3.3.

1 The hemispherical solid angle is 27 but the projected hemispherical solid angle f f cosfd(2 equals 7.
2m
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Figure 3.3: Main building blocks of a thermographic camera

Optics

Thermographic cameras require an optical lens to focus the incoming beams of elec-
tromagnetic radiation onto the detector. Common glass materials used in conventional
cameras optics, have very poor transmittance in the infrared spectrum. For this reason,
other types of materials are used in thermal imaging systems. Cameras operating in the
LWIR band, for example, are typically equipped with lenses made of germanium and
covered with an antireflex coating to improve its transmittance. Furthermore, thermo-
graphic cameras are designed to have a low f-number to let in as much radiation as
possible. This practice helps to improve the signal to noise ratio (SNR) albeit at the

expense of having a reduced DOF.
Detector

In order to transform electromagnetic radiation into a useful electrical signal that can
be amplified, filtered, digitized and digitally processed, a detector is required. For the
measurement of infrared radiation, two classes of detectors can be found: photon de-
tectors and thermal detectors. In photon (or quantum) detectors, incident photons with
sufficient energy change the concentration of free charge carriers on the detector element.
Depending on the type of photon detector, this change may alter the conductivity of the
detector element or induce a photoelectric current through it. Photon detectors require
substantial cooling (typically down to 77 K) in order to reduce the concentration of free
charge carriers that originate from thermal excitation at room temperature. Examples
of photon detectors are photoconductors, photodiodes and quantum well infrared pho-
todetectors (QWIP). In thermal detectors, on the other hand, the absorbed radiation
changes the temperature of the detector element. In a similar manner, depending on the
type of thermal detector, this temperature change may alter the electrical resistance of
the detector’s material or induce a voltage across it. Examples of thermal detectors are
thermopiles, pyroelectric detectors and bolometers. In addition, detectors differ from
each other in terms of their spectral responsivity, response time, noise level and size.

The work of [74] elaborates on recent progress in infrared detector technologies.

The detector array in today’s infrared cameras is arranged in a (typically rectangular)
matrix called the focal plane array (FPA). Photon detector FPA cameras offer better
performance than the thermal detector FPA cameras in terms of thermal and temporal

resolution, but are also bulkier and much more expensive because of the need of a
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cooling system. At present, the majority of thermographic cameras are equipped with
a microbolometer FPA because their performance meets the demands of most practical
applications. The microbolometer FPA does not require cooling but in most cases its

temperature is thermoelectrically stabilized by means of a Peltier element.

Each detector element of an FPA has a slightly different sensitivity (gain) and bias point
(offset). To obtain the same signal value from all detectors when they are irradiated
by the same radiant power, gain and offset correction values must be calculated for
and applied to the signal of each detector element. This process is called nonuniformity
correction (NUC). The NUC can be carried out by placing a gray body of high emissivity
at uniform temperature in front of the FPA and measuring the detector’s signal for two
different temperature values. This is known as a two-point NUC. The procedure is
normally carried out by the manufacturer and the calibration data are stored in the

firmware of the camera.
Signal conditioning and processing

The electrical signal produced by the detector array must be read out from the matrix,
amplified, filtered and digitized before it can be digitally processed. Dedicated electronic
circuits care for these tasks. Once in digital form, the signal from each detector is cor-
rected for changes in the operating conditions and then converted into a temperature

value.

The detectors in the array measure not only the radiation from the observed object but
also the radiation emitted by the camera housing and the optics as indicated by (3.2).
Since the temperature of the camera housing may change over time, signal corrections
need to be carried out on a regular basis. This is especially true for microbolometer FPA
cameras, whose responsivity strongly depends on the temperature of the detectors. For
this reason, most microbolometer FPA cameras are equipped with a shutter to carry
out a one point offset NUC during normal camera operation. The shutter has a uniform
temperature and is moved in front of detector for a brief period of time. This technique

provides a reasonable correction in the vicinity of the calibration point.

The conversion of the detector’s signal into a temperature value is carried out using
data obtained from the radiometric calibration of the camera. During the radiometric
calibration, a black body is placed in front of the thermographic camera such that it
covers its entire FOV. The distance between the black body and the camera is kept short
in order to have almost ideal atmospheric transmittance. The relation between the black
body’s temperature and the detector’s signal is determined for different temperature
values of the black body. The data obtained during the calibration take into account

the spectral responsivity of the detector and the spectral transmittance of the lens. The
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accuracy of the calibration can be further improved when the camera temperature is
also taken into consideration. Factory calibrated cameras store the calibration data in
the firmware. Because the calibration is done for a black body, during normal operation,
the emissivity of the real body must be entered as parameter to obtain the best possible
estimation of its surface temperature. A more detailed description of the calibration

steps of microbolometer array based thermal infrared cameras is given in [12].

3.2.2 Characterization

According to [86] the main parameters that describe the characteristics and performance
of a thermographic camera can be divided into two groups: objective and subjective
parameters. The first group includes design parameters and other parameters that can
be calculated or measured through a series of experiments. Detector type, size and
pitch, spectral range, temperature range(s), temperature accuracy, thermal resolution,
frame rate, integration time, FOV, focal length and f-number belong to this group (see
Table C.3 in Appendix C). The second group includes parameters that describe the
ability of a human observer to detect and recognize temperature differences in a thermal
image. These parameters are closely related to the objective parameters that describe
thermal and spatial resolution but also take other factors into consideration, for example,
the choice of the color palette. The minimum resolvable temperature difference (MRTD)
and the minimum detectable temperature difference (MDTD) belong to this group. A

more thorough description of these and other parameters can be found in [11] and [86].

3.2.3 Switch-on behavior

As stated in (3.2), the temperature of the camera housing has a strong influence on the
radiative power measured by the detectors. In the case of microbolometer FPA cameras,
the temperature of the camera housing also affects the responsivity of the detectors.
In order to get accurate temperature measurements, the camera has to be in thermal
equilibrium. It takes the camera several minutes to reach thermal equilibrium after it
is switched on. Furthermore, the camera’s thermal equilibrium might be affected by
sudden changes in the ambient temperature. To guarantee the measurement lies within
the accuracy range of the camera, a NUC operation must be carried out regularly.
The more stable the operation conditions, the less frequent a NUC operation must be
carried out. Figure 3.4a illustrates a long-term temperature measurement of a FLUKE
4180 precision infrared calibrator set to 50 °C as recorded by an Optris PI 450 thermal
camera. The temperature of the detector chip stabilizes approximately two minutes after

starting the thermal camera. The measurement of the calibrator’s temperature made by
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the detector at the center of the thermal camera’s FPA falls within the range 50 °C £+ 2°C
about one minute later. The internal housing temperature takes much longer to stabilize
and periodic NUC operations are needed to maintain the accuracy of the measurement.
Figure 3.4b shows what happens to the temperature measurement if the NUC operation
is disabled after the temperature measurement falls within the accuracy range of the

thermal camera, but the camera housing has not reached thermal equilibrium.
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Figure 3.4: Temperature measurements during the camera’s warm up phase
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In this case, a 5°C increase in the camera housing temperature causes a 20 °C error in

the estimation of the calibrator’s temperature.

3.3 Thermal image

The thermal image produced by the thermographic camera depicts the surface temper-
ature distribution of the observed object. Different shades of gray or colors from a color
palette are used to distinguish the different temperature values. The accuracy of the
temperature measurements that make up the thermal image and the ability to recognize
an object and its features depend on the characteristics of the thermographic camera
and on external factors. This section illustrates the effects that these factors have on the

accuracy and discernibility of the thermal images.

3.3.1 Accuracy

In addition to the thermographic camera’s own accuracy limitations, several external
factors affect the accuracy of the temperature measurements carried out with a thermo-
graphic camera. Some of these factors are inherent to the material of the object being

inspected; others can be controlled by the person carrying out the inspection.
Emissivity

According to (3.1), the emissivity £5(0, ¢) of a surface has a direct influence on the tem-
perature value measured by the thermographic camera. This parameter is not measured
by the camera; it must be input manually by the operator via the camera’s user inter-
face. In practice, information regarding the radiative properties of a material is limited.
Approximate emissivity values for materials commonly encountered in inspection tasks
can be found in books on infrared thermometry as well as in documentation provided
by manufacturers of infrared thermal sensors and cameras. These are average values
estimated for specific wavelength ranges and observed orthogonally to the surface. How-
ever, as shown in Figure 2.5, the emissivity of a material has a directional nature and
this behavior must be taken into account. Figure 3.5 shows how the temperature of the
FLUKE 4180 precision infrared calibrator as measured by an Optris PI 450 infrared
camera decreases as the angle 6 between the surface normal and the camera optical axis
increases. The calibrator’s disc has an emissivity of 0.95, its temperature is set to 100 °C,
the room temperature is roughly 23 °C and the thermal camera is located approximately
50 cm away from the calibrator. The temperature value measured by the thermographic

camera decreases because the surface’s directional-hemispherical reflectivity increases
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as its directional emissivity decreases and because the temperature of the surroundings
is much smaller than that of the calibration disc. As will be explained later, part of
the temperature drop is also due to the fact that less pixels of the camera’s FPA are
irradiated by the calibration disc and more are irradiated by the background which is
at lower temperature. However, the temperature deviation caused by this effect is much

smaller than the deviation caused by the drop in emissivity.

98.6°C

T100°C

WL

20°C

(a) 0 =0° (b) 6 = 45° (c) 6 =80°

Figure 3.5: Dependence of temperature measurement on angle of observation

Reflectivity

According to (3.1), the reflectivity px(6, @, 60, ¢;) also has a direct influence on the tem-
perature value measured by the thermographic camera. When an object does not exhibit
high emissivity and its temperature is not much higher than that of its surroundings, the
second summand in (3.1) introduces considerable errors in the temperature estimation.
Furthermore, according to section 2.2.5, the lower the emissivity of the object, the higher
its reflectivity and, consequently, the greater the measurement errors. Figure 3.6 shows
the reflection of the infrared calibrator on plates of different materials. The plates are
10cm x 10cm in size and are made of: a) glass, b) copper and c¢) weathered titanium
zine, respectively. The calibrator’s temperature was set to 50 °C and the temperature
of the plates was the same as the room temperature, approximately 23 °C. A cardboard
with a circular hole of 67 mm in diameter was placed directly in front of the calibra-
tor to produce a reflection that is easy to recognize. The glass plate produces a faint
specular reflection while the copper plate behaves almost like a mirror. The weathered
titanium zinc plate produces a strong but diffuse reflection. The intensity and direction
of the reflections is governed by px (6, ¢, 0;, ¢;). In this example, the reflections are easy
to recognize; the temperature profile of the reflected object is known, the reflections are
at most slightly blurred and the flat geometry of the plates does not cause geometric
distortions of the reflection. This is not always the case. In practice, most surfaces are
curved and not optically smooth. For these reasons, it is often difficult to recognize

reflections.
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29.2°C .50.3°c .48.1°C .50.4°c

50°C

24°C

(a) Faint and specular (b) Strong and specular (c) Strong and diffuse

Figure 3.6: Reflections on plates of different material

Focus

As with conventional color cameras, objects that lie outside the thermal camera’s DOF
look blurred in the thermal image. In this case, the temperature measurement made by
one pixel (i.e. one detector element) gets averaged with the temperature measurements
made by the neighboring pixels. This can be appreciated in Figure 3.7. The figure shows
two images of the infrared calibrator: one correctly focused and one out of focus. A
resolution pattern made of cardboard was placed in front the calibrator. The temperature
of the calibration disc was set to 50 °C. The temperature of resolution pattern was slightly
above the room temperature (approximately 23 °C) because it was warmed up by the
calibration disc. The temperature value measured at the center of a square hole in the
resolution pattern in the unfocused image is significantly lower than the value measured

at the same point in the focused image.

50°C

20°C
(a) Focused (b) Unfocused

Figure 3.7: Effect of focusing on temperature measurement

Distance to object

The distance d between thermographic camera and object affects the smallest surface
element for which an accurate temperature measurement can be made. To illustrate
this behavior, a cardboard mask with a 4mm x 4 mm opening was placed in front of

the infrared calibrator and measurements of the hottest spot in the thermal image were
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made for two different values of d. The temperature of the calibration disc was set
to 50 °C. The room temperature was approximately 23 °C. Figure 3.8 shows a drop in
the temperature reading as a result of increasing the distance d to the calibrator from
50 cm to 100 cm. According to [63], the IFOV of the Optris PI 450 is 1.1 mm at 50 cm
and 2.3mm at 100 cm. However, the smallest area for which the camera can accurately
estimate its temperature value depends not only on the IFOV but it is also affected by
diffraction of the optics and the fact that the projection of the area might not exactly
coincide with a single detector element. To guarantee the most accurate results, the

smallest area should be at least three times the size of the IFOV.

'|s0°c

* . .

20°C
(a) d =50cm (b) d =100cm

Figure 3.8: Effect of distance to object on temperature measurement

Movement

The electrical signal produced by a detector element in an FPA requires a certain amount
of time to reach a new steady state after the incident radiation changes. For microbolome-
ter based FPAs, typical response times are in the order of 10 ms. If the irradiance of the
detector does not remain constant during this time interval, for example, due to motion
of the thermal camera or the observed object, the measurement gets corrupted. In addi-
tion, most thermographic cameras read out the electrical signals from the FPA one row
at a time. If the camera or object movement is too fast, objects in the thermal image

looked skewed. These two effects are illustrated in Figure 3.9b.

T s0°C

20°C

(a) static camera (b) moving camera

Figure 3.9: Effect of camera movement on temperature measurement
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Background radiation

The total amount of radiation that enters the thermal camera also affects the accuracy
of temperature measurements. Figure 3.10 presents six different measurement setups
in which the temperature near the center of the calibration disc is measured with the
thermal camera.

4.2 °C 30 °C

0 °C
(a) Taise = 5°C, d = 40 cm, no cover (b) Taisc = 100°C, d = 40 cm, no cover
5.1 °C 30 °C
0 °C
(¢) Taise = 5°C, d = 40 cm, with cover (d) Taisc = 100°C, d = 40 cm, with cover
5.0 °C 30°C
0°C
(€) Tuise = 5°C, d = 85cm, no cover () Taise = 100°C, d = 85 cm, no cover

Figure 3.10: Effect of thermal background radiation on temperature measurement

The temperature of the calibrator disc was set to 5°C and 100°C for the setups on
the left and right column, respectively. The images in the first and second row were
taken from a distance of 40cm but the latter were captured shortly after placing a
cardboard plate with a circular hole of 67 mm in diameter at room temperature in front
of the calibration disc. Immediately after inserting the cardboard plate, the temperature

measurement increased when the calibration disc temperature was 5°C and decreased
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when it was 100 °C. The images in the third row were taken from a distance of 85cm.
From this distance, the number of pixels depicting the disc and background temperatures
is roughly the same as those in the second row, that is, the total amount of radiation that
enters the thermal camera is approximately the same. The temperature values obtained
in these cases were very close to those obtained in the scenarios shown in the second row.
It is clear that the total amount of radiation that enters the camera affects the accuracy
of the temperature measurements. In these experiments, the angle of observation was
close to zero, the camera was appropriately focused and the IFOV was much smaller

that the area of the calibration disc.

3.3.2 Discernibility

The choice of the color palette and the presence of large enough temperature differences
in the observed scene have a strong influence on the discernibility of object features in
the thermal image. This is illustrated in Figure 3.11, where four different measurement
setups of the same scene are presented. In the top and bottom rows, the difference AT
between the maximum and minimum temperature in the scene is approximately 10°C

and 2 °C, respectively.

(a) AT =~ 10°C, color palette = iron (b) AT = 10°C, color palette = rainbow

(c) AT = 2°C, color palette = iron (d) AT = 2°C, color palette = rainbow

Figure 3.11: Discernibility of objects in thermal images
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The images on the left column are false colored with an ’iron’ palette and those on
the right column with a rainbow’ palette. In the top row, the 'rainbow’ palette, with
its frequently alternating colors, helps highlight temperature differences in the thermal
image; object features, such as the control buttons and display, are easier to spot than
with the ’iron’ palette. In the bottom row, the temperature differences are almost zero,
yet some shapes can be appreciated due to the different emissivities of the surfaces and

the high thermal sensitivity of the camera.

3.4 Summary

This chapter explains the principle of operation of a conventional thermographic camera.
It helps understand when the simplifications and assumptions that are frequently made
in conventional thermography are justified. It also describes the main factors that affect
the fidelity of conventional thermal images. Section 3.1, radiometric chain, explains how
the thermal radiation emitted by different sources combine before reaching the detector
in the thermographic camera. Section 3.2, thermographic camera, describes the basic
components of a thermographic camera and summarizes the main parameters used to
characterize it. This section also discusses the camera’s switch-on behavior. It shows
the strong influence that the temperature of the camera housing has on the accuracy
of temperature measurements and the importance of carrying out a NUC when the
temperature of the camera housing deviates too much from the last calibration point.
Section 3.3, thermal image, shows, by means of simple experiments, additional factors
that affect the accuracy of the temperature measurements and the ability of the user to

discern features in the thermal image.
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3D thermal imaging: overview

The objective of 3D thermal imaging is to produce texturized 3D models that depict
the surface temperature distribution of the observed object. The resulting texturized 3D
models are called 3D thermograms and the device that produces these 3D thermograms is
known as 3D thermal imaging system or 3D thermographic system. There are many ways
to calibrate and design a 3D thermographic system. The advantages and disadvantages
of the different approaches will be discussed in chapters 5 and 6. This chapter introduces
the main building blocks of the 3D thermal imaging system developed and tested in this

work.

4.1 System

The 3D thermal imaging system used in this work consists of an Optris PI 450 infrared
camera, a PrimeSense Carmine 1.09 depth-sensing camera and a laptop with a Intel®
Core™ i7-4980HQ central processing unit (CPU) and an Nvidia® GeForce® GTX 980M
graphics processing unit (GPU). The thermographic camera produces thermal images
with a size of 382 x 288 pixels at a rate of 40 fps. It operates in the spectral range 7.5 pm
to 13 pm, has a FOV of 62° x 49°, an accuracy of £2 °C or +2 % of the reading (whichever
is greater) and has been radiometrically calibrated at the factory. The depth-sensing
camera generates depth images in normal operation with a size of 640 x 480 pixels at a
rate of 301fps. It has a FOV of 57.5° x 45°, an operating range of 0.35m to 1.4m and
a spatial resolution of 1 mm at a distance of 0.5 m. The sensor detects surfaces beyond
1.4m but the precision and the spatial resolution of the depth measurements decrease
significantly. Both sensors are connected to the laptop via USB 2.0. More information

regarding the technical specifications of the sensors can be found in Appendix C.

43



Chapter 4. 3D thermal imaging: overview

The infrared camera and the depth sensor are rigidly attached to an acrylic frame to
preserve their relative position and orientation (see Figure 4.1). With this configuration
the sensors share almost the same FOV and registration errors due to the parallax effect
area reduced. The acrylic frame can be attached to a camera handle or mounted on a

tripod.

PROJECTOR | NIR CAMERA
THERMAL \"‘CRYL'C
CAMERA FRAME

Figure 4.1: Thermal camera and depth sensor rigidly attached to acrylic frame

The thermal camera and the depth sensor’s near-infrared camera have been characte-
rized via the pinhole camera model. The parameters of the model as well as the geome-
tric transformation between the cameras coordinate systems were estimated using the
OpenCV Camera Calibration Toolbox and a heated cardboard target with an asymme-
tric grid with 36 laser-cut circular holes (diameter = 50 mm, spacing = 100 mm). These
parameters are used to correct the optical distortions introduced by the camera lens and

to determine the correspondence between points in the depth and thermal images.

The 3D model is generated from the depth images using version 1.8 of the Point Cloud
Library’s open source implementation of the Kinect Fusion algorithm [35, 81]. The algo-
rithm uses a volumetric array to store information needed to reconstruct the surface of
objects. Each element in the volumetric array, called a voxel, stores the signed distance
from its centroid to the object’s surface along the line that goes through the optical
center of the depth sensor. The distance is truncated to a predefined region near the
surface. The pose of the volumetric array is defined with respect to the initial pose of
the depth sensor and is configurable. Subsequent poses of the depth sensor are then
expressed with respect to the volumetric array’s frame of reference. The depth sensor
pose is tracked using the iterative closest point (ICP) algorithm. The algorithm uses the
latest depth image and a less noisy synthetic point cloud generated from the data in
the volumetric array to determine the camera displacement and rotation between depth
images. The code outputs a point cloud and renders a 2D view of the 3D model from
the current depth sensor’s perspective. A more detailed description of the algorithm is

given in section 6.1. Both the point cloud and the rendering can be texturized with color
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information provided by the depth sensor’s built-in RGB camera. The color information

is stored in a separate volumetric array.

The original implementation of the open source Kinect Fusion algorithm was comple-
mented with an additional volumetric array that stores information about the object’s
surface temperature and the measuring conditions under which the temperature mea-
surements are taken. The 3D thermogram is generated by texturizing the 3D model
with the temperature information captured with the thermographic camera. Additional
textures based on the measuring conditions can also be applied to the 3D model. These
textures provide the user with live feedback on whether temperature measurements were
taken under good measuring conditions or not. An algorithm has also been designed to
avoid incorrect temperature-vertex assignments caused by the parallax effect for surfaces
within the FOV of the depth sensor. A more detailed description of the temperature-
vertex assignment algorithm and the additional confidence textures is given in sections

6.2 and 6.3.

The 3D model is updated with every new depth image. Because the images produced by
the sensors are not synchronized, the pose of the thermal camera at the time it delivers a
new thermal image is estimated by interpolating the pose of the depth sensor for depth
images generated before and after the new thermal image. This is described in more

detail in sections 5.3 and 6.2.

The thermographic camera is switched on at least 20 minutes before scanning an object.
A NUC procedure is carried out before every scan and the camera’s automatic NUC

procedure remains disabled during the scan.

The system can be operated in real time with a voxel count of 480 x 480 x 480 voxels but
the spatial resolution can be improved in off-line mode by increasing the voxel count up
to 640 x 640 x 640 voxels. At this volume resolution, for voxels with edge length equal
to 2mm, the maximum volume size would be 1.28 m x 1.28 m x 1.28 m. Algorithms to
extend the operating volume and to correct drift errors in the generation of 3D models

have been proposed in [88-90].

The software is built on top of the open source Robot Operating System (ROS) frame-
work [70]. ROS facilitates running the data acquisition and data processing nodes on
separate computers. This allows, for example, to mount the sensors and a lightweight
computer on a copter and keep the processing laptop or workstation on ground. ROS
visualization tool RViz is used to display in real time the input images (depth, color and
thermal), the textured point clouds, the textured renderings, the position of the sensor

with respect to the 3D model, the boundaries of the volume containing the 3D model,
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the preconfigured scanning range and the path followed by the sensors during the scan

as shown in Figure 4.2.
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Figure 4.2: RViz screenshot

As it is, this 3D thermal imaging system can be used to scan objects whose surface

temperature, position and shape do not vary appreciably during the scan.

4.2 Summary

This chapter introduces the 3D thermal imaging system used in this work. It presents the
main characteristics of the hardware components and briefly explains how the system is
calibrated, how it generates 3D thermograms in real time, under which conditions the

system is typically operated and how the results are visualized.
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3D thermal imaging: calibration

There are many aspects involved in the generation of high-fidelity 3D thermograms. This
chapter elaborates on the most important aspects concerning the calibration of the 3D
thermal imaging system. The current state of the art and the contributions presented in

this work are described in the following sections.

5.1 Radiometric calibration

5.1.1 Overview

The International Temperature Scale of 1990 (ITS-90) is an international standard that
specifies methods and equipment for making precise and highly reproducible temperature
measurements [69]. For a temperature measurement to be internationally accepted, it

must be traceable back to this scale.

In the context of infrared thermography, radiometric calibration refers to the process by
which a traceable I'TS-90 temperature is attributed to the output of a thermographic
camera in such a way that the measurement uncertainties are understood [49]. The
description of the calibration procedure and other aspects of radiation thermometry in-
cluding terminology, usage, testing, accuracy levels and uncertainty analysis are covered
by additional standards. A summary of these standards as well as a brief description
of their scope and applicability are presented in [47]. Different aspects involved in the

calibration of thermal cameras are discussed in [46] and [12].

A thermographic camera that has been radiometrically calibrated can be used as a con-

tactless temperature measuring device when the measurement conditions under which
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the radiometric calibration was carried out stay the same. Even if the measurement con-
ditions vary slightly, it is possible to adjust some parameters in the user interface of the
thermographic camera, like the emissivity of the observed surface or the transmittance

of the medium, and still obtain accurate estimates of the object’s surface temperature.

Often, the radiometric calibration of the thermographic cameras is carried out at the
factory for the typical temperature ranges and measurement conditions under which
the camera will be operated. The results of the calibration are included in the device’s
firmware or are provided with the accompanying software. The Optris PI 450, for exam-
ple, includes calibration data for the ranges —20°C to 100 °C, 0°C to 250 °C and 150 °C
to 900 °C. Sometimes, it is desired to optimize the accuracy of the camera for a specific
temperature range or for particular measurement conditions. In medical applications,
for example, high accuracy is desired in the temperature range between 35 °C and 42 °C.

Ad-hoc calibration methods have been proposed for this purpose [79].

Because the 3D thermal imaging system in this work is not restricted to a particular
application, no ad-hoc radiometric calibration was carried out. However, as it was briefly
discussed in section 3.3.1, the value of the temperature measurements is affected by the
total amount of radiation that enters the thermographic camera. This behavior is not
well documented in the literature and can affect the fidelity of 3D thermograms, since
during the scan the total amount of radiation that enters the thermographic camera
is constantly changing. A series of experiments was carried out in order to understand
this behavior and quantify the magnitude of the measurement error. The result of these

experiments are presented in this section.

5.1.2 Related work

A review of the literature returned only one work that addresses the fact that tempera-
ture measurements made by the thermographic camera of a particular object in a scene
are affected by the thermal radiation emitted by other objects in the same scene [91].
In his book, the author defines the term scene influence factor (SIF) as the change of
measured temperature of a target at the center of the image, which is maintained at a
temperature approximately equal to the mean of the camera’s operating temperature
range, as the temperature of the area surrounding the target is changed from being the
minimum to the maximum temperature covered by the range when the target has a
diameter equal to 1/4 of the width of the image. The author proposes the use of SIF as
an indicator of possible errors if accurate temperature measurements are required when
viewing a scene that may include some high- or low-temperature objects. The calculation

of SIF will return some non-zero value, since the phenomenon is real, but this value is
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not very informative. It does not indicate, for example, what is the maximum measure-
ment error that can be expected nor under which circumstances this does happen. Does
the size of the objects in the image affect the measurements? Moreover, SIF does not
indicate how the temperature measured by other pixels is affected. Unfortunately, the

author does not accompany his definition with experimental data.

5.1.3 Experiments

In order to understand how the temperature measurement of an individual pixel is
affected by the temperature measured by other pixels in the thermal image, three expe-
riments were conducted. Figure 5.1 shows the experimental setup. The thermographic
camera was turned on at least 30 min before carrying out the experiments to let the
temperature of its housing stabilize. Furthermore, a NUC was carried out before any

sequence of images was captured. Images were captured at a frame rate of 40 fps.

(a) Without pattern (b) With pattern

Figure 5.1: Experimental setup

In the first experiment, the Optris PI 450 was placed in front of the calibrator at a dis-
tance d of approximately 22 cm. The temperature of the calibration disc was varied from
30°C to 120°C in 10°C increments. At each temperature setting, cardboard patterns
at room temperature (approx. 24 °C) with circular holes of different sizes were placed in
front of the infrared calibrator and forty thermal images were captured. For each pattern
and temperature setting, the capture procedure took less than 2 seconds to minimize the
warming up of the patterns. The images were averaged to reduce image noise. Figure 5.2
shows the patterns utilized in the experiment and Figure 5.3 shows the corresponding

averaged thermal images when the temperature of the calibration disc was 120 °C.

In the second experiment, the temperature of the calibration disc was set to 120 °C and
the camera was placed in front of the calibrator at a distance d of 15cm, 25 cm, 35cm,

45cm and 55cm. At each distance, the cardboard patterns at room temperature were
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Figure 5.2: Color images of test patterns with holes of different radii r

Figure 5.3: Thermal images of test patterns right after inserting them in front of the
infrared calibrator. Tpattern = 24 °C, Teatibrator = 120 °C.

inserted in front of the infrared calibrator and forty thermal images were captured. For
each pattern, the capture procedure took less than 2 seconds to minimize the warming
up of the patterns. The images were averaged to reduce image noise. The thermal images

corresponding to each pattern at the different distances are shown in Figure 5.4.

In the third experiment, the camera was moved very close to the infrared calibrator
such that its entire FOV was covered by the calibration disc. The temperature of the
calibration disc was set to 120 °C. Again, forty thermal images were captured and aver-
aged to reduce image noise. The camera remained in front of the calibrator only during
the capture procedure, which took less than 2 seconds. This was done intentionally so
to minimize the warming up of the camera housing due to the heat produced by the

calibration disc. The images were averaged to reduce signal noise. Figure 5.5 shows the
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Figure 5.4: Thermal images of test patterns right after inserting them in front of the
infrared calibrator taken at different distances d. Thattern = 24 °C, Tealibrator = 120 °C.

averaged thermal images for different focus settings. In the captions, the variable d de-
notes the distance from the camera’s optical center to the center of the calibration disc
and the variables Dy and Dy are defined in section 2.3.2. At this distance, the DOF is
very narrow and only the region near the center of the calibrator is in focus. It is not clear
what causes the temperature gradients at the corners of the image. Moving the camera
slightly to the left, to the right, up or down, while keeping the calibration disc within
the FOV of the camera, produces the same pattern. A plausible explanation would be

an over- and under compensation of the vignetting effect (see natural vignetting in [11]).
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F
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Figure 5.5: Thermal images of the calibration disc when it covers the entire FOV of
the thermographic camera. Tealiprator = 120 °C
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5.1.4 Analysis

Figure 5.6 shows the temperature value measured by the pixel that sees the center of
the calibration disc in the first experiment. The hole radii are expressed in pixels as
seen by the camera at a distance of 22cm. The ratio 10 mm to 70 mm corresponding
to the smallest and largest hole is not exactly the same when measured in pixels due
to distortions introduced by the lens. It can be observed that the temperature value
increases as more pixels are irradiated by the calibration disc. It can also be observed
that the difference between the temperature measured with the patterns that have the
smallest and largest hole increases as the temperature of the calibration disc increases.
This trend can be better appreciated in Figure 5.7. The magnitude of the error appears

to increase linearly with the temperature of the calibrator (R? = 98.3 %).
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Figure 5.6: Temperature measured at the center of the calibration disc for patterns
with different hole sizes and for different temperatures of the calibrator (d = 22 cm)
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Figure 5.7: Difference between the maximum and minimum temperature measure-
ments for each temperature setting of the calibrator
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Figure 5.8 shows the temperature value measured by four pixel that see the center of the
calibration disc in the second experiment. It can be observed that the curves produced
with data captured at different distances overlap each other. This suggests that the
distance to the calibrator plays no role as long as the same amount of thermal radiation
reaches the same detectors. The plot converges to a value of approximately 121.2°C as
more pixels get irradiated by the calibration disc. This is the value measured at the
center of the calibration disc in the third experiment, when the disc center is within the

camera’s DOF.
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Figure 5.8: Temperature measured at the center of the calibrator for patterns with
different hole sizes and at different distances d from the calibrator (Ttaiibrator = 120 °C)

The graph shows that for a background temperature of 24 °C, depending on how much
of the surface at 120 °C is seen by the camera, the measurement error can be as large as
7°C. This error is much larger than the accuracy of 42 °C or 2 % of the reading specified
for the camera and, based on the trend exposed in Figure 5.7, it is expected to be even
larger at higher temperatures. Furthermore, the shape of the curve indicates that the
error sensitivity is greater when the calibration disc is depicted by fewer pixels in the

thermal image.

Figure 5.9 shows temperature measured by each pixel along a radial path starting a
the center of the calibration disc for three different temperature settings. The plot were
generated using the averaged thermal images from the first experiment. Each curve

corresponds to a test pattern with different hole size.
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On the one hand, even though the actual temperature of both the calibration disc
and the cardboard pattern is uniform, at high temperatures and large hole radii, it
becomes evident that the temperature measurements corresponding to the calibration
disc start decreasing and those corresponding to the pattern start increasing long before
the boundary between the calibration disc and the pattern is reached. This means that
the influence that surrounding pixels have on an individual pixel decreases with distance.
On the other hand, even though the detector element at the center of thermographic
camera’s FPA and its neighbors are impinged by exactly the same amount of radiation
when the hole radius is 10 mm as when it is 70 mm, they indicate different temperatures.
This means that the total amount of radiation that enters the camera also influences
the temperature measurements and not just the thermal radiation that impinges on the

neighboring detectors.

5.1.5 Discussion

The Optris PI 450 uses an uncooled microbolometer FPA to measure thermal radia-
tion. Changes in the electrical signal produced by each element in the array results
from changes in its electric resistance which depends on the detector’s temperature. The
changes are measured with respect to an operating point with resistance R, at temper-
ature T,. The electrical signal is mapped to temperature values using calibration curves
obtained from the radiometric calibration. Because microbolometer arrays work under
nearly vacuum conditions [11], changes in the detector’s temperature occur only due to
radiation and conduction. Ideally, the operating conditions would remain constant and
changes in the detector’s temperature would only result from changes in the amount of
radiation it is subject to. The experiments show, however, that this assumption does not
hold. The temperature value measured by a particular detector is also influenced by the
radiation detected by other elements in the array. This suggests that some amount of the
incident energy is being transferred between the detectors affecting their temperatures.
The most reasonable explanation is that this energy is conducted by the common sub-
strate that all detectors are attached to. This would cause temperature gradients in the
substrate that depend on the intensity and distribution of the incident radiation. These
temperature gradients would explain the slopes near the edge of the calibration disc in
Figure 5.9. Similarly, the increase in the temperature value measured at the center of

the calibration disc would be explained by a rise in the temperature of the substrate.

The measurement errors can only be clearly appreciated when a large number of pixels
at significant different temperatures are involved. The individual contributions of each
pixel are too small to be directly measured. Without further information about the inner

structure of the thermographic camera, in particular, of the microbolometer array, it is
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difficult to precisely characterize the temperature gradients that form in the sensor. For
instance, the gradient may be symmetric at the center of the detector array but this
might not necessarily be the case at the edges. In theory, information about how energy
is transferred between the individual detectors could be used to correct via software the

measurement errors it introduces.

The behavior observed in the experiments is not particular to the Optris PI 450. The
second experiment was also conducted with a VarioCAM hr head 600, a high-end ther-

mographic camera, and similar results were obtained (see Appendix D).

In 3D thermal imaging, this behavior not only affects the accuracy of the thermal tex-
ture but also the uncertainty of the individual temperature measurements, since the
distribution of the temperature of objects in the scene is constantly changing. Moreover,
according to Figure 5.8, the measurement error as the camera is moved closer to or
farther from object or as the object enters or leaves the FOV is expected to be greater

for objects depicted by fewer pixels.

5.2 Geometric calibration

5.2.1 Overview

As will be discussed in more detail in section 6.2, knowing in advance the parameters of
the mathematical model that represents the depth and thermographic cameras as well
as the six parameters that relate the position and orientation of one of the cameras with

respect to the other greatly simplifies the fusion of depth and thermal data.

In the field of computer vision, the procedure used to determine the parameters of the
camera model and the pose of the camera with respect to a reference coordinate system
is known as geometric calibration or camera calibration. In particular, the estimation
of the parameters of the camera model is referred to as intrinsic calibration and the
estimation of parameters that describe the camera pose relative to the reference frame
is called extrinsic calibration. Both, the model parameters and the pose parameters
can be estimated using the same data generated during the calibration procedure. The
mathematical model commonly used to describe the camera is the pinhole camera model

introduced in section 2.3.5.

The most accurate procedures to carry out a camera calibration require the use of a
reference object. This object is referred to as calibration target. It contains multiple
features that can be seen by the camera and whose positions with respect to an ar-

bitrary reference coordinate system are well known. During the calibration procedure
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the target is oriented in different directions and images of it are captured from differ-
ent positions. These images are then processed with a camera calibration software. The
mean reprojection error MRE is used as a qualitative measure of the accuracy of the
calibration procedure. This value is expressed in pixels and indicates the average dis-
tance between the actual projection of the target’s features onto the image plane and
the projection calculated using the pin hole camera model and the estimated param-
eters. The calibration software attempts to minimize this value. The OpenCV camera
calibration function calculates the MRE as the root mean squared error (RMSE) of the
distances (5.1a) while other works including [82, 93] calculate it as the mean absolute
error (MAE) of the distances (5.1b). For the same data set, the two metrics satisfy the
inequality 5.1c. In these equations, M denotes the number of images, N represents the
number of features per image, p denotes the coordinates of a detected feature and p’
denotes the coordinates of the corresponding projected feature. More information on the

various calibration procedures and algorithms can be found in [52].

. M N
MRERMSE = | v 7c 2 2 |[pm,n] — p'[m, n]H2 (5.1a)
MNm:l n=1
| M N
_ _ /
MREMmaE = 7MN7§::1 nz::l ([p[m, n] — p'[m, n]| (5.1b)
MREmaE € MREgMse < VMN MREyaR (5.1c)

Camera calibration procedures were originally developed to calibrate conventional color
cameras. The calibration of these cameras is often carried out using a printed chessboard
pattern attached to a flat rigid surface. The features to be tracked are given by the corners
of the squares. Such targets are easy to fabricate and the degree of accuracy that can
be achieved with them is good enough for most practical applications. Unfortunately,
this type of target cannot be used to calibrate the thermographic camera because its
surface has a uniform temperature and the difference in emissivity of the white and black

squares does not provide enough contrast to accurately detect their corners.

The target required to calibrate the 3D thermographic system must provide features that
can be clearly appreciated by both the thermographic camera and the near-infrared
camera in the depth sensor. This section discusses targets proposed in the literature
for the intrinsic calibration of the thermographic camera as well as those proposed
for its extrinsic calibration relative to a depth sensor. This section also introduces an
improved calibration target design, presents the results obtained with it, proposes new
improvements based on an analysis of the results and uncovers an inherent limitation of

the calibration procedure.
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5.2.2 Related work

The challenge of designing good calibration targets for thermographic cameras lies in
producing sharp features in the thermal image at well-defined positions. In any ma-
terial, changes in temperature due to thermal conductivity tend to be gradual. As a
consequence, it is difficult to estimate the position of thermal features with high accu-
racy. This problem was circumvented in [60] by placing a metal wire grid in front of a
plastic block and heating it up with hot air. The grid can be seen in the thermal image
due to the difference in emissivity of both materials. The metal wire basically reflects
the cooler temperature of its surroundings. Because the wires are thin and the pixel res-
olution of thermographic cameras in general is low, this calibration target can only be
used for calibrating thermographic cameras at short distances. Furthermore, the metal

grid must be handled with great care to avoid deforming it.

Other works also exploit the very low emissivity characteristic of common metals like
copper and aluminum in the design of calibration targets. In [30], for example, a ther-
mographic camera was calibrated using a printed circuit board (PCB) with a chessboard
pattern. Two advantages of this approach are the high degree of accuracy with which the
pattern can be fabricated and the rigidity of the PCB. As with the previous calibration
target, the PCB was heated up with a hair dryer before imaging to improve the contrast
of the thermal images. A similar approach was employed in [75], but in this case the
squares of one color of a printed chessboard pattern were covered with aluminum foil.
This calibration target is easier and cheaper to manufacture but is less accurate than
the one made with a PCB. An alternative approach that also uses a chessboard pattern
was presented in [1]. In this work, the pattern is printed on a vinyl film which is then
attached to an aluminum plate. In addition, the plate is heated by a flexible silicone
heater to help improve the contrast of the thermal image. This avoids the problem of
having to repeatedly heat up the target after each new capture. The work presented in
[48] uses a similar target but achieves the desired contrast by reflecting the radiation

from the sky instead of heating up the target.

The calibration target proposed in [14] also makes use of an aluminum plate but in this
case the features are created by drilling blind holes into it. Multiple internal reflections
inside the holes make them emit much more radiation than the aluminum surface. The
plate is also heated to improve the contrast of the thermal image. A shortcoming with
this approach is that the amount of radiation that the holes emit varies strongly with the
angle of emission. Holes that are not aligned with the optical axis of the thermal camera
will appear less sharp than those that are. This adds uncertainty to the estimation
of their centroids when changing the orientation of the target during the calibration

procedure.
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A common disadvantage of targets implemented with low emissivity materials is that
they are highly reflective. Care must be taken during the calibration procedure to avoid
the reflection of hot spots that might interfere with the detection of the target’s features.
An alternative target design that does not require the use of low emissivity materials was
presented in [42]. The target consists of a matrix of incandescent light bulbs embedded
in a large wood plank. Because large calibration targets can be built this way, this
design can be useful when calibrating a thermographic camera with a large nearest focus
distance Dy (see section 2.3.2). Nevertheless, the same author argues in a subsequent
publication that more accurate calibration results can be achieved with targets based
on low emissivity materials [43]. Moreover, this design is not suitable for calibrating
thermographic cameras at short distances because the irregular thermal gradients within

the light bulbs prevent an accurate detection of their centroids.

Finally, calibration targets based on perforated boards have been proposed in [7, 71, 80,
82]. This type of target offers several advantages over the previously discussed designs.
The target can be made of a non-reflecting material like cardboard and the holes can be
cut with great accuracy using a laser cutter. Moreover, the background can be chosen
in such a way that it can be seen by cameras operating in different regions of the
electromagnetic spectrum. For instance, a white cardboard with a black hot background
could be seen simultaneously by conventional, near-infrared and thermographic cameras.
The problem with the implementations that have been proposed so far is that the board
has to be thick to remain rigid but the target’s thickness affects the accuracy with which

the centroid of the holes can be detected when the target is tilted.

5.2.3 Calibration procedure

The calibration target utilized in this work is made of a light-colored three-layer card-
board plane with a 4 by 9 asymmetric grid of laser-cut circular holes, a black painted
metal plate and a heating foil (see Figure 5.10). The manufacturing accuracy of the
laser cutter is approximately 0.1 mm. The distance between the hole centers is 100 mm
and the holes in the front, middle and back cardboard layers have a diameter of 50 mm,
55mm and 60 mm, respectively. Each cardboard layer is 1 mm thick and the layers are
glued together to provide rigidity to the target. Thus, only the front cardboard layer is
visible for viewing angles smaller than 68° and the target appears to have a thickness
of only 1mm. The heating foil is attached to the back of the metal plate and both
are mounted behind the cardboard plane. The thermal conductivity of the metal plate
cares for the even distribution of the heat produced by the foil. This setup provides a
background at a uniform temperature of approximately 60 °C. The plate is not in direct

contact with the cardboard to avoid temperature gradients due to thermal conduction.
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Moreover, the plate is painted black to avoid reflections and to increase contrast in the
color and near-infrared images. The target is held in a lightweight frame for additional

structural stability.

e

(a) Visible (b) Near-infrared (¢) Thermal infrared

Figure 5.10: Calibration target

During the calibration procedure, the target was mounted on a tripod and placed in front
of the cameras at a distance of approximately 80 cm. The focus of the thermographic
camera was adjusted accordingly. For the chosen focus setting, the DOF of the thermo-
graphic camera extends approximately from 60cm to 100 cm. It was assumed that the
target also lay within the depth sensor’s DOF, since its operating range extends from
35cm to 140 cm. In addition, the target was illuminated with near-infrared light emitted

by the LED rings of OptiTrack S250e cameras to improve image contrast.

The target was manually moved, rotated and tilted within the FOV and the DOF of both
cameras, for the most part, trying to have as many features as possible near the corners
and edges of the common FOV. For each target pose, sequences of 40 thermal images
and 40 near-infrared images were taken at frame rates of 40 fps and 30 fps, respectively.
A sequence pair was discarded if the uncertainty in the estimation of any feature in
either sequence was greater than 0.12 pixels, an achievable precision that is smaller than
the expected MRE value. The images corresponding to each pose and modality were

averaged to reduce noise. A total of 30 targets poses were captured (see Figure 5.11).

The images were processed with the OpenCV camera calibration library. In particular,
the function findCirclesGridDefault was used to estimate the coordinates of the hole cen-
troids in both sets of images and the function calibrate Camera was used to estimate the
intrinsic parameters. The calibrate Camera function is based on the calibration method
proposed in [95] and the MATLAB Calibration Toolbox [10]. The camera calibration
routine was run 10000 times. Each time, a different combination of 20 images was used.
(There are over 30 million different ways of combining 20 images selected from a pool
of 30 images.) Due to the bell-shaped distribution of the estimated intrinsic parameters
estimation, the average values were accepted as the most likely result of the intrinsic

calibration and were used in the extrinsic calibration (see 5.2.4).
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(b) Thermal infrared

Figure 5.11: Calibration images

The pose of the thermographic and infrared cameras with respect to the calibration
target was estimated using the function solvePnP which solves the Perspective-n-Point
problem. The pose of the thermographic camera with respect to the near-infrared camera
was then computed using a simple geometric transformation. One set of translation and

rotation vectors was obtained for each target pose. The average translation and rotation
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vectors were accepted as the result of the extrinsic calibration. The average rotation

vector was calculated using the algorithm proposed in [50].

5.2.4 Experimental results and analysis

The results of the geometric calibration are summarized in Table 5.1. Here, the terms
MRENTR - Thermal and MREThermal»NIR denote mean reprojection errors calculated using
the geometric transformation between the cameras. MRENTR - Thermal 1S calculated by
first expressing the target features coordinates with respect to the near-infrared camera
coordinate system, then projecting those points onto the thermal image and finally
finding the average distance between these projections and the features detected on the
thermal image. Conversely, MREThermalsNIR 1S calculated by first expressing the target
features coordinates with respect to the thermographic camera coordinate system, then
projecting those points onto the near-infrared image and finally finding the average
distance between these projections and the features detected in the near-infrared image.

The precision of the results is given for one standard deviation from the mean.

MRE fu (p%) S (p%) cu (pX) cv (pX)
Primsense Carmine 1.09  0.204 £0.008 567.7£0.7 567.7£0.7 3213+ 1.7 2424+0.7
Optris PI 450 0.153£0.005 3714+0.6 3721£0.6 2055+ 13 150.5+0.5

Ey (x1073) Ky (x1073) Ky (x107%)  pf (x1076)  ph (x1079)
Primsense Carmine 1.09 —45+5 80 £ 35 —109+75 —651 £373 2360 £ 925
Optris PI 450 —439+3 290 + 16 —114+23 454 £289  —257 4+ 286

(a) Intrinsic calibration of each camera

MRENIRThermal MREThermalsNIR ~ tx (mm) ty (mm) t, (mm) 7 (°) 7y (°) 7 (©)
0.141 £ 0.032 0.201 £ 0.063 485+1.1 533+1.5 11.5+£03 —-0.5 0.4 —0.1

(b) Extrinsic calibration between cameras

Table 5.1: Calibration results

OpenCV uses normalized image coordinates for the estimation of the distortion coeffi-
cients [62]. As a consequence, the distortion coefficients ki, k%, ks, pi and ph used by
OpenCV differ in value from those that would be estimated using the definitions given
in section 2.3.5. The normalized image coordinates 2’ and y’ are calculated using (5.2a)

and the pixel coordinates are calculated using (5.2b).

[x’ y’ l]T - ZLC . [XC YC Zc}T (5.2&)
T K. "y B 5.2b
[u v 1] 3%3 {m y 1] ( )
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Here, " and y” result from applying the Brown-Conrady distortion model to z’ and
. In the particular case when f, = f, = f and no higher order coefficients are used,
the following equivalences hold: ky = k|/f2, ko = kb/f*, ks = k3/fC, p1 = ph/f* and
p2 =pi/f*

Figure 5.12 shows histograms of the intrinsic parameters based on the 10000 calibration
runs that were carried out with different combination of images. The plots confirm that
the results of the calibration procedure tend to concentrate around specific values and

illustrate the distribution of the estimated parameters.

The small values of the mean reprojection errors and the low uncertainty (i.e. small
standard deviation) with which some of the intrinsic parameters have been estimated
can lead to believe that these have also been estimated with great accuracy. This is
not necessarily correct. Table 5.2 shows by how much the values of intrinsic parame-
ters would have to deviate from their estimated value in order to cause a increment of
0.1 pixels in the MRE. For instance, even though the parameter ¢, corresponding to the
thermographic camera has been estimated with high precision, its true value could be
off by 16 pixels and the MRE would only change by 0.1 pixels.
Afy  Afy Acy Ay AK] ARy, Akg Ap} Aph

Primsense Carmine 1.09 0.7% 0.6% 32% 4% 62% 95% 210% 795% 220%
Optris PI 450 1.0% 1.0% 82% 11% 73% 29% 186% 1450% 2450%

Table 5.2: Percentage change in the individual parameters from their estimated value
that causes an increase of 0.1 pixels in the MRE

The MRE depends not only on the intrinsic parameters but also on the extrinsic parame-
ters. Thus, some errors in the estimation of the intrinsic parameters can be compensated
by corresponding errors in the estimation of the extrinsic parameters. In particular, large
errors in the estimation of the parameters ¢, and ¢, can be compensated by relatively
small errors in the estimation of the orientation parameters. This explains why the value
of ¢y in the thermographic camera model can deviate by as much as 11 % (i.e. 16.5 pixels)
from the estimated value without having much effect on the MRE. Such error would be
compensated by a rotation of the camera of 2.2° around its x-axis according to the ca-
mera orientation depicted in Figure 2.9. In the case of the depth sensor, a deviation of
4% (i.e. 9.7 pixels) from the estimated value could be compensated by a rotation of the
camera of approximately 0.8° around its x-axis. A mathematical analysis of this behavior

is presented in Appendix E.

The low sensitivity of the MRE with respect to changes in the distortion parameters has
other causes. On the one hand, small coefficient values cause small distortions values
that do not contribute much to the computation of the MRE, hence, they are difficult

to estimate with high precision. This explains why the MRE is so insensitive to changes
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in p} and pj in both cameras. It also explains why the uncertainty in the estimation of
the radial distortion parameters is greater in the case of the near-infrared camera than
in the case of the thermographic camera. On the other hand, the largest values that
the normalized image coordinates =’ and 3’ can take within the FOV of a camera is
tan(HFOV/2) and tan(VFOV/2), respectively. This means, that for the thermographic
and depth cameras the normalized radius ' = /22 + y2 is smaller than one. This in
turn implies that for the same coefficient value and the same distance to the image center,
the higher the order of the radial distortion coefficient, the smaller its contribution to
the MRE. This also explains why higher order radial distortion coefficients are estimated
with greater uncertainty. Figure 5.13 shows the magnitude of the distortion caused by
each individual distortion coefficient. The values were calculated along the straight path
that goes from the image center at [cy, ¢y] to the farthest corner of the cameras’ FOV.
The camera coordinates were first normalized using (5.2a) and the normalized errors
were scaled back to pixels by multiplying them by f, and f,. The tangential distortion
does not exhibit radial symmetry but it is zero at the image center and maximum at

the farthest image corner.

Primesense Carmine 1.09 Optris PI 450
8 T T T T 80 I T T T
TH K | 700 K
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Figure 5.13: Error contribution caused by each individual distortion coefficient

Furthermore, the uncertainty in the estimation of the coefficients depends on the po-
sition of the features in the image. The uncertainty becomes larger when most of the
features are located near the image center where the distortion is smaller. Table 5.3
shows two alternative sets of intrinsic parameters. These were estimated using subsets
of the features detected in each image. The results in the second row were obtained us-
ing the subset consisting of the 18 features that are farthest from the image center. The
results in the third row were obtained using the subset consisting of the 18 features that
are closest to the image center. The original results using all 36 features are presented
again in the first row for quick reference. A comparison of the parameters in the second

and third rows, which were estimated using the same number of features, clearly shows
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greater uncertainty in the estimation of all distortion coefficients, in particular k5. At
the same time, it can be observed that despite the large uncertainty of the estimated
coefficients the MRE gets smaller when the features are all near the image center. This
is explained by the fact that errors due to distortion are small near the image center.
MRE fu (px) Jv (px) cu (px) cv (px)
All features 0.204 £0.008 567.7+0.7 567.7+0.7 321.3+£1.7 2424+0.7

Features near image borders 0.177 £0.008 567.5+0.9 567.5£0.9 320.3+1.7 2429+0.7
Features near image center 0.137 £0.007 567.1+1.1 567.6+1.1 3245+27 247.1+1.6

Kl (x1073) K, (x1073) K4 (x1073)  ph (x107%)  ph (x107F)

All features —45+5 80 £ 35 —109 £ 75 —651 4+ 375 2360 + 925
Features near image borders ~ —35 £ 10 50 £ 59 —87 £ 106 —636 £384 1900 £ 929
Features near image center —88 + 16 689 +£ 367  —3570 £2480 2100 £ 848 3670 + 1560

(a) Primesense Carmine 1.09

MRE fu (px) fv (px) ¢y (px) ¢y (px)
All features 0.153 £0.005 371.44+0.6 372.14+0.6 205.5+1.3 150.5+£0.5
Features near image borders 0.146 £+ 0.005 372.1+£0.7 373.0£0.6 205.1+14 151.94+0.9
Features near image center 0.104 £0.004 369.4+09 370.2+£0.9 204.3+18 150.3+1.0

kp (x1073) Ky (x1073) Ky (x1073)  pi (x107%)  ph (x1076)

All features —439+3 290 + 16 —114+23 454 4+289  —257 + 286
Features near image borders  —443 £5 306 £ 22 —130+£ 31 661 £414  —233 £ 387
Features near image center —443 £ 17 307365 —30+£2390 —677+686 612+512

(b) Optris PI 450

Table 5.3: Intrinsic calibration using the same images but different subsets of features

Finally, the accuracy of the intrinsic calibration also affects the accuracy of the extrinsic
calibration between the thermographic camera and the near-infrared camera. The errors
in the estimation of the cameras poses with respect to the calibration target (which
compensate the errors in the estimation of the ¢, and ¢, parameters) are absorbed by
the geometric transformation between both sensors without having much impact on the
computation of MRENIR s Thermal @nd MRErhermalsnir. For instance, if the extrinsic
parameters were recalculated using ¢, equal to 134 pixels instead of 150.5 pixels for the
thermal camera, the new relative orientation would be [ry = 2.0°, ry = 0.4°, r, = —0.1°]
and the new values of MRENIR 5 Thermal and MREThermalsNig would be 0.24 and 0.34
pixels, respectively. The mean reprojection errors would increase by less than 0.15 pixels
but the value of ry would change by 2.5°. This is a significant change in orientation
considering that deviations of more than 0.2° from the correct value already produce

noticeable mismatches between the 3D model and its thermal texture.
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5.2.5 Discussion

The results of the camera calibration show that low reprojection errors and low un-
certainty in the estimation of the most significant intrinsic parameters can be achieved
with the proposed target. For comparison, the reprojection error reported in [82] for
a thermographic camera with similar image resolution is 0.324 £ 0.011 pixels. This re-
projection error was calculated using the MRE\aR metric and is twice as large as the
one obtained here even though, according to (5.1¢), MREyag < MRERMmsE. A strict
comparison, however, is not possible because the reprojection error depends not only
on the image resolution and the quality of the target but also on other factors like the
thermal sensitivity of the camera and the position of the features in the images. Further-
more, the analysis of the results shows that a small MRE and a low uncertainty in the
estimation of the intrinsic parameters alone are not enough to guarantee the accuracy
of the calibration results. The main problem is the estimation of the parameters ¢, and
¢y since the error they contribute to the MRE can be largely compensated by accepting
a different camera orientation. According to the analysis presented in Appendix E, the
range of possible values that ¢, and ¢, can take without having a relevant effect on the
MRE is very large for cameras with low image resolution. Unfortunately, this problem
cannot be circumvented by using other types or better calibration targets. The range
of values that ¢, and ¢, can take is determined by the scaling factors f, and fy, the
image resolution and the accuracy of the feature detector which in part depends on the
accuracy of the detectors. For this reason, these and the extrinsic parameters between
cameras had to be manually fine-tuned. This was done by generating a 3D model of the
calibration target and renewing its entire thermal texture with every new thermal image.
The parameters were adjusted via a configuration window until the texture matched the
geometry of the 3D model. The matching process was carried out from various perspec-
tives. Figure 5.14 shows renderings of the 3D thermograms before and after fine-tuning
the intrinsic and extrinsic parameters. Section 6.4 describes in more detail how these

thermal renderings are generated.

The analysis of the experimental results also indicates that the uncertainty in the esti-
mation of the distortion parameters can be reduced by making sure that many features
are as close as possible to the image borders. This suggests that a calibration target
based on corners could potentially help achieve slightly more precise results since the
edges of a shape can get closer to the image borders than its centroids. Another aspect
to consider is that the accuracy with which an algorithm can detect the centroid of
a shape decreases as the shape gets distorted near the image borders. Unfortunately,
reducing the size of the shape to lessen these effects would at the same time decrease

the accuracy with which the centroid can be detected. It remains to be tested whether a
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(a) Before (b) After

Figure 5.14: Accuracy of the registration before and after fine-tuning the intrinsic and
extrinsic parameters

corner detection algorithm can detect distorted corners more accurately than a centroid

detection algorithm can detect the centroids of distorted shapes.

Finally, it is recommended to run multiple calibration procedures using different combi-
nation of images to figure out the parameter values that occur with highest probability
and to determine the uncertainty with which they were estimated. Also, it is recom-
mended that the brightest and darkest color in the near-infrared image (the hottest and
coldest temperature in the case of the thermographic camera) belong to the target and
not some reflecting surface in the background so that the entire quantization range is

used to represent only the target.

5.3 Temporal calibration

5.3.1 Overview

To be able to correctly match and combine data from multiple sensors, it is impor-
tant to accompany the data with timestamps that indicate the exact time when they
are captured. If the timestamps are generated by independent clocks, they need to be
synchronized with each other and with the processing unit they are connected to. Fur-
thermore, if the data are to be processed by a commercial computer with a multitasking
operating system, the random delays with which the operating system processes the
data must be taken into account. This section addresses the problem of the temporal

calibration of the different components of the 3D thermal imaging system.
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5.3.2 Related work

Because most 3D thermographic systems proposed so far do not acquire data while the
sensors are in motion, little attention has been paid to the need to synchronize data
acquired with multiple independent sensors. An exception to this is the work presented
in [85]. Here, the temporal offset between the depth and thermal images timestamps
is estimated by tracking the random cyclic motion of an object with both cameras.
Because the timestamps are also subject to non-deterministic delays introduced by the
host computer, they are corrected in a subsequent step using a clock synchronization
algorithm. The problem with this approach is that the offset calibration procedure has
to be repeated every time one of the sensors is reconnected to the host computer as the

temporal offset between the cameras may change.

5.3.3 Proposed approach

The depth and thermal cameras used in the 3D thermal imaging system assign time-
stamps to each generated image but the clocks that generate the timestamps are not
synchronized and the sensors do not allow for external synchronization, so it is necessary
to synchronize the clocks via software. For this purpose, a simple approach based on a
median filter is used. This technique is used in computer networks to synchronize clocks
with timing jitter [55] and is already implemented in the depth camera driver [37] but

not in the driver of the thermographic camera [51].

Let t/[i] and t4[¢] denote the exact time when data frame ¢ is generated by sensor s, the
former given by the sensor’s internal clock and the latter by the clock of the computer
the sensor is connected to. In addition, let ¢[i] be the time when the computer starts
processing data frame 4 according its internal clock. Then, ¢,[i] and t![i] are related to

ts[i] according to (5.3a) and (5.3b).

tlls [Z] =15 M + toffset,s (5.3&)

t;/ [i] = ts[i] + tdelay avg,s + tdelayirnd,s[i] (5.3b)

total delay

Here, toffset,s indicates the time difference between the internal clock of the computer
and that of the sensor, tqelay avgs is the average delay between the generation of a
data frame and the moment when the computer starts processing it and tdelayimdys[i]
represents timing jitter. It is assumed that offset drift due to relative clock skew is
negligible during the scan period. It is also assumed that the timing jitter of the sensor’s

clock is negligible compared telay rnd,s[?] because timing in the sensor is managed by a
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dedicated microcontroller whereas timing in a computer is managed by a multitasking

operating system.

In order to reduce random timing errors due to jitter, in particular impulse noise, a
median filter of length N is used. The filter is applied to Ats[é], the difference between
t”[i] and t.[i]. The filtered time ¢?'[i] corresponding to frame ¢ of sensors s can then be
calculated by adding #/[i] and the filter’s output Afg[i]. These steps are described by
(5.4a), (5.4b) and (5.4c).

Ats [Z] = t;, [Z] - t; M = ts,dclayiavg - ts,oﬂsct + tdclayirnd,s M (543)
AES [Z] = medianN(AtS[i]) = ts,delayiavg - ts,oﬂset + :[delayirnd,s M (5~4b)
t;.” [Z] = tls [Z] + Ags [Z] =1 [Z] + tdelayiavg,s + gdelayirnd,sm (5'4C)

The computer clock is used as a reference for the purpose of synchronizing the sensor
clocks; there is no real need to determine the exact value of tgclay avg,s for each sensor. As
long as the average delay during the scan is not too large, it is enough to make sure that
both sensors experience the same average delay. This can be accomplished by adding
the term Atgelay avg to the timestamp of one of the sensors such that tgelay avgst =
tdelay ave,s2 + Aldelay ave- Thus, the timestamps fdepth [i] and finermal[i] assigned to depth

and thermal images can be calculated using (5.5a) and (5.5b).

Atdelayfavg = tdelayiavg,depth - tdelayiavg,thermal
Edepth[i} = tg:epth [i] = t/depth [i] + A{depth [i] (5.5a)

tAthermal [Z} = tél}llcrmal [Z] + Atdelayiavg = tfchcrmal [Z} + Ai:thermal M + Atdelayiavg (55b)

Then, the problem of synchronizing the sensors is reduced to minimizing fdelayimdﬁ[i]

for each sensor and estimating the correct value of Atgelay ave-

5.3.4 Experimental results

Figure 5.15 shows the difference between ¢”[i] and the time values that result from
applying a linear regression to the ¢” data set for both sensors. The timestamps were
acquired under normal operation conditions of the 3D thermal imaging system (CPU
load =~ 30 %).

Figure 5.16, on the other hand, shows the difference between t!'[i] and the time values
that result from applying a linear regression to the ¢/ data set. Again, the data were
acquired under normal operation conditions of the 3D thermal imaging system. A median

filter of length N = 15 that is part of the depth sensor driver was enabled. The same
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Figure 5.15: Variability of image timestamps before filtering

filter with N = 21 was added to the driver of the thermal camera. These values of

N are equivalent to a filter length of approx. 0.5s for frame rates of 30 fps and 40 fps,

respectively.
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Figure 5.16: Variability of image timestamps after filtering

The parameter Atgelay ave i (5.5b) can be configured manually. For this purpose, a 3D
thermogram of the infrared calibrator was generated and its thermal texture completely
renewed with every new thermal image. The system was rotated back and forth roughly
around the optical center of the thermographic camera as shown in 5.17. The parameter
Atgelay avg Was adjusted via a configuration window until the 3D model and the thermal

texture remained aligned during the rotation motion.

Misalignment effects that occur during the motion of the system when the value of

Atgelay avg is not appropriately set are depicted in Figure 5.18. The snapshots were
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3D thermal

. L calibrator
imaging system

Figure 5.17: Motion of 3D thermal imaging system to calibrate Atgelay ave (top view)

taken while scanning the infrared calibrator by rotating the system anti-clockwise (i.e.

the calibrator in the rendering moves to the right).

(a) Aldelay ave > (b) Atgelay avg = (€) Aldelay_ave <
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Figure 5.18: Effects of inaccurate calibration of Atqelay avg

5.3.5 Discussion

The variability of the filtered image timestamps in Figure 5.16 is not zero but is reason-
ably small and the impulse noise has been eliminated. Under theses conditions and at
scan velocities of 0.3m/s and 18°/s, a 6ms error in the timestamp of a thermal image
causes a spatial offset of approx. 1.8 mm due to translation and 1.9 mm due to rotation
when the object’s surface is at a distance of 1 m. These values are smaller than the [FOV
of the thermal camera at the same distance which is about 3 mm, so errors due to the
asynchronicity of data are hard to notice in the resulting 3D thermogram. A mismatch
will be observed, however, if the scan direction is abruptly changed. If higher scanning
speeds or greater scanning distances are required, not only does the amount of filtering
need to be increased, but the performance of the depth and thermal sensors would need

to be improved as well.

Because of the assumption that the sensors’ internal clocks are very reliable, that is,

the timing jitter and the offset drift during operation are negligible, it would suffice to
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find out the offset between the clocks to be able to synchronize the data generated by
sensors. The advantage of this solution is that the synchronization is not affected by the
timing jitter introduced by the processing unit when it is used as reference clock. The
disadvantage of this solution, however, is that the offset would need to be recalculated
every time the sensors are disconnected from the computer or the computer is turned
off. The proposed approach works with the difference of the average processing delays
which remains constant as long as the same computer is used under approximately the

same CPU load.

An additional temporal calibration may be required if the acquisition and processing
of data are not carried out by the same computer, for example in aerial inspections,
where the sensors are attached to a lightweight computer on a copter and the data
processing is done on ground. In such scenarios, the clocks of the two computers need

to be synchronized. For this purpose, the Linux application chrony ! can be used.

5.4 Summary

This chapter elaborates on the three key aspects concerning the calibration of the 3D

thermal imaging system.

Section 5.1, radiometric calibration, presents a series of original experiments based on
test patterns and an infrared calibrator that reveals how the temperature measurement
associated with a particular detector in the camera’s FPA is affected by the radiation
that impinges on other detectors in the array. Only one mention of the existence of
this phenomenon was found in the literature but no data to characterize it and no
explanation as to its cause were provided. The experiments showed that the measurement
deviations increased as the temperature difference between the surface of interest and the
background increased and also as the ratio of pixels irradiated by the surface of interest
to those irradiated by the background decreased. An analysis of the results suggests that
the measurement deviations are caused by an energy exchange between the individual
elements in the detector array and the substrate they lie on. In principle, knowledge
about the geometric structure of the thermographic camera’s detector array and how
energy is transferred between the individual detectors and the substrate could be used
to design an algorithm to compensate for these measurement deviations. In applications
where accurate temperature measurements are necessary or where the range of surface
temperatures to be inspected is large, this phenomenon may significantly affect the

fidelity and appearance of 3D thermograms because the total amount of radiation that

L https://chrony.tuxfamily.org/
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enters the camera continuously changes as the scanning system is moved around the

object.

Section 5.2, geometric calibration, analyzes the results of the intrinsic and extrinsic cali-
bration of the thermographic camera and of the near-infrared camera in the depth sensor.
The calibration of the cameras was carried out with an improved calibration target pro-
posed in this work. Despite the low MRE and the very low uncertainty in the estimation
of the dominant parameters of both cameras achieved with the new calibration target, it
was necessary to manually fine-tune the value of some parameters in order to properly
register depth and thermal data. The analysis revealed that errors introduced by the
inaccurate estimation of the camera orientation relative to the calibration target can
be compensated by the inaccurate estimation of the ¢, and ¢, parameters. This is true
regardless of the type, quality, size and pose of the calibration target. The accuracy of
the estimation depends mainly on the image resolution and the accuracy of the feature
detector. As a consequence, the calculation of the orientation of one camera relative to
the other using the current approach is also inaccurate and the manual fine-tuning of

some of the intrinsic and extrinsic parameters might be required.

Section 5.3, temporal calibration, provides a detailed analysis of the problem of synchro-
nizing depth and thermal data when the sensors do not allow for external synchroniza-
tion. A simple solution based on a median filter and a one-time manual offset adjustment
is proposed and evaluated. This approach effectively eliminates impulse noise that would
otherwise cause noticeable data fusion errors. The residual noise goes unnoticed under
the proposed scanning speeds. This approach also does not require to estimate the off-
set between the two sensors every time the computer is restarted or the sensors are

connected to the computer.
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Chapter 6

3D thermal imaging: generation

Once the sensors have been calibrated, the 3D thermal imaging system is ready to acquire
and process depth and thermal data. This chapter elaborates on the most important
aspects concerning the generation of 3D thermograms in real time. The current state
of the art and the contributions presented in this work are described in the following

sections.

6.1 3D model generation

6.1.1 Overview

The reconstruction of accurate 3D models is an essential step in the generation of high-
fidelity 3D thermograms. The choice of sensors is important because they determine
the application range and performance limits that can be expected from the system.
One of the sensors is invariably a thermal camera. The other sensor must enable the
reconstruction of a 3D model of an object and the localization of the thermal camera
with respect to the 3D model. In this section, the reconstruction technique utilized in this
work and two minor modifications made to it will be described in greater detail. Also,
the behavior of the reconstruction system under different configurations and operating
conditions is evaluated. The main modifications to texturize the 3D model with thermal

data are discussed later in sections 6.2 and 6.3.

6.1.2 Related work

Besides the thermographic camera, which is mainly used for noninvasively measuring

the surface temperature of an object, most 3D thermographic systems proposed in the
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literature include one or more additional sensors or actuators to capture the geometry of
the scanned object. The choice of sensor determines to a large extent the method with
which the 3D model is reconstructed. It also determines the freedom of movement and the
degree of maneuverability that the system will have. Greater freedom of movement and
greater maneuverability allow better measurement conditions during the scan. Other
aspects to be considered are cost and overall performance. The following paragraphs
summarize the sensors and methods proposed so far for the reconstruction of the 3D

model and briefly explain their advantages and disadvantages.

The work of [60] proposes the reconstruction of 3D models by capturing the silhouette
of an object with a single thermographic camera as the object is rotated on a turntable.
This approach has the advantage that it does not require additional sensors but fails to
recognize and reconstruct concavities in the object. Also, because it requires a turntable,
its practical use is limited to a lab environment, that is, it cannot be used to scan large

objects such as buildings or industrial machines.

The reconstruction of 3D models proposed in [36], [27] and [68] is carried out using
stereo vision systems mounted on a tripod, the former with a pair of color cameras
and the latter two with a pair of thermal cameras. The first approach has the potential
to produce good 3D models if the object is well illuminated, the object’s surface has
a rich visual texture and high resolution cameras are used. However, thermographic
inspections are sometimes carried out under low light conditions and often surfaces do
not have a rich visual texture. Furthermore, high resolution cameras with high frame
rates are expensive and demand significant computational power to process the high
resolution images. The second approach is not affected by illumination conditions but
requires a second thermographic camera, which is also expensive. Moreover, the quality
of the generated 3D models (or disparity maps) is poor because thermal images have low
resolution and because thermal gradients vary rather slowly so that most surfaces do
not exhibit a rich thermal texture. In both cases, the cameras are mounted on a tripod
and the 3D model is captured from a single perspective but, in principle, if lightweight
cameras are used, stereo vision could offer complete freedom of movement and good

maneuverability.

3D models in [87] and [28] are generated using computer vision techniques known as
Structure from Motion (SIM) and Multi- View Stereo (MVS). This approach requires only
a single high resolution color camera and offers great freedom of movement during the
scan. But, as is the case with stereo vision, this approach only works well when the objects
are well illuminated and their surfaces are feature rich. Even then, the point clouds that
it produces tend to be sparse. Another disadvantage of this particular approach is that

the 3D models it produces have no scale information.
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In [4, 13, 23, 41] and [9], terrestrial laser scanners (TLS) are used to acquire geometric
information of monuments and buildings. The advantage of using TLS is that they can
generate point clouds of large volumes that are much denser and more accurate than
those created with the strategies explained before. However, TLS must remain motionless
while scanning their surroundings and because they are heavy and bulky, they need to
be mounted on a tripod or robot. These properties restrict their maneuverability and

freedom of movement during the scan. TLS are also very expensive.

Another strategy that has been used to reconstruct models for 3D thermal imaging is
structured light. Here, geometric information is derived from the deformations that a
known pattern suffers when it is projected onto the surface of an object. This technique
overcomes many of the limitations of stereo vision: the projected pattern provides the
features that are needed to gather depth information, the scale is known and it can
be used under no light conditions, which is important when carrying out inspections
at night or in low lit environments. In [26, 65, 76, 92] a pattern is projected onto the
object’s surface using a bulky external projector which restricts the maneuverability of
the system, but in [80] and [84] the projector is part of the depth sensor making the
system lightweight, compact and therefore easy to maneuver. A metrological evaluation
of the sensors used in these works is presented in [24]. The system proposed in [84] goes
one step further and integrates the Kinect Fusion algorithm [35] in order to generate
3D thermograms in real time as the sensors are moved around the object. An open
source version of the Kinect Fusion algorithm has been made available by The Point
Cloud Library [81] and the algorithm is being improved independently by other research
groups [61, 66, 88].

A more detailed description of these and other techniques for generating 3D models can
be found in [94].

6.1.3 Original approach and modifications

In the 3D thermal imaging system used in this work, the reconstruction of the 3D model
is carried out using the open source implementation of the Kinect Fusion algorithm
[81]. In this approach, the surface of an object is modeled by means of a volumetric
array, where each element of the array, called a voxel, is assigned a value based on the
distance between its centroid and the object surface. This distance is measured along
the line that goes through the voxel’s centroid and the depth camera’s optical center
at the moment a new depth image is captured. The value that is assigned to the voxel
results from truncating and normalizing the measured distance according to a predefined

threshold. It is positive when the voxel is in front of the surface and negative when it is
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behind. This value is averaged with the previous value assigned to the voxel to reduce
the measurement uncertainty. Only voxels in front of the object or whose distance to the
object’s surface is smaller than the threshold are updated. Because of the way surfaces
are described, the volumetric array is known as TSDF volume, where TSDF stands for
truncated signed distance function. This representation is depicted for simplicity in two

dimensions in Figure 6.1.

object surface . initial value
| A

|
1.0 | 1.0 | 1.0 | 1.0 | 1.0 03¥/9.7 0.0 | 0.0
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|
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voxel truncated signed distances

Figure 6.1: TSDF based surface description

The maximum voxel count is constrained by the GPU’s memory size and, in the case of
real-time operation, by the GPU’s processing power. This parameter and the voxel size
determine the largest scan volume that can be achieved with the current implementation.
Algorithms to extend the scan volume and to correct drift errors in the generation of

3D models have been proposed in [88-90].

The volumetric array can take the shape of a cube or a rectangular cuboid. The vertex
and edges of one of its corners are used as the origin and axes of the 3D model coordinate
system. At the beginning of a scan, preconfigured values are used to define the position
and orientation of the volume with respect to the depth camera. Thereafter, new poses
of the sensor are expressed with respect to the volume’s frame of reference. The code
has been modified to show the boundaries of the scan volume and the FOV of the depth
camera (see Figure 6.2). These modifications allow the user to keep the inspected object

within the operating range of the depth camera during the scanning process.

The pose of the depth camera is estimated using the ICP algorithm and point clouds
derived from the current 3D model and the latest depth image. ICP is an iterative pro-

cedure that applies a series of translational and rotational transformations to one of the
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Figure 6.2: Volume, FOV and coordinate systems at the beginning of a scan

point clouds until it aligns with the other within a configurable tolerance. This proce-
dure was independently developed by [8, 15, 16]. The product of these transformations
describes the relative position and orientation of the original point clouds and can be
used to determine the new pose of the depth camera with respect to the 3D model. This
allows tracking the trajectory of the depth sensor during the 3D model generation. The
new pose of the depth camera is used to integrate the geometric information of the latest
depth image with the current 3D model. The point cloud derived from the 3D model is
obtained via a procedure called ray casting which was first introduced in [5]. A change
in sign of the TSDF value as the rays traverse the volume (starting from the current
pose of the depth camera) indicates the presence of a surface. Its exact position can be
obtain via interpolation. This process is repeated every time a new depth image arrives.
Algorithms 1, 2 and 3 describe briefly how the open source Kinect Fusion algorithm
generates and updates the 3D model in real time with each new incoming depth image.
In these algorithms and in subsequent sections, the following additional definitions are

used:

e depth image: a two-dimensional array that stores the depth data of points on the
object’s surface seen by the depth camera. Element [u,v] in the array stores the

Zc coordinate in Figure 2.9 of the point seen by pixel [u, v] of the depth camera.
o vertex: a point in the 3D model that represents a point on the object’s surface.

e vertex map: a two-dimensional array that stores the coordinates of the points on
the 3D model seen by the depth camera from its current pose. Element [u,v] in
the array stores the X¢, Yo and Z¢ coordinates in Figure 2.9 of the point seen by

pixel [u,v] of the depth camera. The vertex map provides the same information as
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the depth map but in a more convenient format for certain types of operations like
geometric transformations. In essence, both the depth and vertex maps describe a

point cloud.

e normal map: a two-dimensional array that stores the components of the normal
vectors at the points on the 3D model indicated by the vertex map. Basically,
element [u,v] in the array stores the components n,, n, and n, of the normal

vector corresponding to vertex [u,v] in the vertex map.

Algorithm 1 3D model generation

1: procedure OnNewDetphlmage
2 Idcpth,ﬁltcrcd — ﬁlter(Idcpth) > filter depth image
3 M, , M, <+ generateMaps(Iiepth, filtered ) > generate vertex and normal maps
4 if isFirst(Iyeptn) then
5: Rdepth-, tdepth <~ Rinitv tinit > initialize camera pose
6 Visar < UpdateVolume( Vigsat, depth, Rdepths tdepth) > update TSDF volume
7 M, M, + M,, M, > save vertex and normal maps
8 else
9: Rcpth, taepth < ICP(M,, M,,, M, M, Réepth, t{iepth) > calculate camera pose
10: if thcpth — tilepthHQ < tinq and Z(RéepthR(Iclpth) < Bgpiq then
11: Visae ¢ UpdateVolume( Vigar, Taepths Rdepth tdepth) > update TSDF volume
12: M., M, + RayCast( Visar, Ricpins tdepth) > generate vertex and normal maps
13: Récpm Hiepih < Rdepths taepth > save current camera pose

Notes:

> Visas: TSDF volume. Each voxel contains the truncated signed distance from its centroid to the object’s surface.

> Igeptn: Depth image. Each pixel contains the distance to the point on the object observed by the depth camera.

> M,: Vertex map. Each element contains the coordinates of a point on the object seen by the depth camera.

> M, : Normal map. Each element contains a unit vector orthogonal to the object’s surface at the point given by
the corresponding element in M,.

> Ripni: Initial orientation of the depth camera. Manually configured.

> Rgeptn: Current orientation of the depth camera.

> R/depth: Previous orientation of the depth camera.

> tini: Initial position of the depth camera. Manually configured.

> tgeptn: Current position of the depth camera.

> Hoptn’ Previous position of the depth camera.

The existing implementation has been modified such that the TSDF volume gets updated
only when the translation and rotation of the depth camera between consecutive depth
frames are within the ranges 0.1 cm to 1 cm and 0.06° to 0.6°, respectively. These values
were obtained empirically. The modification helps reduce the accumulation of errors
in the 3D model, in particular, when the sensor is abruptly moved or when the pose
change estimate is abnormally large due to noisy data. This, in turn, helps reduce the
error in the subsequent estimation of the depth camera pose. The modification also
sets a limit to the maximum linear and angular velocity with which the system can
be moved to approx. 0.3m/s and 17°/s. The accuracy with which the ICP algorithm
estimates the camera pose change depends on the accuracy of the depth sensor, the
geometry and density of the generated point clouds and the magnitude of the translation

and rotation between the point clouds. More accurate depth measurements, complex
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Algorithm 2 TSDF volume update

1: function UpdateVolume( Visar, Liepths Rdepths tdepth)

2 for each voxel in Vigg¢ with indices ¢, j and k do

3 ¢ + getCentroid(i, 7, k) > calculate position of voxel’s centroid

4 de < ||¢ — tacptnl|2 > distance from centroid to depth camera

5: u, v < projectToDepth(¢) > project centroid onto depth image

6: do < Iqeptn[u, v] > distance to object’s surface seen by pixel [u, v]

7 d<+d,—d. > signed distance between depth camera and object’s surface

8 d + max(—1,min(1, d/dmax)) > normalize and truncate d according to fixed dyax

9: d' w < Visarlt, j, K] > get voxel’s TSDF value and weight
10: Visatli, J, k] < weightedAverage(d,d’,w) > update voxel’s TSDF value and weight

Notes:

> Visas: TSDF volume. Each voxel contains the truncated signed distance from its centroid to the object’s surface.
> Iqeptn: Depth image. Each pixel contains the distance to the point on the object observed by the pixel.

> Rgepth: Current orientation of the depth camera.

> tgepth: Current position of the depth camera.

Algorithm 3 Ray cast

1: function RayCast( Visds, Rdepth7 tdepth)
2 Tini < tdepth > ray origin
3 for each depth detector element with indices v and v do
4: r < getPosition(u, v) > get pixel position
5: Tair <= (T — taeptn) /|| 7 — taeptn||2 > normalized ray direction
6 Tin, Tout <— getIntersections(ri,) > intersections of ray and volume faces
7 tentry < ||Tentry — Tinil|2 > ray length when entering volume
8 texit < ||Texit — Tinil|2 > ray length when exiting volume
9: teurr < Tentry > current ray length
10: Teurr < Tini + Leurr Tdir > current ray
11: i,j, k + getVoxellndices(7eyrr) > voxel pointed at by current ray
12: dewrr — Visat[t, 7, K] > get TSDF value for current voxel
13: while teur < teyit do
14: Tnext <= Tini + (feurr + Lstep) Tdir > increase ray length by fixed amount tgcp
15: i, J, k < getVoxellndices(Tyext ) > voxel pointed at by next ray
16: dyext  Visat[t, J, k] > get TSDF value for current voxel
17: if deyrr > 0 and dpexy < 0 then > zero crossing
18: tine < interpolate(Thext, Teurrs tstep)
19: V < Teurr + tint Tdir > calculate vertex position
20: n < calculateNormal(v) > calculate normal vector at position v
21: M, [u,v] + v > add vertex to vertex map
22: M, |u,v] + n > add normal to normal map
23: break > stop searching for vertex along this ray
24: tewrr < tewrr + tstcp
25: Teurr € Thext
26: deurr < Anext

Notes:

> Visag: TSDF volume. Each voxel contains the truncated signed distance from its centroid to the object’s surface.

> Rgeptn: Current orientation of the depth camera.

> tgeptn: Current position of the depth camera.

> M, : Vertex map. Each element contains the coordinates of a point on the object seen by the depth camera.

> My : Normal map. Each element contains a unit vector orthogonal to the object’s surface at the point given by
the corresponding element in M, .
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geometries, denser point clouds and smaller translations and rotations result in better
accuracy. The actual accuracy of the algorithm is difficult to measure, but its effects can

be appreciated in the resulting 3D model.

6.1.4 Experimental results

Two experiments were conducted to understand the behavior of the open source imple-
mentation of the Kinect Fusion algorithm under different configurations and operating

conditions.

In the first experiment, the impact of the voxel size on the quality of the 3D model was
investigated. To keep depth measurement errors as low as possible, the infrared calibrator
was scanned from a distance of approximately 50 cm. 3D models were generated using the
same data and three different voxel sizes. The voxel size was changed by varying the size
of the scan volume while keeping the voxel count constant at 800 x 800 x 800 voxels'.
The size of the scan volume was modified offline after the raw data had been acquired.
The resulting 3D models for voxels with edge lengths equal to 4.5mm, 1.5 mm and

0.5 mm are shown in Figure 6.3.

(b)

Figure 6.3: Effect of voxel size on quality of 3D model. Voxel edge length is: a) 4.5 mm,
b) 1.5mm and c) 0.5mm

In the second experiment, the effect of increased depth measurement errors and the
effectiveness of the code modification in reducing the accumulation of errors in the 3D
model were investigated. For this purpose, the infrared calibrator was scanned from a
distance of approximately 100 cm. Using the same data, two 3D models were generated:
one with the original code and one with the modified code. As a reference, a third 3D

model was generated from a distance of approximately 50 cm. In all cases, the voxel

1 Voxel counts larger than 640 x 640 x 640 voxels are possible when the thermal volume is disabled.
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edge length was 1.6 mm and the voxel count was 480 x 480 x 480 voxels. The results are

depicted in Figure 6.4.

Figure 6.4: Effect of increased depth measurement errors on quality of 3D model: a)
d = 100 cm with unconditional data integration, b) d = 100 cm with conditional data
integration and c¢) d = 50 cm with conditional data integration

At all times, a part of the object with a geometry that can be reliably tracked by the
ICP algorithm was within the FOV of the depth camera.

6.1.5 Discussion

The first experiment demonstrates the effect that the voxel size has on the quality of
the 3D model and suggests that there is a particular voxel size for which best results are
achieved. Larger voxel sizes produce excessively smoothed 3D models and small details
are lost. Smaller voxel sizes, on the contrary, result in noisy and distorted 3D models.
Most of the uncertainty in the estimation of the position of a point on the object’s surface
is no longer contained within the corresponding voxels in the 3D model and does not
get averaged during the TSDF volume update. As a consequence, the ICP algorithm
operates on noisier point clouds and the pose of the depth sensor relative to the 3D
model is estimated with higher uncertainty. The effects get compounded and manifest

themselves as noise and distortions in the 3D model.

The second experiment demonstrates that the conditional integration of depth data
based on the magnitude of the depth camera’s pose change between consecutive depth
frames significantly improves the performance of the Kinect Fusion algorithm when the
camera pose is estimated with higher uncertainty. As in the first experiment, higher

camera pose uncertainty introduces errors in the 3D model during the volume update
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which then causes more errors in the estimation of subsequent camera poses. The pro-
posed modification reduces the compounding of error. The downside of restricting the
pose change is that the scan velocity is restricted as well. For the selected thresholds,

the maximum scan velocities are 0.3m/s and 18°/s.

An comparative analysis of the quality of 3D models generated with the Kinect Fusion

algorithm and with a high-end laser scanner can be found in [53].

6.2 Data fusion

6.2.1 Overview

This step in the creation of 3D thermograms concerns itself with determining which
temperature value measured by each individual pixel of the thermographic camera cor-
responds to which vertex of the 3D model. There are two general approaches to fuse

thermal and geometric data.

One conceivable way to determine the correspondences between temperature measure-
ments and vertices on the 3D model is to identify common features present in both
modalities. The main advantage of this approach is that it does not require prior know-
ledge of the pose of the thermal camera with respect to the object. The problem, however,
is that often there is no direct relation between features in the 3D model and features
in the thermal image. For example, a flat surface, like a heated floor, does not exhibit
any salient geometric features yet the heating pipelines or cables underneath the floor
can be clearly appreciated in a thermal image. Conversely, an edge that can be easily
identified in the 3D model may be hard to discern in the associated thermal image if the
background or the surfaces that form it are at the same temperature. The directional
emissivity of the material might provide some contrast but it might not be sufficient to
reliably identify the edge (see rim of the calibration disc in Figure 3.11). Furthermore,
due to the low contrast and low resolution characteristics of thermal images, the num-
ber of features that could be reliably detected is very small, especially if large groups of
pixels in the thermal image are at approximately the same temperature. Last but not
least, feature detection is computationally expensive and therefore not very practical
when tens of thousands of features need to be detected in real time. For these reasons,
this approach is not the most effective way to map thermal information onto the 3D

model in real time.

A simpler and by far more effective approach to figure out the correspondences between

vertices in the 3D model and pixels in the thermal image is to use the estimated pose
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of the depth sensor with respect to the 3D model and the known geometric relation
between the depth sensor and the thermographic camera to calculate the pose of the
latter with respect to the 3D model. Once the pose of the thermographic camera with
respect to the 3D model is known, vertices of the 3D model can be projected onto
the thermal image using the pinhole camera model to determine their corresponding
temperature values (see section 2.3.5). This approach, however, also introduces some
challenges. On the one hand, thermal data are not necessarily generated at the same
time as range data, since the sensors may operate at different frame rates and their
clocks may not be synchronized. When the system is moving, the pose of the thermal
camera at the moment a new thermal image is captured may not be the same as the
pose of the depth sensor when the last depth image was generated. If this is not taken
into account, temperature values are incorrectly assigned to the 3D model with varying
offsets producing a misaligned thermal texture. On the other hand, the depth sensor
and the thermographic camera do not share the same FOV and are therefore subject
to the parallax effect. Not all points on the object’s surface seen by the depth sensor
are also seen by the thermographic camera. If this is not taken into account, incorrect
temperature values are assigned to vertices in the 3D model corresponding to these

points.

6.2.2 Related work

A review of the literature shows that the general approach to map thermal data onto a
3D model is to estimate the pose of the thermographic camera with respect to the 3D
model and then project the vertices or polygons that form the model onto the thermal
image to obtain the corresponding temperature values. The approaches encountered in
the different works differ mainly in the way the pose of the thermographic camera is
estimated. The following paragraphs briefly describe and evaluate some of the ideas

that have been proposed in the literature.

The simplest approach is to manually select control points in the thermal image, asso-
ciate them with corresponding points in the 3D model and then use existing algorithms
to solve the Perspective-n-Point problem, i.e., the problem of estimating the pose of a
calibrated camera given a set of n points in world coordinates and their corresponding
2D projections in the image. This approach was used in [44] to map thermal images on
3D models of building facades. This approach is very effective for quickly texturizing
large flat surfaces like building facades but it can be very time consuming when many
thermal images are involved. Furthermore, the accuracy of the projections completely
depends on the availability of well-defined features common to both data sets. Also, with

this approach, the 3D thermogram cannot be generated in real time.
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In [31] and [34], the mapping process is automated by using the scale-invariant feature
transform (SIFT) algorithm to automatically detect features in a sequence of thermal
images of a building facade. The images are taken with a thermographic camera mounted
on a mobile platform. The features are used to reconstruct the path followed by the
camera which is also recorded separately by a GPS receiver. Both paths are registered
to determine the approximate pose trajectory followed by the thermographic camera in
global coordinates. Finally, the point cloud formed by the detected features is registered
with the GPS referenced 3D model to refine the camera pose estimates. This approach
to generate 3D thermograms exhibits three major shortcomings that limit its application
range and performance. First, since the pose estimation relies on the use of GPS, it can
not be used to generate 3D thermograms indoors or of small objects at close range. An
indoor positioning system (IPS) could be used instead of the GPS but it would require
the installation of such system. Second, because both registration steps must be done
after the data have been captured, the approach is not suitable for real-time scanning.
Third, the approach relies twice on features extracted automatically from thermal images
which are, in general, unreliable. The reader is referred to the work of [28], where the
unreliability of SIFT and other feature detection algorithms applied thermal images is

discussed.

Other approaches to automatize the fusion of thermal and geometric data are presented
in [23], [41] and [2]. These approaches are based on the detection and matching of features
common to the thermal images and the 3D model. In [23], the features are interest points
in both thermal and range images detected with the Harris and Stephens operator. In
[41], the features are lines in the thermal image detected with a line segment detector
and edges in the 3D model detected with principal component analysis (PCA). In [2],
the features are detected using the Hough transform of edges in preprocessed 3D height
map and infrared images. These approaches do not require additional GPS data but they
still depend on the existence of well-defined features that are common to the thermal

image and the 3D model, which are neither common nor reliable.

The work of [67] presents an alternative approach to directly map multispectral images
onto a 3D model. The method relies on the extraction of a depth map from the model
geometry whose pixels maintain an exact correspondence with the vertices of the 3D
model. The spectral image to be mapped is translated, rotated and scaled until the
mutual information between it and the depth map is maximized. This is equivalent to
finding the pose of the spectral camera from which the image was taken but limiting the
camera movement to three degrees of freedom. For this reason, the method can only be
used to texture flat surfaces in 3D space, that is, it is not suitable for mapping thermal
images onto complex geometries. Moreover, though this method does not require the

extraction of features from the spectral image, it does rely on the assumption that both
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images share some amount of information, which is not always the case for thermal

images.

The aforementioned approaches are best suited for scenarios in which thermal and geo-
metric data are not captured at the same time or when the 3D model is generated with
CAD software. However, when the thermal and geometric data can be acquired simulta-
neously, it is easier and more reliable to determine the pose of the thermographic camera
with respect to the 3D model indirectly via the sensor used to acquire range information.
In this case, the pose of the thermographic camera relative to the range sensing element
is determined in advance through some calibration procedure and remains fixed during
the data acquisition process. This approach has been used with laser scanners in [19, 59],
with depth cameras in [56, 80], with time of flight (ToF) cameras in [73] and with color
cameras in [25, 28, 92]. In the case of color cameras, range information is obtained via

stereo vision, projected structured light or using the SfM algorithm.

Because most 3D thermographic systems proposed so far do not acquire thermal and
geometric data while the sensors are in motion, little attention has been paid to the
fact that the thermographic camera and the depth sensor might not acquire data syn-
chronously. As a consequence, the rigid transformation between the sensors cannot be
used directly to estimate the pose of the thermographic camera with respect to the 3D
model. A review of the literature returned only one work that addresses this problem.
In the 3D thermographic system presented in [85], a cubic spline is fitted to four consec-
utive poses of the depth sensor, two of them estimated before and two after the moment
a new thermal image is captured. This spline is used to estimate the pose of the depth
camera at the time a new thermal image is captured. The pose of the thermographic
camera is then calculated using the known geometric transformation relating the two

cameras.

Also, very few works have handled the problem of occlusion. A review of the literature
related to 3D thermography returned only two works that address this problem. In [19],
no temperature value is assigned to a point P in the 3D model, if another point P’ is
within distance ¢ of the ray that connects P and the optical center O of the thermo-
graphic camera. No information is provided regarding the performance of this procedure.
In [83], ray casting is used to map temperature values to voxels in the volumetric array
and avoid occlusions at the same time. Basically, the volumetric array containing the 3D
model is traversed by virtual rays starting at each pixel of the thermal image and going
through the camera’s optical center until the conditions that describe the presence of a
surface are met. When these conditions are found, the temperature value is assigned to
the voxel. Thus, other surfaces that lie further back in the path of the ray are ignored.

The main shortcoming of this approach is that ray casting is very time consuming.
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6.2.3 Proposed approach

If the geometric transformation between the depth sensor and the thermographic ca-
mera is known, the problem of figuring out the pose of the thermographic camera with
respect to the 3D model can be addressed by interpolating the pose of the depth sensor
between the poses estimated from the depth images captured before and after the newly
generated thermal image and then applying the rigid geometric transformation between
the sensors. This scenario is depicted in Figure 6.5. The gray colored sensors depict the
pose of the system when a depth image is captured; the red colored sensors depict the
pose of the system when a thermal image is captured. The solid on top represents the
depth sensor and the solid at the bottom corresponds to the thermographic camera.
Because this approach requires knowing the pose that the depth sensor will have after a
new thermal image has been captured, the assignment of thermal information to the 3D
model is delayed until a new depth image has arrived. Furthermore, because the images
are preprocessed by independent execution threads, to take into account random prepro-
cessing delays, the thermal and depth images are stored in temporary buffers until they
are ready to be integrated into the 3D model. Presently, the only preprocessing carried

out is image rectification to minimize the effects of radial and tangential distortion.

T

Figure 6.5: Interpolation of thermal camera pose from depth camera poses

In the current implementation, the position of the thermal camera is calculated by means
of linear interpolation and its orientation using spherical linear interpolation (also known
as SLERP). These types of interpolation are simple to implement and work well for
constant linear and angular velocities, which may be assumed for short time intervals if

the scan trajectory is smooth (i.e., no abrupt changes of direction).

Let Pgeptn (t[i —1]) and Pgepen(t[i]) be the poses of the depth camera with respect to the
origin of the 3D model when the depth images Ijepen[i — 1] and Igepen[i] are captured,
respectively. In addition, let Pgepth(t[k]) be the pose of the depth camera when the
thermal image Iihermal[k] is captured, such that, t[i — 1] < t[k] < t[i]. If the pose P(t) is
expressed in terms of the position vector p(t) and the quaternion q(t), then, Pgepen (¢[k])
can be calculated using (6.1b) and (6.1c). The pose of the thermal camera can then

be calculated using the fixed geometric transformation between the sensors Tq_,¢ and
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(6.1d).
o = (t[k] — tfi — 1))/ (¢]d) — i — 1) (6.1a)
pdepth(t[k] apdepth(t[l]) (1 - O‘)pdepth(t[i - 1]) (61b)
Qdepth( [k]) depth( [Z - 1D[qdepth(t[Z - ID qdepth(t[i])}a (610)
Pthermal(t[k]) = Tdﬁthepth (t[kD (61d)

Once the pose of the thermal camera with respect to the origin of the 3D model is known,
vertices of the 3D model can be projected onto the thermal image using the equations
presented in section 2.3.5 to determine their temperature value. Bilinear interpolation

is used when the projection of the vertices falls between pixels.

The parallax problem is depicted in Figure 6.6. It introduces significant fusion errors,
in particular, when scanning objects at close range. In the figure, vertices v, v and vs
are seen by the depth sensor but only v; is seen by the thermal camera. If the parallax
effect is not taken into account, the temperature assigned to the vertex v; would also
be incorrectly assigned to vo and ws, since the coordinates of both vertices project onto

the same detector element in the thermal camera’s FPA.

depth camera

thermal camera

Figure 6.6: Parallax effect

In order to avoid parallax effects during data fusion, the vertex map containing the ver-
tices of the 3D model seen from a given pose should be generated from the perspective of
the thermal camera. However, the ray casting procedure used to generate these vertices
is computationally expensive and very time consuming. In its current implementation,
the proposed system has no time to execute two ray cast procedures between two con-
secutive depth frames: one from the perspective of the depth camera to generate the
3D model and one from the perspective of the thermographic camera to assign thermal
information to the 3D model. Moreover, in the open source implementation of the Kinect
Fusion algorithm the values assigned to the voxels in the TSDF volume are calculated

based on distances along the path between the voxels and the depth camera. Ray casting
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from the perspective of the thermographic camera, that is, following a different path,

would cause unwanted artifacts.

In the proposed solution, the vertex map M, generated via ray casting from the per-
spective of the depth camera is filtered before the temperature assignment procedure is
carried out. When multiple vertices project onto the same pixel in the thermal image,
the filter keeps the vertex closest to the thermal camera and discards the rest. In the
example depicted in Figure 6.6, the filter would discard vertices vy and w3 and return

only vertex v;. Algorithm 4 provides a brief description of this filter.

Algorithm 4 Parallax filtering

procedure eliminateParallax
for each vertex in M., with indices v and v do

1:
2
3 M, [u,v] + NaN > initialize element of filtered vertex map to invalid value
4 M, [u,v] < NaN > initialize element of filtered normal map to invalid value
5: for each element [u,v] in D do
6: Dlu,v] < MAX_FLOAT > initialize distance of distance map to largest value
7 for each element [u,v] in M, do
8 d + || My[u, v] — tnermal|2 > distance from vertex to thermal camera
9: u',v" < project ToThermal( M, [u, v]) > project vertex onto thermal image
10: D/, v'] < min(D[u/, '], d) > minimum distance from vertex to thermal camera
11 for each element [u,v] in M, do
12: d < || M,[u,v] = tihermall|2 > distance from vertex to thermal camera
13: u’,v" + projectToThermal( M, [u, v]) > project vertex onto thermal image
14: if |D[v/,v'] —d| < dio1 then
15: M, [u,v] < M,[u,v) > copy vertex from input to output vertex map
16: M, [u,v] + M,[u,v] > copy normal from input to output normal map

Notes:

> My [u, v]: Element [u, v] of the unfiltered vertex map. It is generated by Algorithm 3. It contains the coordinates
of the point seen by the depth camera detector element [u, v].

> My [u,v]: Element [u,v] of the unfiltered normal map. It is generated by Algorithm 3. It contains the normal
vector associated with vertex My [u,v].

> M, [u,v]: Element [u,v] of the filtered vertex map. It contains the coordinates of the point seen by both the
depth camera detector element [u,v] and the thermal camera.

> M, [u, v]: Element [u, v] of the filtered normal map. It contains the normal vector associated with vertex M, [u, v].

> D[u’,v']: Element [u’,v’] of temporary array. It contains the minimum distance between the thermal camera
and a vertex in the set of vertices that project onto the thermal camera pixel [u’,v’].

> dyo): Tolerance

Temperature values and information regarding the conditions under which the measure-
ments were taken are stored in a volumetric array called the thermal volume. The array
has the same dimensions and voxel count as the TSDF volume. The procedure to update
the thermal volume is described briefly in Algorithm 5. Basically, the centroid of each
voxel in the thermal volume gets projected onto the filtered vertex map. If the distance
between the corresponding vertex and the voxel’s centroid is smaller than some thresh-
old, the voxel’s information is considered for update. This algorithm is based on the
algorithm used to assign color to the 3D model in the open source Kinect Fusion imple-
mentation but, before the voxel contents are updated, the measurement conditions are

validated. This is described in more detail in section 6.3. The information corresponding
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to each voxel is stored in a 32 bit word, where the upper 16 bits hold the temperature
value and the lower 8 bits the measurement conditions. The remaining bits are reserved

for future use.

Algorithm 5 Thermal volume update

1: procedure updateThermalVolume
2 for each voxel in Vipermalr with indices 4, j and k& do
3 ¢ < getCentroid(z, 7, k) > calculate position of voxel’s centroid
4: u, v < projectToDepth(c) > project centroid onto depth image
5: v+ M., [u, ] > get coordinates of vertex seen by pixel [u, v]
6 n<— Mn [u, v] > get normal corresponding to vertex v
7 if ||e — v||2 < dinia then
8 u', v’ + projectToThermal(v) > project vertex onto thermal image
9: d, 8 < calcCurrConditions(v, 7, tihermal) > deduce current meas. conditions
10: dq, 0q < discretizeConditions(d, 6) > discretize current meas. conditions
11: dfl, 0(’; + getMeasConditions( Vinermai[t, 7, k]) > get previous meas. conditions
12: update < checkConditions(dq, 0y, dy, 0;,) > check whether to update voxel info
13: if update then
14: Vihermallt, J, k] <= Lhermal[t/, V'], dg, 04 > update thermal volume

Notes:

> Vihermallis J, k]: Voxel [¢, j, k] in thermal volume. It contains a temperature value and information regarding
the measurement conditions under which the temperature value was acquired.

> Iihermal[t/, v']: Pixel [u/,v’] in thermal image. It contains the temperature value measured by the thermal
camera detector element [u’,v’].

> M., [u,v]: Element [u,v] of the filtered vertex map returned by Algorithm 4.

> d¢piq: Threshold

> d: Distance from thermal camera to vertex of temperature measurement to be assigned to this voxel

> d’: Distance from thermal camera to vertex of temperature measurement previously assigned to this voxel

> 6: Emission angle of temperature measurement to be assigned to this voxel

> 6: Emission angle of temperature measurement previously assigned to this voxel

6.2.4 Analytical and experimental results

The depth camera utilized in this work operates at a frame rate of 30 fps. At this frame
rate and at a linear scan velocity of 0.3m/s, the maximum registration offset epmax
incurred in assuming a linear trajectory (i.e. linear interpolation) between two points A
and B instead of a curved trajectory of radius » = 1 m centered on the scanned object is
less than 0.01 mm (see Figure 6.7). Reducing the radius of curvature to » = 0.5m would
increase emax to only 0.02mm. Increasing the scan velocity to 0.6 m/s would increase
€max to only 0.05mm. In comparison, the maximum registration offset caused by the
uncertainty of the timestamps under the same scan conditions can be 3.7 mm. Likewise,
a 10 % error in the estimation of the thermal camera pose with respect to its previous
pose can result in a registration offset of up to 1 mm due to translation and an extra
1mm due to rotation, assuming linear and rotational velocities of 0.3m/s and 18°/s,

respectively. See Appendix F for more details.
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object —> |<— €max

A

Figure 6.7: Linear interpolation error in a curved trajectory

In addition, an experiment was conducted to test the functionality and performance of
the parallax filtering algorithm. The sensors were placed in front of the infrared calibrator
at a distance of approx. 50 cm and roughly 25 cm above the ground in order to replicate
the conditions illustrated by v; and w3 in Figure 6.6. When no parallax filter is used,
vertices representing part of the wall right above the calibrator are incorrectly assigned
temperature values corresponding to the calibrator’s front panel as indicated by the white
arrow in Figure 6.8a. When the parallax filter is used, no temperature information is

assigned to these vertices as long as they remain occluded (see Figure 6.8b). Without

IlOO °C

code optimization, the algorithm takes less than 7ms to run.

I20°C

(a) Without parallax filter (b) With parallax filter

Figure 6.8: Parallax effect in 3D thermogram

6.2.5 Discussion

The accuracy of the data fusion depends mainly on three factors: the accuracy of the
intrinsic and extrinsic calibration of the sensors, the accuracy of the timestamps associ-
ated with the depth and thermal images and the accuracy with which the pose of the
thermographic camera can be estimated with respect to the 3D model. In the proposed
approach, the pose of the thermographic camera is obtained via interpolation from the
poses of the depth sensor before and after a new thermal image is acquired. A simple
analysis of this approach reveals that it is far more important to generate accurate time-
stamps and to accurately estimate the pose of the depth camera with respect to the 3D

model than to use sophisticated interpolation methods. The analysis also shows that,
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for a volume size of 0.6m x 0.6m x 0.6 m, a voxel count of 480 x 480 x 480 voxels and
scan velocities of 0.3m/s and 18 °/s, the magnitude of the individual registration offsets
is about as large as the volume resolution. Ideally, the combined error should be smaller
than the voxel size in order to achieve the most accurate thermal texture for the given
operating conditions. This explains random data fusion errors in the thermal texture.
The errors are more noticeable when the camera is moved parallel to the object’s surface

instead of perpendicular to it.

The parallax filter works well only as long as the depth camera is able to see and recognize
the points closest to the thermal camera that are involved in the parallax effect. If in
Figure 6.6 the depth camera were not able to see v; because it is outside its FOV or it
were not able to recognize it due to the angle of observation or because it is too close to

the edge, its temperature would be incorrectly assigned to the vertices vo and wvs.

6.3 Data validation

6.3.1 Overview

After figuring out which temperature value measured by the thermal camera corresponds
to which vertex on the 3D model, the thermal data need to be validated before they get
integrated into the 3D model. As the 3D thermographic system is moved around the
object, most of the observed surfaces get scanned multiple times from different perspec-
tives. However, as explained in section 3.3, the temperature measurement corresponding
to a point on a surface varies with the background temperature distribution and the
position of the thermal camera relative to the point. The system needs to know when
to replace previous temperature measurements with new values measured from different
perspectives. In addition, the user of the system needs to know which surfaces have not
been appropriately scanned as well as the reason(s) why they were not appropriately
scanned so he or she can rescan the surface under right measurement conditions. This
step has been omitted in the majority of 3D thermal imaging systems proposed so far
largely because many of these systems generate 3D thermograms from a single perspec-

tive. Nevertheless, this step is important for the generation of accurate 3D thermograms.

6.3.2 Related work

A review of the literature related to 3D thermography revealed that few works assess the
conditions under which temperature measurement are taken before mapping them onto

the 3D model. Moreover, none of the works uses this information to provide feedback to
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the user regarding the quality of the data being captured. Although it is not explicitly
stated, most likely old values are simply overwritten with new ones. On the other hand,
in the few works where the measurement conditions are taken into account, the proposed

approaches do not provide the best possible results.

The 3D thermographic system presented in [60], for example, uses weighted averaging to
combine temperature values corresponding to the same point on the object’s surface but
measured from different perspectives. The weights are proportional to the cosine of the
emission angle, which can be derived from the geometry of the object and the position
of the thermographic camera relative to it. This approach may produce smooth looking
3D thermogram, but it does not provide the most accurate thermal texture. Averaging
helps improve the precision of a measurement when the measurement conditions remains
the same. During the scan, however, the accuracy of the measurement decreases as the
emission angle increases. As a consequence, the average of the measurements will be less

accurate than the measurement taken for the smallest emission angle.

In the work of [31], the facade of a large building is captured by means of an ordered se-
quence of overlapping thermal images which are then mapped onto a 3D model. Because
the images are taken from oblique perspectives, the spatial resolution of the thermal
texture is not constant. The authors address this problem by overwriting the texture
obtained from a thermal image with the higher resolution texture obtained from the

subsequent thermal image where these two overlap.

The work of [84] also proposes the use of a weighted average to combine temperature
values corresponding to the same point on the object’s surface but measured from differ-
ent perspectives. In this case, the computation of the weights is based on the observation
and emission angles, the distance to the object’s surface, the scan velocity and the valid-
ity of the radiometric model. While this approach takes into consideration more factors
that affect the accuracy of the temperature measurements than the one proposed in [60],
it actually reduces the accuracy of the thermal texture for the same reason explained

before.

6.3.3 Proposed approach

The proposed approach takes into account the measurement conditions that can be
inferred by the system to decide whether to replace the temperature measurements
made so far with new data from the latest thermal image. The current implementation

evaluates two measurement conditions: the distance to object’s surface and the emission
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angle. These conditions are calculated using (6.2a) and (6.2b), respectively.

d= ||’U - tthcrmal||2 (62&)
0 =cos™! ( (v~ fhermal) - 7 ) (6.2b)

||'U_ tthermal||2 : ||’I’LH2

Here tihermar is the position of the thermal camera, v represents a point on the object

surface and n is the normal vector associated with that point.

The data validation function is embedded in the data fusion procedure and is carried
out only for voxels that are suitable for an update according to section 6.2. The function

is described briefly by Algorithm 6.

Algorithm 6 Check measurement conditions

function checkConditions(d, 6,d’, ¢")
: V' 4= (dimin < d' < diax) and (Oin < 60 < Omax) > validity of previous conditions

1:

2

3 U 4 (dmin < d < dpax) and (Omin < 0 < Opax) > validity of current conditions
4: if not v then better < false

5: else if d < d’ then better < true

6: else if d > d’ then better < false

7 else if 0 < 0’ then better <+ true

8 else if 0 > ¢’ then better < false

9 else better «+ true

10: if not v/ or (v and better) return true
11: else return false
Notes:

> [dmin, dmax]: Range given by the thermal camera’s DOFor manually configured by the user

> Omin: Emission angle below which the temperature measurement might be affected by reflections of the operator.
Manually configured.

> Omax: Emission angle above which the temperature measurement error is larger than some value. Manually
configured.

Basically, the information associated with a voxel gets updated when there is no valid
information previously associated with it or when the new measurement conditions are
valid and they are the same or better than the previous conditions. In this regard, the
distance d in (6.2a) is valid if it is within the thermal camera’s DOF or some narrower
range defined by the user that guarantees the desired spatial resolution. The condition
improves when the new measurement distance between the surface and the camera is
shorter. Likewise, the new emission angle 6 is valid if it is smaller than some predefined
threshold. According to Figure 2.5a, this threshold is somewhere between 40° and 60°,
depending on how much error can be tolerated. The condition improves when the new
emission angle is smaller. At the same time, to avoid reflections from the operator
and the thermographic camera itself whose temperatures are typically above the room

temperature, the emission angle should be greater than approximately 15 °C.
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To minimize memory requirements and because there is no need to estimate the mea-
surement conditions with great resolution, the values are discretized according to (6.3a)
and (6.3b). The subscript ’q’ denotes the discrete version of the variables. The subscript
‘max’ indicates a threshold value above which the measurement condition is deemed
invalid. The subscript 'min’ indicates a threshold value below which the measurement
condition is deemed invalid. The subscript 'th’ denotes a threshold value below which
the observation condition is considered good. Values between the corresponding 'th” and
‘max’ subscripts are considered acceptable. These threshold values are manually set by
the user and allow him or her to distinguish in real time surfaces that should be scanned

under stricter measurement conditions (see section 6.4).

0 ,ifd < dpin or d > dmax

,if duin < d < den (6.3a)
2, ifdyy < d < dmax

0 ,if O < Opin or 0 > Oax

O =191 ,if Opin < 0 < 0 (6.3b)

2 aifeth<9S9max

Figure 6.9 shows how data is organized within a voxel of the thermal volume. Voxels
are 4-byte aligned for code execution efficiency. Some bits are reserved for future use,

for example, for recording other measurement conditions.

measurement
temperature reserved e
conditions
16 bits 8 bits 8 bits
/—/H
reserved 0q dqy

4 bits 2 bits 2 bits

Figure 6.9: Data structure within a voxel of the thermal volume

6.3.4 Experimental results

Two experiments were conducted to illustrate the importance of validating the thermal
data before it is integrated with the 3D model and to demonstrate the effectiveness of

the proposed validation algorithm.

The first experiment shows the effect that the measurement distance has on the spatial

resolution of the thermal texture during the scan. For this purpose, a resolution test
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target was inserted in front of the calibrator as shown in Figure 6.10a. Although the
operating range of the depth sensor is 0.35m to 1.4m, to keep the fidelity of the 3D
model as high as possible, only points on the object’s surface at a distance smaller
than 0.9m were used to generate the model, since the accuracy of the depth sensor
decreases quadratically with increasing distance to the surface [38]. The voxel size of the
TSDF volume was set to 1.3 mm and the temperature of the calibration disc to 80°C.
The generation of the 3D thermogram started by scanning the calibrator from a distance
between 0.4 m and 0.6 m. Figure 6.10a and Figure 6.10b show the thermal image and the
thermal rendering of the calibrator from a distance of 40 cm. At this distance, the spatial
resolution of the thermal image is 0.9 mm, slightly better than the spatial resolution of
the 3D model. Then, while facing the calibration disc, the system was moved away
from the calibrator up to a distance of 0.9 m. Figure 6.10c and Figure 6.10d show the
resulting 3D thermogram when no validation algorithm is used and when Algorithm 6
is used, respectively. It can be observed, that the use of Algorithm 6 preserves the
thermal resolution and the accuracy of the temperature measurements obtained at closer
distances. In the experiment, the camera’s DOF was approximately in the range 35cm

to 45 cm and dpin, din and dpax were set to 35 cm, 40 cm and 45 cm, respectively.

80°C
s 9.7°C N
Tmeas = 79.7°C

I20 °C
ISO °C

I20 °C

(¢) Thermal rendering at 90 cm (d) Thermal rendering at 90 cm
without data validation with data validation

Figure 6.10: Effect of validating the distance to the surface

The second experiment shows the effect that the emission angle has on the accuracy
of thermal texture during the scan. The voxel size of the TSDF volume was kept at

1.3 mm and the temperature of the calibration disc was set to 100 °C. In this experiment,
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the generation of the 3D thermogram started with the cameras positioned directly in
front of the calibration disc. The cameras were moved around the calibrator with a
clockwise motion maintaining a distance d of approximately 50 cm until the angle «
formed by the thermal camera’s optical axis and the normal to the calibration disc
was approximately 75°. After this, the algorithm that updates the thermal volume was
manually disabled and the cameras were brought back to the position d ~ 50 cm and
a =~ 40°, in order to render the 3D thermogram from a perspective different from that
from which it was last updated. Figures 6.11a and 6.11b show the thermal image and
thermal rendering at the beginning of the scan, i.e., when a ~ 0°. The temperature
measurements of the calibrator disc are slightly biased towards lower values because
of the lower temperature of the surroundings surfaces (see section 3.3.1). Figures 6.11c
shows a thermal rendering of the 3D thermogram at the end of the experiment. The 3D
thermogram was generated without validating the thermal data, that is, the temperature
measurement assigned to the model vertices were continuously updated regardless of the
measurement conditions. It can be observed that, even though the temperature of the
calibration disc is uniform, the temperature values assigned to the corresponding vertices
in the 3D thermogram vary greatly as a consequence of the directional emissivity of all
materials. The effect is emphasized by the fact that the left side of the calibration disc
is gradually occluded by its surrounding rim as the thermal camera moves around the
calibrator and the temperature value of occluded vertices in the 3D thermogram is not
updated. Figure 6.11d shows a thermal rendering of the 3D thermogram generated with
the same depth and thermal images as in the previous case, but using Algorithm 6 to
validate the temperature measurements with 6p,in, fin and Onax set to 15°, 30° and 45°,
respectively. In this case, the vertices of the calibration disc maintain the temperature

values measured under optimal conditions.

6.3.5 Discussion

The experiments show that validating the thermal data before they are fused with the
3D model is essential for generating high-fidelity 3D thermograms. Moreover, because
the measurement conditions for each point on the object’s surface vary continuously as

the system is moved around the object, the validation must be carried out in real time.

The proposed validation algorithm is more effective than an averaging algorithm like
the one proposed in [84] because it retains the temperature values taken under the
best measurement conditions instead of averaging them with values captured under
less favorable conditions. Even if a weighted averaging algorithm is used, as soon as
a less accurate temperature value due to the less favorable conditions is included in

the calculation of the average, the result becomes suboptimal. The proposed validation
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IlOO °C
Tmeas = 98.1°C

Tincos — OSHINE

I 20°C
(a) Thermal image when a =~ 0° (b) Thermal rendering when a ~ 0°

100°C
Tmeas = 97.4°C Tmeas = 98.1°C

= Tneas = 88.6°C

I20°C

(¢) Thermal rendering without data (d) Thermal rendering with data
validation when o ~ 40° validation when o =~ 40°

Figure 6.11: Effect of validating the emission angle

algorithm is also more efficient because it is computationally less expensive to execute

and does not require figuring out optimal weight values.

At present, the proposed system validates only the distance to the surface and the angle
of emission but other factors, like the linear and angular velocity of the sensors, could also
be taken into account. For example, to avoid the problem depicted in Figure 3.9b, the
thermal texture would only be updated if the linear and angular velocity of the thermal
camera are smaller than some threshold. This feature has not been implemented in the
current system because the maximum velocity with which an object can be scanned is
constrained by the frame rate of the depth sensor and not by the thermographic camera.
Because the depth sensor operates at 30 fps and the thermographic camera can operate
up to a frame rate of 80 fps, swift movements would cause distortions of the 3D model

before they cause artifacts in the thermal texture.

Another factor to be considered is the reproducibility of a temperature measurement of
a point on the object’s surface taken from different perspectives but under good mea-
surement conditions. This factor would not be used to determine whether to update the
thermal texture or not, but rather to provide a measure of uncertainty for each tempera-
ture value. This additional information could be used, for example, to identify reflective

surfaces. The temperature value of a reflective surface reported by the thermographic
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camera is likely to vary with the position of the camera, even under good measurement

conditions, when the temperature distribution of the background is nonuniform.

6.4 Data representation and visualization

6.4.1 Overview

A significant advantage of infrared thermography over other temperature measurement
techniques is that it allows to visualize the temperature distribution at the surface of
an object. The data produced by a thermographic camera can be presented in form of
a grayscale or false color image to reveal the temperature distribution of the object’s
surface. In the former case, the brightness of the pixels is proportional to the estimated
temperature value. In the latter, the color of a pixel is obtained from an indexed color
palette and the index is calculated from the estimated temperature value. The choice
of the color palette affects the ability of the user to detect small temperature gradients
within specific temperature ranges (see Figure 3.11). In both cases, the minimum and
maximum temperatures associated with the first and last element of the gray or color
scale can be manually set or they can be automatically calculated from the temperature
values in the thermal image according to some criterion (min/max, lo, 30, etc.). The
choice of these limits also affects the ability of the user to recognize faint details in the

thermal image.

Assigning colors to the image pixels based solely on the observed temperature value
provides a practical way of visualizing thermal data but it is not the most effective
approach. It is often difficult for a person to distinguish and recognize objects in a
thermal image when there is no additional information about how the objects look like
in the visible spectrum. The human brain is able to visually recognize objects when
the visual data conveys information about the orientation of the surfaces relative to
each other. The colors of a conventional thermal image convey little information in this
sense. The problem is accentuated when all objects within the camera’s FOV are at
roughly the same temperature (see Figure 3.11). For this reason, the documentation of
a thermal inspection carried out with a thermographic camera is often accompanied by
color images of the inspected scene. Some thermographic cameras, like the Optris PI
200 [64], even include a built-in color camera for this purpose. 3D thermography has the
potential to address this issue, but the majority of 3D thermographic systems proposed
so far directly assign the false colors in the thermal image to the vertices of the generated
3D model.
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Another shortcoming of current thermographic systems is that it is not possible to
distinguish in a thermal image temperature measurements made within the margin of
error specified by the thermographic camera from those made with greater margin of
error due to the directional nature of the emissivity of materials. In addition, it is
sometimes difficult to assess whether the temperature measurements are made with
approximately the same spatial resolution or even whether they were made within the
camera’s DOF. Some thermographic cameras, like the Fluke Ti400 [20], incorporate
a laser based autofocus mechanism to guarantee that at least the point of interest is
within the camera’s DOF. Information about the measuring conditions would be useful
to improve the confidence in the temperature measurements, especially if this is available
during the inspection, so that the system’s operator can rescan parts of the scene that
were captured under unfavorable conditions. This issue can also be addressed by 3D
thermographic systems, but so far none of the proposed 3D thermographic systems

make this information available to the user.

Conventional infrared thermography also has potential for improvement in two aspects:
the visualization of the temperature distribution of large objects with complex geome-
tries and the estimation of heat losses or heat gains from the data gathered during the
inspection. Currently, one alternative to visualize thermal information of large objects
is to capture a thermal image from a distance long enough to ensure that the whole ob-
ject fits within the thermographic camera’s FOV. The problem here is that the spatial
resolution of the thermal image decreases with increasing distance and thermographic
cameras do not have great image resolution to begin with (typically 0.3 megapixels or
less). Moreover, not all surfaces may be captured from an appropriate perspective. It
may not even be possible to capture all areas of interest in a single thermal image, for
example, when inspecting the interior of machines or buildings. The other alternative
is to capture multiple thermal images of the object at close range and from different
perspectives. The problem here is that the documentation and assessment of a large
number of thermal images (and their supporting color images) is cumbersome and not
very efficient. In either case, the estimation of heat losses or heat gains is not very ac-
curate because 2D images contain no information about the geometry of the inspected
object. 3D thermography can also address both of these issues since the 3D thermogram
of the entire scene can be stored as a single file and be viewed and analyzed with a

suitable software package.

6.4.2 Related work

As mentioned earlier, most 3D thermographic systems presented in the literature directly

assign the false colors in the thermal image to the vertices of the generated 3D model.
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Although the geometry of the 3D thermograms generated with this approach can be
appreciated using point cloud editing program like Meshlab [17, 18] or CloudCompare
[22], 2D projections of these 3D thermograms seen in a display during the scan or in a

paper report after the inspection do not differ much from a conventional thermal image.

The system presented in [85] attempts to facilitate the identification of the inspected
object by combining color and thermal data into a single image or texture; information
from text and labels that identify a piece of equipment is often lost in a thermal-only
representation. One problem with this approach is that it attempts to map 4 channels
of information, three for color and one for temperature, onto a three dimensional color
space. It is not always possible to tell if the color of a pixel represents temperature
information or the actual color of a surface; color gradients in the color image can be
mistaken for temperature gradients in the hybrid image. The approach might perform
better if one of the color channels contains little information and can be exploited to
convey thermal information, but this is rarely the case. Another problem with this
approach is that it cannot be used to produce an unambiguous texture for a 3D model.
The color of a surface, as recorded by a color camera, varies with the illumination of the
scene and the position of the camera with respect to the surface. Which color should be
combined with the color assigned to the temperature measurement if the same point if
observed from multiple perspectives? Finally, this approach is restricted to cases where

the scene is well illuminated.

In [78], a head mounted display is used to visualize thermal information directly mapped
onto a 3D model generated in real time. This approach presents an interesting alternative
to visualizing the thermal information of 3D objects but by itself does not help improve
the fidelity of the 3D thermograms nor does it solve the issues mentioned at the beginning

of this section.

6.4.3 Proposed approach

A person is able to distinguish the geometric shape of an object whose surface is uni-
formly painted with the same color because the illumination of the object by a external
light source causes shading on its surface. The resulting gradients of shade provide the
human brain the information it needs to infer the geometry of the object. Shading is a
technique commonly used in 3D computer graphics to help create the illusion of shape
and depth in a two dimensional image. In this work, shading is used to improve the
discernibility of geometric shapes in a thermal image. This approach has the advan-
tage that it can be used to convey thermal and geometric information both during the

scan and on paper reports. There are several techniques to produce shading effects with
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varying degree of computational complexity. In the current implementation, a computa-
tionally simple approach is preferred in order to achieve real-time operation. As in 2D
thermography, the color assigned to a vertex is obtained from an indexed color palette.
The minimum and maximum temperatures Ty, and Ty corresponding to the first
and last element of the color palette can be manually set by the user or they can be
automatically calculated based on the temperature values associated with the current
vertex map according to some criterion (min/max, 1o, 30, etc.). The color index of a
particular vertex is interpolated based on the temperature value associated with it. In
addition, the brightness of the color is calculated as the cosine of the angle between
the normal vector associated with the vertex and the vector that goes from the vertex
to the depth camera. The procedure is briefly described in Algorithm 7. The choice of
color palette should be restricted to color palettes that do not use brightness as the main
component to convey temperature information. In this work, all thermal renderings were
false colored using Matplotlib’s? coolwarm colormap [33]. This colormap has little range
of gray scale and the colors at the ends of the scale, as the name suggests, are commonly

associated with cool and warm surfaces.

Algorithm 7 Render thermal

1: procedure renderThermal

2 Trnins Tmax < getScaleLimits( My, Vinermal, C) > get scale limits based on criterion C'

3 for each vertex in M, with indices v and v do

4 v <+ M, [u,v] > vertex

5: n <+ M,[u,v] > normal associated with vertex v

6 i, , k < getVoxellndices(v) > get voxel indices corresponding to vertex v

7 T <+ readVoxel( Vinermallt, J, k]) > read temperature value from thermal volume

8 i < (T — Tmin)/ (Tmax — Tinin) > index based on temperature ¢

9: (R,G,B) < P[i] > color from color palette
10: 74— U — tdepth > vector from depth camera to vertex
11: k< abs((r-n")/(||7|2 - [|n/|2)) > brightness factor
12: Lender, Th[u, 0] < k(R, G, B) > shaded false color

Notes:

> M, [u,v]: Element [u,v] of the unfiltered vertex map.

> My [u, v]: Element [u, v] of the unfiltered normal map.

> Vihermalli: J, k]: Voxel [¢, j, k] in thermal volume.

> Tmax: Temperature corresponding to the first color in the color palette.
> Tiin: Temperature corresponding to the last color in the color palette.
> P[i]: it color in the color palette.

> tgeptn: Current position of the depth camera.

> Lender,Th[t, v]: Element [u, v] of the rendered thermal image

The parameters used to validate new thermal data can be used to generate alternative
textures for the 3D model that inform the user of the proposed system about the con-
ditions under which each temperature measurement was made. Each texture describes
one measurement condition. This way, the user can easily identify which measurement

conditions were not met. These additional textures are available to the user in real time

2 http://matplotlib.org/users/colormaps.html
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during the inspection so he or she has the opportunity to rescan parts of the object that
were not properly scanned. The textures are generated using only four colors. Green,
yellow and red are used to indicate good, acceptable and bad measurement conditions,
respectively while black is used as background color and for vertices that have not been
assigned a temperature value yet (for example, for object surfaces within the FOV of
the depth camera but not within the FOV of the thermal camera). In other words,
green, yellow and red are assigned to vertices with discrete variables dq and 6, equal
to 1, 2 and 0, respectively, according to (6.2). The procedures to render these textures
are briefly described in Algorithms 8 and 9. Here again, shading is used to improve the

discernibility of the objects in the image.

Algorithm 8 Render distance to surface

1: procedure renderDistanceToSurface
2 for each vertexin M, with indices v and v do
3 v < M, [u, ] > vertex
4 n < M,[u,v] > normal associated with vertex v
5: i, 7, k < getVoxellndices(v) > get voxel indices corresponding to vertex v
6 dq + readVoxel( Vinermalli, J, k) > read distance to surface from thermal volume
7 if dy =1 then
8 (R,G,B) + (0,1,0) > color green
9: else if d, = 2 then
10: (R,G,B) + (1,1,0) > color yellow
11: else
12: (R,G,B) + (1,0,0) > color red
13: 74— U — tdepth > vector from depth camera to vertex
14: k < abs((r- n0)/(||7]|2 - ||nl]2)) > brightness factor
15: Lender, DT (U, 0] < k(R, G, B) > shaded false color

Notes:

> My [u,v]: Element [u,v] of the unfiltered vertex map.

> Mny[u,v]: Element [u,v] of the unfiltered normal map.

> Vihermallis j, k]: Voxel [4, j, k] in thermal volume.

> tgeptn: Current position of the depth camera.

> Lender,DT |4, v]: Element [u,v] of the rendered distance to surface

The issues of visualizing large objects with complex geometry and of estimating heat
losses and/or heat gains can be solved using a point cloud representation of the 3D ther-
mogram. The open source implementation of the Kinect Fusion algorithm provides a
procedure to generate a point cloud from the data in the TSDF volume. In the proposed
system, this point cloud has been complemented with channels that contain the tem-
perature values and the discretized measurement conditions associated with the points.
The false colors can be calculated in real time during the scan or after the scan by means
of a false coloring script. The second approach has the advantage that the color palette
and scale limits can be modified at any time. The procedure to generate the extended

point cloud is briefly described in Algorithm 10.
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Algorithm 9 Render emission angle

1: procedure renderEmissionAngle
2 for each vertex in M, with indices v and v do
3 v+ M, [u,v] > vertex
4 n <+ M,[u,v] > normal associated with vertex v
5: i, 4, k < getVoxellndices(v) > get voxel indices corresponding to vertex v
6 0y < readVoxel( Vinermalli, 7, k]) > read emission angle from thermal volume
7 if 64 =1 then
8 (R,G,B) + (0,1,0) > color green
9: else if , = 2 then
10: (R,G,B) + (1,1,0) > color yellow
11: else
12: (R,G,B) + (1,0,0) > color red
13: T4 ¥ — Tdepth > vector from depth camera to vertex
14: k< abs((r-n")/(||7||2 - [|n/]2)) > brightness factor
15: Lender,Ea[u,v] < k(R,G, B) > shaded false color

Notes:

> M, [u,v]: Element [u,v] of the unfiltered vertex map.

> My [u, v]: Element [u,v] of the unfiltered normal map.

> Vihermallis J, k]: Voxel [¢, j, k] in thermal volume.

> tgepth: Current position of the depth camera.

> Lender,EA (U, v]: Element [u, v] of the rendered emission angle

Algorithm 10 Generate extended point cloud

1: procedure generatePointCloud

2 Ci,, < generateBasePointCloud( Visar) > generate base point cloud
3 for each point in Cj, with index s do

4 i, j, k < getVoxellndices( Ciy[s]) > calculate voxel indices
5: T,dq, 04 < readVoxel( Vihermailt, 7, k]) > read voxel info from thermal volume
6 Coui[s].point + getCentroid(i, j, k) > assign vertex coordinates
7 Cout[s}.temperature T > assign temperature information
8 Coui[s].distance < dg > assign information regarding distance to target
9 Cous[s].angle < 04 > assign information regarding emission angle

Notes:

> Visar: TSDF volume.

> Vihermallis J, k]: Voxel [¢, j, k] in thermal volume.
> Cin[s]: Element s of the base point cloud

> Cout[s]: Element s of the extended point cloud

6.4.4 Experimental results

Figure 6.12 illustrates how shading significantly improves the discernibility of the con-
stituent parts of the infrared calibrator for the same choice of color palette and tem-
perature range. This is demonstrated for two different scenarios, when the temperature
range is small (top row) and when the temperature range is large (bottom row). The
left column shows the conventional thermal image and the center and right columns
show renderings of the 3D model without and with shading, respectively. Aside from

a few black points at the edges of the objects, which are not properly modeled by the
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TSDF volume and unintentionally expose the edges of some shapes, there is no signif-
icant difference between the conventional thermal image and the rendering of the 3D
model without shading. Due to the larger temperature scale, the thermal image and the
rendering without shading in the bottom row reveal slightly more information about the
geometry of the scene than their counterpart in the top row; for example the control
panel or the ventilation slots. Even so, much of the geometric information is still diffi-
cult to discern. The rendering with shading reveals much more information about the

geometry of the scene in both scenarios.

peryraoy o

(a) Thermal image (b) Thermal rendering (¢) Thermal rendering
without shading with shading

(d) Thermal image (e) Thermal rendering (f) Thermal rendering
without shading with shading

Figure 6.12: Effect of shading for small and large temperature ranges

Figure 6.13 shows two renderings of the infrared calibrator’s 3D model, one texturized
with temperature values according to Algorithm 7 and the other with distance values
according to Algorithm 8. The temperature of the calibration disc was set to 50 °C and
a resolution pattern was placed in front of the disc to highlight the effects of scanning
different parts of a scene from different distances. The green and yellow colored surfaces
in Figure 6.13b show that at the time of the snapshot only a small part of the calibrator’s
surface was scanned from an appropriate measurement distance. In Figure 6.13a the
thermal texture corresponding to this part of the calibrator’s surface looks sharp and
the temperature value it represents is within the accuracy range specified by the camera.
The rest of the surfaces are depicted with a low resolution thermal texture. This is not
a problem where the surface temperature is constant but it inaccurately depicts large
temperature gradients. While in this experiment it is evident from the thermal rendering
alone that different parts of the infrared calibrator have been scanned from different

distances, this might not be the case when the areas of interest are not contiguous. In
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any case, the spatial resolution of the thermal texture is limited by the spatial resolution

of the geometric model.

T — 13.3°C

T‘meas

Taise =50°C
[ -
20°C 50°C good  acceptable bad
(a) Thermal rendering (b) "Distance to surface" rendering

Figure 6.13: Visualizing the measurement distance for each temperature value

Similarly, Figure 6.14 shows two renderings of the infrared calibrator’s 3D model, one
texturized with temperature values according to Algorithm 7 and the other with emis-
sion angle values according to Algorithm 9. The green and yellow colored surfaces in
Figure 6.14b indicate temperature measurements that have an error due to the direc-
tional nature of the emissivity smaller than 2 %. Red colored surfaces inform the system’s
operator that the measurement error is greater than 2% and suggest that the surfaces
should be rescanned from a different angle. The temperature assigned to the calibration
disc in the 3D thermogram is 92.5°C because the angle formed by its normal and the
infrared ray that reach the thermographic camera is large. The true temperature of the

calibration disc is 100 °C.

T‘meas =9

Taise = 100°C
[ -
20°C 100°C good  acceptable bad
(a) Thermal rendering (b) "Emission angle" rendering

Figure 6.14: Visualizing the emission angle for each temperature value
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6.4.5 Discussion

The experiments show that adding shading to a thermal image greatly facilitates the
differentiation of geometric shapes in the observed scene. Because shading provides the
human brain with information about the orientation of the different surfaces relative to
each another, this holds true not only for the infrared calibrator but for any object with
complex geometry. However, adding shading to a thermal image implies changing the
brightness of its pixels. As a result, some of the colors in the thermal rendering will no
longer be found in the temperature scale that accompanies the image; for example, the
color of the infrared calibrator’s right side in Figure 6.12¢ does not correspond to any
color in the temperature scale. This is not really a problem since a thermal image or a
thermal rendering is not meant to provide an exact temperature value based on the color
of its pixels but rather to reveal the distribution of temperature gradients at the object’s
surface. It is important, however, to choose a color map that does not strongly rely on
changes in brightness to convey temperature differences; shading a grayscale image,
for example, could introduce fictitious temperature gradients on curved surfaces with
uniform temperature. Moreover, the user can always minimize the effects of shading of a
particular surface of interest by positioning the camera in such a way that its optical axis
is perpendicular to the surface. In addition, if the user wants to know the temperature
value measured for a particular point on object’s surface, a cursor can be enabled and
the temperature of the pixel under the cursor will be shown in the display, as it is done

in conventional 2D thermography.

In some cases, it may be necessary to inspect a series of identical objects that only differ
from each other by a label or a printed number or text and this information may be lost
in a thermal-only representation. In such cases, the visual data that identify the object
can overlap or directly replace the thermal data in the thermal rendering or the texture.

This is basically the same technique used in bi-spectral thermal cameras.

The experiments have also shown that the use of alternative textures to visualize the
measurement conditions for each temperature value can help obtain more reliable mea-
surements of an object’s surface temperature. The algorithm that validates and updates
the thermal volume guarantees that only the temperature measurements made under
the best conditions are used in the generation of the 3D thermogram, but it is the oper-
ator of system who enables these conditions. The alternative textures provide the visual
feedback the operator requires to achieve favorable conditions. Additional measurement
conditions can be visualized in a similar way by means of new texture layers. The user
can easily switch between the different layers during the scan, for example, by pressing

a button.
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It is worth noticing that the sharpness of the thermal rendering and the ability to discern
shapes in it strongly depends on the spatial resolution of the 3D model as well as on
the spatial resolution of the thermal texture. These two factors depend in turn on the
spatial resolution of the depth and thermal images, respectively, and on the voxel size
of the TSDF volume. The spatial resolution of the depth and thermal images improves
with decreasing distance within the operating range of the depth sensor and the DOF

of the thermal camera.

6.5 Summary

This chapter elaborates on the key aspects concerning the generation, representation

and visualization of high-fidelity 3D thermograms.

Section 6.1, 3D model generation, explains the principle of operation of the open source
version of the Kinect Fusion algorithm. It also presents two minor but helpful modifi-
cations made to it. The first modification allows the user to know whether the object
is within the scanning range of the depth sensor and whether this range intersects the
cubic volume defined at the beginning of the scan. The second modification reduces the
accumulation of errors in the 3D model by preventing the integration of new depth data
when the sensor is abruptly moved or when the pose change estimate is abnormally large
due to noisy data. This section also evaluates the effect that the voxel size has on the
quality of the 3D model. It shows that, for the 3D thermal imaging system used in this
work, higher resolution does not necessarily mean higher fidelity. The voxel size must be
larger than the precision of the depth measurements so that the Kinect Fusion algorithm

can reduce the measurement errors through averaging within a voxel.

Section 6.2, data fusion, describes how the temperature values measured with the ther-
mographic camera are assigned to the 3D model. This section addresses two main issues:
the estimation of the thermographic camera pose with respect to the 3D model and the
parallax effect. The pose of the thermographic camera is calculated via interpolation
from two consecutive poses of the depth camera and using the known fixed geometric
transformation between the cameras. An analysis of this approach shows that, for the
proposed operating conditions, the error in assuming a linear instead of a curved trajec-
tory is negligible. In addition, an extended analysis presented in appendix F calculates
the magnitude of the expected registration errors caused by data synchronization errors
and by the ICP algorithm when it is assumed that its accuracy is 10 %. These errors are
comparable to the size of the IFOV of the thermographic camera and are therefore tol-

erable. The errors caused by the parallax effect are minimized by filtering the 3D model
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vertices generated from the perspective of the depth camera before assigning tempera-
ture values to them. The proposed filtering algorithm keeps only the vertex closest to
the thermographic camera from each group of vertices that project onto the same pixel
in the thermal image. The algorithm significantly improves the fidelity and appearance
of the generated 3D thermogram. Vertices at the edges of objects can be problematic,

however, because they are difficult to reliably detect with the depth camera.

Section 6.3, data validation, introduces a new approach to improve the fidelity with
which 3D thermograms depict the surface temperature of an object. The approach pre-
vents previous temperature measurements from being overwritten by new temperature
measurements when the latter are taken under worse measurement conditions. It exploits
the available geometric information to validate the thermal data before they are inte-
grated into the existing 3D thermogram. The experiments show that 3D thermograms
generated using data validation depict the surface temperature of the inspected object
with much higher fidelity than without data validation. The current implementation
only validates thermal data in terms of the emission angle and the distance between
the object’s surface and the thermographic camera; however, the validation of other

influencing factors, like linear and angular scan velocity, is also possible.

Finally, section 6.4, data representation and visualization, proposes the combined use of
shading and a color palette with little range of gray scale to improve the discernibility
of an object’s features in renderings of the 3D thermogram. It also proposes the use of
additional textures to convey visual information regarding the conditions under which
the temperature measurements were taken. These additional textures provide the oper-
ator with real-time feedback about the quality of the measurements and allows him /her
to immediately rescan surfaces that were not scanned under the desired conditions.
The acquisition of good quality data is essential for the generation of high-fidelity 3D

thermograms.
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3D Thermal imaging: case study

Conventional thermographic cameras are used in a large number of applications. They
are used, for instance, to inspect the thermal insulation of industrial furnaces in order to
evaluate their energy efficiency. Industrial furnaces are typically large objects with com-
plex geometries that exhibit high thermal inertia and wide temperature ranges. Because
of these characteristics they pose an interesting case study for evaluating the perfor-
mance of a 3D thermal imaging system. This chapter presents the results of scanning
an operating industrial furnace with the 3D thermal imaging system developed in this
work and discusses the problems associated with the generation of 3D thermograms of

large objects with complex geometries.

7.1 Scanning an industrial furnace

The 3D thermal imaging system developed in this work was used to scan the access
door of an operating industrial furnace. The total scanned volume was approximately
1.6m x 1.7m x 0.5m (H x W x D). The system was configured to work with a voxel
count of 480 x 480 x 480 voxels to be able to generate the 3D thermograms in real time.
The volume size, on the other hand, was set to 0.96m x 0.96 m x 0.96 m to work with a
cubic voxel of edge length 2 mm. This voxel size offers a good compromise between the
amount of reconstruction noise caused by the depth measurements errors, scan volume

size and the spatial resolution of the 3D model.

The access door was scanned in parts and from multiple perspectives. Scan distances
ranged from 0.3m to 1m. To facilitate the process of merging the 3D thermograms
generated from each scan, the scanned surfaces overlapped. Raw time-stamped depth

and thermal images were saved to disk for post-processing. The scan duration was limited
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to 20s. The thermal camera was allowed to warm up for at least 30 min before the first

scan. A total of 35 scans were carried out.

The 3D thermograms were generated from the scans using the validation parameters:
dmin = 35cm, diy, = 65cm, dpax = 95cm, Oy, = 15°, Oy, = 30° and O = 50° and
the color scale limits: Ti,, = 30°C and Tiax = 270°C. The 3D thermograms were
manually cleaned, merged and meshed using the point cloud editing software Meshlab.

The complete 3D thermogram is shown in Figure 7.1 from multiple perspectives.

270°C

(b)

(d)

Figure 7.1: 3D thermogram of the access door of an operating industrial furnace
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Due to the presence of different types of errors, the manual composition of a large 3D
thermogram from smaller individual 3D thermograms is a difficult and time-consuming
task. One of the main problems is volume closure. Perfectly aligning all point clouds
is not possible because all point clouds are slightly distorted. Alignment errors are in
general smaller than two millimeters between adjacent and overlapping point clouds but
can add up to 1cm across multiple point clouds. Figures 7.2a and 7.2b show two point
clouds generated from two independent scans. Because these two point clouds do not
overlap much they are aligned with respect to nearby point clouds with which they share
large overlapping sections. Figures 7.2c shows a clear misalignment error of about 1cm

between the upper beams.

\ ]
b 3k

(a) Left point cloud (b) Right point cloud

(¢) Combined point cloud

Figure 7.2: Registration errors due to depth measurement errors

Another main problem is parallax. The parallax filter proposed in section 6.2 works
well as long as the depth camera is able to detect the points closest to the thermal
camera that are involved in the parallax effect. Figure 7.3 illustrates one scenario where
this condition is not met. The figure presents three sets of images captured at different
points in time during the generation of the 3D thermogram. The first two were generated
at the beginning of the scan and the third one towards the end. Each set consists of a
thermal image, a rendering of the 3D model and a rendering of the 3D thermogram. Until
t = 1.2, the parallax filter is able to prevent most vertices behind and above the plate
from being assigned the temperature value measured for the plate. (A few vertices near

the edges are assigned the wrong temperature value but this occurs because edges cannot
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be determined and represented very accurately in the current system implementation
and because the area represented by a single thermal pixel at this distance is larger than
the spatial resolution of the 3D model.) At ¢ = 1.6, part of the plate has left the FOV
of the depth camera but not the FOV of the thermographic camera and registration
errors occur. At the end of the scan, the accumulated registration errors can be clearly

appreciated.

6s

(g) 3D thermogram at ¢t = 1.2s(h) 3D thermogram at ¢t = 1.6s(i) 3D thermogram at ¢ = 19.6s

Figure 7.3: Registration errors due to parallax when an object in the foreground leaves
the FOV of the depth camera

Another scenario where the parallax filter fails to work is illustrated in Figure 7.4. Here,
the base of the shaft that holds the access door is too close to the depth camera for it
to be detected correctly and cannot be integrated into the 3D model. As a result, its
temperature value, as measured by the thermographic camera, is assigned to the vertices

that describe the surface in the background.

The third main problem is caused by reflections. Figure 7.5 shows the surface behind the
shaft that holds the access door from four different perspectives. In Figures 7.5a and 7.5¢
the temperature measured by the thermographic camera is approximately 80 °C whereas

in Figures 7.5b and 7.5d it is about 130 °C. This substantial difference in temperature
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(a) Thermal image (b) 3D model (c) 3D thermogram
Figure 7.4: Registration errors due to parallax when an object has not yet entered the
operating range of the depth camera
readings is caused by the reflection of the hot pipe onto the door’s surface. In Figure 7.5b

the reflection is oriented towards the upper right corner and in Figure 7.5d towards the

lower right corner.

T ~ 130°C

T~ 130°C

()

Figure 7.5: Registration errors due to reflections
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7.2 Discussion

In principle, the entire volume of the access door could have been scanned using the
same voxel length of 2mm and a voxel count of 800 x 850 x 250 voxels which is smaller
than the maximum voxel count of 640 x 640 x 640 voxels that the system’s GPU is able
to manage in terms of memory. Nevertheless, it was preferred to scan the furnace access
door in parts for several reasons. First, the scanned object contains many parallel flat
surfaces with few or no features. ICP is likely to estimate the system’s pose with less
accuracy or even lose track of the object if the transition from one perspective to another
includes one of these regions. Second, the current implementation of the system skips
depth and thermal data frames when working in real time with voxel counts larger than
480 x 480 x 480 voxels. This can also cause the loss of tracking of the object and the
corruption of the model. Third, the larger the volume, the larger the accumulation of
errors during the generation of the 3D model and the harder it is to align a surface
with itself when the trajectory of the system forms a closed loop. Fourth, scanning a
large object in one pass would result in very large files containing depth and thermal
data since, in the current implementation, these are saved in raw format. The first issue
could be solved by incorporating other mechanisms to determine the system’s trajectory,
for example, visual odometry or inertial measurements. The second issue can be solved
by optimizing the code and by using a more powerful GPU. The third issue could be
addressed using loop closure methods like the one proposed in [89]. The fourth issue can

be addressed using video compression algorithms.

The errors due to parallax depicted in Figure 7.3 can be further reduced by generating
a separate vertex map from the perspective of the thermal camera. This requires opti-
mizing the code and using a more powerful GPU because ray casting is a computational
expensive process but it also requires a new way of describing the 3D model that allows
the generation of vertex maps from any perspective and not just from the perspective
of the depth camera as is the case with the TSDF volume. The incorrect temperature
registration behind the edges of objects could also be prevented by using dilation op-
erations on the vertex map before the application of the parallax filter. Increasing the
resolution of both the depth and thermal cameras would also reduce this type of error.
The errors due to parallax depicted in Figure 7.4 can be easily avoided by keeping a

minimum distance between the scanned object and the 3D thermal imaging system.

Unfortunately, the inclusion of false temperature values caused by reflections into the
thermogram cannot always be avoided. In the scenario depicted in Figure 7.5, the reflec-
tions do not come from objects in the background but from the inspected object itself.
This problem is more conspicuous in 3D thermograms because the same surface may be

scanned multiple times from different perspectives. Depending on the strategy used to
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combine the measurements, the resulting thermal texture may end up resembling a col-
lage of temperature measurements. Nevertheless, the incongruence of the temperature
measurements can be exploited to identify reflective surfaces of an object. This informa-
tion could be depicted, for example, as an additional texture of the 3D model in which
the color assigned to a particular vertex depends on the variance of the temperature
measurements associated with that vertex. A strategy to improve the visual appearance
of the 3D thermogram could be to keep the lowest temperature measurement made
for the same point, as this represents the measurement with the lowest component of
reflected thermal radiation (at least within the range of emission angles in which the

emissivity is relatively constant.)

7.3 Summary

This chapter presents the results of scanning the access door of an operating industrial
furnace with the 3D thermal imaging system developed in this work and discusses the
main problems encountered when trying to generate a large complex 3D thermogram
from smaller overlapping 3D thermograms. It is argued that most of the problems can be
solved using better hardware, optimizing the code or including new methods developed
by other researchers and that the problem caused by reflections cannot be avoided but

can at least be made known to the user.
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Chapter 8

Conclusions and outlook

8.1 Conclusions

The main objective of this work was to develop a system, methods and strategies that
take advantage of new technological advancements to generate 3D thermograms that
depict the surface temperature of objects with higher fidelity than 2D or 3D thermo-
grams generated with other thermographic systems. To this end, in-depth analyses of
the different theoretical and practical aspects that affect the fidelity and visual repre-
sentation of thermograms were carried out and new methods and strategies to improve

the current state of the art were developed.

Several hardware configurations based on different combinations of sensors were consid-
ered for the implementation of a 3D thermographic system prototype. For close range 3D
thermography, a solution based on a thermographic and a depth camera, both light and
compact, was preferred. The small size of the sensors allows them to be mounted very
close to each other. This characteristic helps maximize the FOV common to both sensors
and minimize registration errors due to the parallax effect. Their little weight, on the
other hand, makes the whole 3D thermographic system easy to maneuver. This property
greatly facilitates the acquisition of data from favorable perspectives. Furthermore, the
depth camera generates a dense point cloud, which is crucial for reconstructing accurate
3D models and for accurately estimating the pose of the 3D thermographic system with

respect to the inspected object.

It was argued that a real-time high-fidelity 3D thermographic system requires at least
three independent calibration procedures: radiometric, geometric and temporal calibra-

tion.
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With regard to the radiometric calibration of the thermographic camera, a series of orig-
inal experiments presented in section 5.1 showed that the radiometric calibration carried
out at the factory does not take into account that the signal produced by an individ-
ual detector element in the thermographic camera’s FPA is influenced by the thermal
radiation that impinges on other detector elements in the array. This behavior is not
particular to the Optris PI 450 but was also observed with the high-end thermographic
camera VarioCAM hr head 600 and is very briefly described in the literature. The ana-
lysis of the experimental data suggests that the measurement deviations are caused by
thermal conduction between the detector elements and the array’s substrate. Because
the total amount of thermal radiation that enters the thermographic camera changes
constantly as the 3D thermal imaging system is moved around the inspected object,
this behavior should be taken into account when generating high-fidelity 3D thermo-
grams. The relevance of the measurement errors will depend on the degree of accuracy
that is needed. It could play an important role, for example, in medical applications
where small errors in the temperature measurements can lead to false diagnostics or in
scenarios where high temperature contrasts are present. In theory, it could be possible
to model the energy exchange between the elements of the FPA and use this model to
compensate for the measurement errors but this would require detailed knowledge about

the physical makeup of the FPA.

To facilitate the fusion of depth and thermal data, the sensors must be geometrically
calibrated. In section 5.2, an intrinsic and extrinsic calibration of the system was carried
out with an improved calibration target and following a procedure that is more rigorous
than other procedures found in the literature. Although the most influential parameters
were estimated with high precision and the MRE was very low, manual fine-tuning of
some of the calibration parameters was still necessary in order to properly map the
thermal texture onto the 3D model. An analysis of this issue revealed that the margin of
error in the estimation of the camera orientation is considerable but, because these errors
are compensated by corresponding errors in the estimation of the intrinsic parameters
¢y and ¢y, the MRE remains very low. This means that, with the current approach, the

pose of one camera relative to the other cannot be estimated with enough precision.

Because the sensors are not synchronized and do not allow for external hardware syn-
chronization, they had to be synchronized via software. Section 5.3 provides a rigorous
analysis of the proposed synchronization approach which is based on a median filter.
In this approach, the clock of the host computer is used to synchronize the timestamps
generated by the sensors’ internal clocks. The filter eliminates sporadic large differences
between the timestamps. These are caused by random delays associated with the trans-
fer of new data from the sensors to the computer and can cause noticeable registration

errors. It was shown that the timing errors after filtering cause registration errors that
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are comparable to the size of thermographic camera’s IFOV for the specified operating

range and can therefore be tolerated.

It was also argued that the generation of the 3D thermogram should be carried out
in real time in order to acquire the best possible data. The main steps involved in
generation of 3D thermograms are the reconstruction of the 3D model, the determination
of the correspondence between the vertices of the 3D model and the temperature values

measured by the thermographic camera and the validation of the new thermal data.

The 3D model was generated using the Kinect Fusion algorithm. The principle of op-
eration of the open source implementation of the algorithm is described in section 6.1.
The algorithm was modified to integrate depth data only when the change in position
or orientation between consecutive depth frames is within predefined limits. This small
modification helped reduce the accumulation of registration errors over time. It was also
observed that there is an optimal voxel size with which objects are best represented.
The use of smaller voxel results in noisy and distorted 3D models while the use of larger
voxel results in excessively smoothed 3D models and loss of detail. Because new trun-
cated signed distances are averaged with previous values before they are assigned to their
corresponding voxels, it helps to contain most of the measurement uncertainty within
the same voxel so it is reduced through averaging. In other words, the voxel edge length

should be greater than the measurement uncertainty of the depth sensor.

In section 6.2, it was argued that the most effective way to figure out the correspondence
between the vertices of the 3D model and the temperature values measured by the
thermographic camera is to project onto the thermal image plane only the vertices
seen by the thermographic camera at the time a new thermal image is generated. One
challenge in this approach is to estimate the pose of the thermographic camera with
respect to the 3D model. Because it cannot be estimated reliably and with enough
accuracy directly from the thermal images, it must be derived from the pose of the depth
camera. It was shown that for reasonable scan velocities the error in estimating the pose
of the thermographic camera using linear interpolation instead of some curved trajectory
is negligible. Furthermore, an in-depth analysis shows how time synchronization errors
and pose change estimation errors introduced by the ICP algorithm affect the mapping
of the thermal data onto the 3D model. It was calculated that time synchronization
errors smaller than 6 ms and pose change estimation errors smaller than 10% cause
tolerable registration errors that are comparable to the size of thermographic camera’s
IFOV within the specified operating range. The other challenge is that in the current
implementation of the open source Kinect Fusion algorithm the vertices of the 3D model
can only be generated from the perspective of the depth camera when a new depth

image is captured. Because depth and thermal images are captured at different times
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and from different positions in space, they do not depict the surfaces of objects from
the same perspective. Consequently, registration errors due to the parallax effect are
introduced. A filter to eliminate these errors was proposed and implemented. From each
set of vertices that project onto the same pixel in the thermal image, the filter keeps
only those vertices closest to the thermographic camera. The filter significantly improves
the fidelity and appearance of the generated 3D thermogram but only works as long as
the depth camera is able to detect the vertices closest to the thermal camera that are
involved in the parallax effect. This means that small registration errors due to the

parallax effect can still be observed, for example, near the edges of the objects.

The accuracy of the temperature measurements made with a thermographic camera
depends on the position of the camera relative to the observed surface. This means that
temperature values with varying degrees of accuracy will be captured for the same point
on the object’s surface as the 3D thermographic system is moved around. To make sure
that the thermal texture of the 3D thermogram is generated with the most accurate
temperature measurements a novel algorithm that verifies the conditions under which
new measurements are taken was proposed in section 6.3. The algorithm exploits the
available geometrical information to decide when to update the thermal texture of the
3D model. The tests showed that more accurate thermal textures are obtained with the

use of this algorithm.

Finally, the ability of the 3D thermographic system to generate high-fidelity 3D ther-
mograms depends to a large extent on the quality of the data that is supplied to it.
The user of the system plays an important role in this regard. To facilitate the use of
the system, various types of visual feedback are provided to the user. On the one hand,
the user is able to see at any time during the scan the position and orientation of the
3D thermographic system with respect to the scan volume as well as the effective FOV
of the depth sensor (see Figure 6.2). On the other hand, additional textures of the 3D
model inform the user in real time which surfaces of the object have been scanned un-
der the desired measurement conditions and which parts need to be rescanned from a
more favorable perspective (see Figure 6.13 and Figure 6.14). In addition, it was shown,
that the use of shading and a color palette with little range of gray scale improves the

discernibility of object’s features in renderings of the 3D thermogram.

8.2 Outlook

Even in the research and development stage, the 3D thermal imaging system developed

in this work was able to generate 3D thermograms with very good fidelity. Nonetheless,
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there are still many aspects related to the generation of 3D thermograms that have

potential for improvement.

Non-uniformity correction: In the current implementation, the thermographic ca-
mera’s NUC procedure is triggered at the beginning of a scan and remains disabled
during the scan. It is assumed that the camera has had enough time to warm up and
that the camera housing temperature remains stable during the short scan duration.
A more robust approach would allow NUC procedures during the scan and disable the
update of the thermal volume while they are executed. The system would nonetheless
continue updating the 3D model to avoid losing track of the object. Depending on the
capabilities of the thermographic camera, this could be achieved, for example, by letting
the camera decide when to carry out the procedure and monitoring a flag that indicates
when the thermal images are invalid or by disabling the camera’s automatic NUC pro-
cedure and letting the system trigger the procedure when the temperature change of the
camera housing has exceeded some predefined threshold. In this case, the duration of

the procedure must be known to the system.

Radiometric calibration: During the development and test of the 3D thermal imaging
system, it was observed that the temperature value measured by the thermographic
camera at a particular point on an object’s surface is affected by the radiation emitted by
the surrounding surfaces. In section 5.1, a series of experiments were carried out in order
to understand this behavior and quantify the magnitude of the measurement error. It was
argued that this effect is caused by the conduction of heat between neighboring elements
in the detector array. A possible next step would be to develop a mathematical model
that describes this heat exchange. This would require knowing the geometrical structure
and the thermal properties of the detector elements in the FPA. This model could be
used to correct the measurement errors caused by thermal conduction via software and
thus improve the accuracy of the temperature measurements over a broader range of

measurement conditions.

Geometric calibration: Despite the seemingly accurate camera calibration results
with the current approach, it is still necessary to carry out a manual fine-tuning of some
of the intrinsic and extrinsic parameters in order to correctly register depth and thermal
data. It would be interesting to see whether other target features and feature detectors
can improve the accuracy of the estimation of the camera orientation and the intrinsic

parameters ¢, and ¢y .

Self-localization: Currently, the integration of a new point cloud generated by the
depth sensor with the existing 3D model depends on the accurate estimation of the new
depth sensor’s pose. The sensor’s pose estimation, however, relies on the accuracy of

the 3D model generated so far. A consequence of this mutual dependence is that errors
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accumulate over time. One option is to use the thermographic camera to detect and track
features on the scene and auto locate itself by solving the Perspective-n-Point problem.
This approach has been proposed in [83]. One drawback with this solution is that it only
works in scenarios that are rich with well-defined thermal features. Another drawback
is that the pose estimate is far less accurate than that provided by the Kinect Fusion
algorithm due to the low resolution of thermal images. This option can nonetheless be
useful as a fail-safe mechanism in cases where the ICP algorithm momentarily loses track
of the scene. During this period of time, the thermographic camera can roughly track
the position of the system with respect to the scene without integrating new data into
the existing 3D thermogram until the ICP algorithm is able to get back on track. It
would be interesting to see alternative options that actually improve the accuracy of the

self-localization under a broad range of measuring conditions.

3D model reconstruction: In the current implementation of the open source Kinect
Fusion algorithm, the scan volume and the spatial resolution of the 3D model are limited
by the memory and processing power of the computer’s graphic card. This limits the
applicability of the current system to the generation of 3D thermograms of small objects.
In order to scan large machines or buildings, the algorithm has to be modified to move
data corresponding to parts of the scene that are not currently within the FOV of
the system to CPU memory and to the hard drive. Work in this direction has already
been demonstrated in [88-90] but not for a 3D thermal imaging system. On the other
hand, in the current implementation, the description of the vertices that define the 3D
model varies with the position of the depth sensor with respect to the model. Ideally,
the description of these vertices should depend only on the initial definition of the 3D
model’s reference frame and not vary with the position of the depth sensor thereafter.

It would be interesting to see the quality of 3D models that can be achieved this way.

Data validation and visualization: Currently, thermal data are validated based on
the angle of emission and the distance to the target before they are integrated into the 3D
thermogram. This information is available to the user in form of additional textures of the
3D model. In this way, the user can find out in real time whether a surface was scanned
under the desired measurement conditions and rescan if not. Another texture could be
added to the system to inform the user whether the exposure time of a particular surface
to the thermographic camera satisfies the minimum requirement. This information can be
derived from the linear and angular velocity with which the system is moved. Similarly,
another texture could be used to highlight surfaces of an object whose temperature
values vary significantly as they are scanned from different positions even when the
measurements are taken under good measurement conditions. Such texture would reveal

reflective surfaces whose temperature values should not be trusted.
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Automation: In the current implementation, the user decides how to move and rotate
the 3D thermographic system in order to generate the desired 3D thermogram. It can use
the additional textures of the 3D model as feedback to guarantee that all measurements
are made under the appropriate measurement conditions. However, when scanning very
large structures like buildings at close range, this monotonous activity can become te-
dious. Such a task is an ideal candidate for automation, as it would allow the use of
human resources in a more effective way. It would be interesting to develop inspection
planning algorithms based on the feedback provided the proposed 3D thermographic
system to autonomously carry out the thermographic inspection. Together with the 3D
thermal imaging system, these algorithms could be used for example by a drone to create

3D thermogram of buildings without human intervention.
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Appendix A

Radiative properties

Figure A.1 illustrates the definitions of radiative properties presented in section 2.2.

z z

(a) directional emissivity (b) hemispherical emissivity
z z

(c¢) directional absorptivity (d) hemispherical absorptivity

5.
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L)\,, (0r7¢r7 0i7 ¢1) L)\,i (ai,d?i)

(e) bidirectional reflectivity

L (65, ¢1) Lixe(0rs 6)

(f) directional-hemispherical reflectivity (g) hemispherical-directional reflectivity

Figure A.1: Radiative properties
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Appendix B

Reflection and refraction at an

interface

Snell’s law and the Fresnel equations describe the behavior of electromagnetic waves at
the boundary between two media with different refractive indices. For convenience, this
appendix presents the formula that relates the angles of incidence and refraction as well
as formulas to calculate the reflectivity of a material with complex refractive index at
its interface with air or vacuum. A more detailed explanation of these and other related

equations can be found in [29, 39].

B.1 Snell’s law

Snell’s law describes the change of direction that an electromagnetic wave experiences
as it crosses the boundary between two media with different refractive indices. This

scenario is illustrated in Figure B.1 and is described mathematically by (B.1).

Figure B.1: Refraction of light at an interface
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Appendix B. Reflection and Refraction at an Interface

nisinfy = nosinfy (B.1)

ni,ng refractive indices of the two media
01 angle of incidence (measured with respect to the normal of the boundary)

02 angle of refraction (measured with respect to the normal of the boundary)

B.2 Fresnel equations

The following equations describe the fraction of incident radiative power that gets re-

flected at the boundary between air or vacuum and a medium with complex refractive

index n.
&
&
air or
vaccui
boundary - n
%
%,
%
%
%,
Figure B.2: Reflection and refraction of light at an interface
0=0, =0, (B.2a)
n=n-+ik (B.2b)
z=n? — k¥ —sin%0 (B.2¢)
a =22+ 4n2K? (B.2d)
4+ 2z —/2cos0)2 +a— 2z
pr(0) = i (B.2¢)
(Va+ 2+ v2cos0)2 +a— 2z
) = (Va+ z — +/2sinftand)? +a — z (B.2f)
Al (vVa ¥z + /2sinftand)? + a — 2t ’
pL+p
p(0) = =5 (B.28)
n  complex refractive index

n refractive index

Kk extinction coefficient

p1(0) component of reflectivity for perpendicular polarized light
p(¢) component of reflectivity for parallel polarized light
p(0) reflectivity for unpolarized light



Appendix C

Device specifications

Tables C.1 summarizes the main characteristics of the infrared calibrator used in this

work.

Table C.1: Fluke 4180 precision infrared calibrator

Technical specifications Fluke 4180
Temperature range (Tpmp = 23°C, & = 0.95) —15°C to 120°C
Nominal emissivity 0.95
Thermometer emissivity compensation 0.9 to 1.0
+0.40°C at 0°C
Display accuracy +0.50°C at 100°C

£0.55°C at 120°C
+0.10°C at 0°C

+0.25°C at 120°C

Target diameter 15.2cm

Uniformity (12.7 cm dia of center of target)

Tables C.2 summarizes the main characteristics of the depth sensor used in this work.

Table C.2: PrimeSense Carmine 1.09 depth sensor

Technical specifications Primesense Carmine 1.09
Depth image size 640 x 480 pixels
Operation range 0.35m to 1.4m
FOV 57.5° x 45°
Spatial x/y resolution

(2-sigma values @ 0.5m) 0-9mm

Depth resolution 1.0 mm
(2-sigma values @ 0.5m) '

Frame rate 30 Hz

Interface USB 2.0/3.0
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Appendix C. Device specifications

Tables C.3 summarizes the main characteristics of the thermographic cameras used in

this work.

Table C.3: Optris PI 450 and Variocam hr head 600 thermographic cameras

Technical specifications

Optris PI 450

Variocam hr head 600

Detector

Image resolution
Spectral range

Temperature ranges

Frame rate

FOV

focal length

f-number

Thermal sensitivity (NETD)
Accuracy

Interface

uncooled FPA
(25 pm x 25 pm)
382 x 288 pixels
7.51m to 13 pm
—20°C to 100°C
0°C to 250°C
150°C to 900 °C
80 Hz
62° x 49°
8 mm
0.8
40 mK
+2°C or 2%
USB 2.0

uncooled FPA
(25 pm x 25um)
640 x 480 pixels
7.51m to 14 pm

—40°C to 1200°C

50 Hz
30° x 23°
30 mm
1.0
40mK
+2°C or +2%
Gigabit Ethernet
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Appendix D

Radiometric calibration -

supplemental material

This appendix contains the results of the second experiment described in section 5.1 when
using the high-end thermographic camera VarioCAM hr head 600 instead of the Optris
PI450. Figure D.1 shows thermal images of the infrared calibrator and the patterns taken

at four different distances.

(a) d=T70cm
I I [ =21 [E=1] [Eel [fo] [[@]
(b) d =60cm
[ -] 0[O0
(¢) d=50cm
o o TO OO I )
(d) d =40cm

Figure D.1: Thermal images of the patterns right after placing them in front of the
infrared calibrator taken at different distances d from the calibrator. Tiaiiprator = 120 °C.
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Appendix D. Radiometric Calibration

Figure D.2 shows the temperature measurement indicated by the four pixel that see the
center of the calibration disc in each scenario. The shape of the curve is similar to that

obtained with the Optris PI450 but in this case the magnitude of the error is smaller.

121
120 - =
119 - =
118 3
@)
o
B 117+ =
&
116 - 3
115 —o-d=40cm | |
—+—d = 50 cm
114 -#-d=060cm | |
——d = T70cm
| | | | | | | | |

| | | | |
1130 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

radius (pixels)

Figure D.2: Temperature measured at the center of the calibrator for patterns with
different hole sizes at different distances d from the calibrator. Teajibrator = 120 °C.
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Appendix E

Geometric calibration - error

margins

According to (2.22b), (2.22c) and (2.23a) the image coordinates u of a point with camera
coordinates (X, Ye, Z.) can be described by (E.1).

X
u=fyu- 7: + cu (El)

This equation can be rewritten as (E.2), where 6, denotes the angle of incidence in the
plane XZ.
u = fu : tan(@u) + cu (EQ)

Let 6y, and 6, , indicate the angles of the rays that correspond to the leftmost and
rightmost pixel in the image, respectively. Then, the distance between the centroids of

these two pixels is given by (E.3), where w represents the image width.
w—1=f,-[tan(0y,_,) — tan(fy,)] (E.3)

If the camera is rotated by an angle Af with respect to its Y axis according to the
camera orientation depicted in Figure 2.9, the distance between the points where the
two rays intersect the initial image plane would change by a value ¢ as indicated by
(E.4).

w—1+¢e=fy-[tan(Oy,_ , + A0) — tan(0y, + A6)] (E.4)

Solving for Af yields (E.5).

d-tan?(A0) + e - tan(A) + f =0 (E.5)
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Here, a = tan(fy,,_,), b = tan(fy,), c= (w —1+4¢€)/fu, d = a —b— abc, e = ac+ bc and
f=a—-b—c

The solution of the quadratic equation returns two values. These values determine the
range of angles by which the camera can be rotated that would cause the distance
between the points where the rays 6,, and 6,, , intersect the initial image plane to
change by less than e. They also determine the range of values within which ¢, varies
to compensate the offset caused by the rotation. The same logic applies to f, and ¢, in

the YZ plane.
Example 1

Let w = 382 pixels and f, = 371.4. If the uncertainty associated with the detection of
the centroids of the circles in the image is +£0.05 pixels (i.e. ¢ = 0.1) and the result of

the geometric calibration gives ¢, = 205.5, then:

_1—
o= "% 4795 % 107!
fu
Cy

b=——2=-5533x10""!
f

u

w—14¢
c=———=1.026
Ju

d=a—b—abc=1.294
e =ac+bc=—8.289 x 1072
f=a—b—c=-2693x10"*

and:

Af € [-0.18,3.84]°
¢y € [174.1,207.0] pixels

This means that any value of ¢, within the range [174.1, 207.0] pixels accompanied by a
corresponding adjustment Af within the range [-0.18, 3.84]° would change the distance
between the leftmost and the rightmost pixels by no more than 0.1 pixels. This change

would go unnoticed due to the uncertainty in the detection of the feature coordinates.
Example 2

Let w = 640 pixels and f,, = 567.7. If the uncertainty associated with the detection of

the centroids of the circles in the image is £0.05 pixels (i.e. € = 0.1) and the result of
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the geometric calibration gives ¢, = 321.3, then:

w—1-—c

a=—"—""=5596x 107"
Ju
b= — 5660 x 107!
Ju
w—1+¢
c=——"1°=1126
fu

d=a—b—abc=1.482
e=uac+bc=-7139 x 1073
f=a—-b—c=-1761x107"*

and:

A € [~0.50,0.78] °
¢y € [311.2,327.9] pixels

In this case, both the range of Af and the range of ¢, are smaller than in the previous

example due to the higher image resolution of the camera.
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Appendix F

Data fusion errors

F.1 Registration error due to timestamp errors

The interpolation factor o and the interpolated position pyepp (¢[F]) described by (6.1a)
and (6.1b) in Section 6.2 are shown here again for convenience.
tlk] —t[i — 1]
SR F.1
T —tli - 1) (F-1a)

pdepth(t[k]) = apdepth(t[i]) + (1 - a)pdepth(t[i - 1]) (Flb)

The variables t[i] and ¢[i — 1] indicate the time when depth images ¢ and i — 1 are
captured. The variable ¢[k] indicates the time when thermal image k is captured, such
that ¢[i — 1] < ¢[k] < t[i]. The vector pgepn(t) denotes the position of the depth camera
with respect to the 3D model at time t.

Let Atp[i] represent the time difference between the timestamp assigned to the depth
image frame ¢ and the corresponding value in the linear regression calculated with all
timestamps. Similarly, let Aty [k] represent the time difference between the timestamp as-
signed to the thermal image frame &k and the corresponding value in the linear regression
calculated with all timestamps. The linear regressions represent the ideal timestamps
that should be assigned to the corresponding depth and thermal image frames given
that the camera frame rates are constant. Assuming that the average offset between
the depth and thermal timestamps is null (i.e. it has already been accounted for in the

assigned timestamps), the interpolation factor including the time differences A¢p[i] and
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Atp[k] can be rewritten as:

, _ (tR)+ Atx[k) — (1li = 1] + Atpli — 1] (F 20
(i) + Atpli)) = (tli = 1] + Atp[i — 1)) |
_ (#fA) — tfi = 1)) + (Atalk] - Atpli 1) (F2)

~ (tfi] — tli — 1)) + (Atpli] — Atpli — 1)

Typical values of Atp[i] and Atp[k] are presented in section 5.3 and are shown again in

Figure F.1 for convenience.

Depth Images Thermal Images
4 T T 10 \

Atimestamp (in ms)
o
|
Atimestamp (in ms)
o

— 1 1 — 10 1 1 1
0 200 400 600 0 200 400 600 800

sample number sample number

Figure F.1: Variability of image timestamps after filtering

Since ¢[i] — t[i — 1] > Atp[i] — Atp[i — 1], the interpolation factor can be rewritten as:

(e = 1= 1) + (At K] — Atpfi = 1) .
o i — 1 — 1] (F3a)
M i -1, Abgk] — Atpli — 1]
S W =t - 1] ti] — ti — 1] (F.3b)
O Atxlk] - Atpfi— 1]
~ oo+ Hi] =t — 1] (F.3c)

At a frame rate of 301ps, t[i] — t[¢ — 1] = 33.3ms. According to Figure F.1, in the
worst case scenario Atp[k] — Atp[i — 1] &~ 6 ms. Therefore, in the worst case scenario
o ~ a+0.18. Since 0 < a < 1, the maximum interpolation factor error according to

the data is 18 %.
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In the case of pure translation, if the linear scan velocity is 0.3m/s, the error in the

estimation of the position of the depth camera is:

Apepin (HK]) = Phepen (EK]) — Paeptn (t[E]) (F.4a)
= 0/ Paepin (t[i]) + (1 — ') Pepen (i — 1])
— aPgeptn (t[i]) = (1 = @) Paepen (i — 1]) (F.4b)
= 0.18 - (Peptn (t[i]) — Pacpen (t[i —1])) (F.4c)
=0.18 - 10mm = 1.8 mm (F.44d)

This is the same error in the estimation of the position of the thermal camera, since the

two sensors are rigidly attached.

In the case of pure rotation centered on the optical center of the thermographic camera,
if the angular scan velocity is 18 °/s, the registration error of a point 1 m away from the

thermal camera is:
1 s

18°s7 1. 305 1g0 L™ 0-18 = L9mm (F.5)

In practice, both types of error occur simultaneously. If the errors are aligned the max-

imum combined error due to inaccuracies in the timestamps is 3.7 mm.

F.2 Registration error due to depth camera pose errors

Let Apgeptn (t[i]) and Apgepsn, (¢[i—1]) be the errors in the estimation of the position of the
depth camera for frames i and 7 — 1, respectively. The interpolated position pyepen (£[E])

including the errors Apgey, (ti]) and Apgep (t[i — 1]) is then given by:

Daepen (tE]) = A(Paepth (t[1]) + APgeptn (t[7]))
+ (1 = @) (Paeptn (t[i = 1]) + Apgepn (t[i — 1])) (F.6a)

Hence, the error in the calculation of the interpolated position is:

APdepin (t[k]) = Plieptn (t[k]) — Pacpin (t[K]) (F.Ta)
= aApdepth(tm) + (1 - Q)Apdepth(t[i - 1]) (F7b)

In other words, the error of the interpolated position is equal to the interpolation of the
individual errors. Thus, without loss of generality, the maximum error Apgeen (L[k]) is

equal to maximum value that Apgepen ([i]) can take. The value of Apgen (t[i]) depends
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Appendix F. Data Fusion Errors

on the accuracy of the depth sensor and the ICP algorithm. The latter in turn depends
on the number of vertices used in the calculations, the geometry of the point clouds and
the magnitude of the relative pose between them. If the error of the ICP algorithm is
assumed to be less than 10% of the displacement between consecutive depth frames,
then, for a linear scan velocity of 0.3m/s and a frame rate of 30 fps, the error in the

estimation of the position of the depth camera is:

Apdepth(t[kD =0.10- (pdepth(t[i]) - pdepth(t[i - 1})) = 1lmm (FS)

This is the same error for the position of the thermographic camera, since the two sensors

are rigidly attached.

A similar analysis can be carried out for the case of pure rotation. In Figure F.2, O
indicates the optical center of the thermographic camera, A represents a point seen by
some detector at time ¢[ — 1] and B represents another point seen by the same detector
at time t[i] after the camera is rotated. The arc AB represents points seen by the same
detector at time ¢[k] for different values of . The spherical caps centered at A and B
denote the uncertainty in the estimation of the correct orientation of the camera with
respect to the 3D model. Arcs drawn between points on the spherical caps centered at
A and B represent the possible rotational trajectories that the camera can follow in the

time interval ¢[i — 1] — ¢[d].

ey

T
Figure F.2: Rotational uncertainty

From the figure it is clear that the trajectory farthest away from the arc AB must be
tangential to the circles that define the spherical caps and that the maximum error
occurs at the beginning or at the end of the trajectory. If the error of the ICP algorithm
is assumed to be less than 10 % of the rotation between consecutive depth frames, then,
for a angular scan velocity of 18°/s, a frame rate of 30 fps and a distance to the object
of 1m, the maximum registration error due to rotation would be equal to:

1
18°sfl-%s-%~lm-0410:lmm (F.9)
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