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ABSTRACT
Both Thermal Imaging and 3D Scanning are currently rapidly progressing technologies.
Both technologies has many advantages, which could be useful in medicine. Merging
them together brings even more new diagnostic information, than if used separately. The
aim of this thesis is development of multispectral 3D surface scanning system based on
novel scanning method, using robotic manipulator equipped with laser scanner, thermal
camera and colour camera. Such solution bring both flexibility and accuracy. This
scanning system is further used in clinical applications in order to verify its abilities and
demonstrate its advances beyond state of the art.

KEYWORDS
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tion of Dermatitis; Medical Volumetry.

ABSTRAKT
Termovizní zobrazování i 3D skenování jsou v současné době rychle se rozvíjející tech-
nologie. Obě technologie mají mnoho výhod, které by mohly být užitečné v medicíně.
Jejich datová fúze přináší ještě více nových diagnostických informací, než kdyby byly
použity samostatně. Cílem této práce je vývoj multispektrálního 3D skenovacího systému
založeného na novém způsobu snímání pomocí robotického manipulátoru vybaveného
laserovým snímačem, teplotní kamerou a barevnou kamerou. Navržené řešení přináší jak
flexibilitu, tak přesnost. Tento systém skenování je dále využit v klinických aplikacích,
aby byly ověřeny jeho schopnosti a ukázany přínosy nad rámec současného stavu tech-
niky.
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1 INTRODUCTION

During last years, availability of thermal imagers moved from expensive, bulky and
cumbersome systems to affordable and practical solutions [1]. Development of the
sensors and filters reach such advances, that thermal cameras can be found already
in smartphones in the price range of up to 700 EUR [2]. Due to such rapid progress,
the thermal imaging slowly penetrates to everyday practice also in areas, where it
was recently used in research studies only.

An exemplary case of such an area is medicine. The digital medical thermal imag-
ing (DMTI), a modality of medical imaging for monitoring the surface of the skin
temperature, is evolving over the last 50 years and contributed for more evidence-
based diagnosis and early detection of disease.

The applications of this technique in medicine can be now found in modern clinics
on the peripheral vascular, neurological and musculoskeletal conditions assessing and
monitoring, in such areas like: cardiology, chronic diseases, dermatology, dentistry,
obstetrics, occupational medicine, oncology, physiotherapy, public health, surgery
and veterinary medicine [3].

However, this technology is still considered as qualitative tool, enabling to dis-
tinguish between physiological and non-physiological states of body, but without
ability to quantify them.

But almost every injury, many diseases or pathological changes are character-
ized by increased blood flow and stronger cellular metabolic rate in the affected
region, what cause local increase of temperature, which is proportional to these phe-
nomenons [4]. This proportional dependence predetermines, that quantification by
DMTI should be possible.

Another rapidly progressing technology is 3D scanning and, the technology
closely linked with it, 3D printing.

Three-dimensional surface scanning systems are very frequently requested de-
vices today, their market is rapidly growing and its development also move forward
very fast. Hand in hand with these new technologies, also their new applications
appear. 3D surface models are more and more used in situations, where state of any
object must be preserved in permanent, time-invariant state. In this case, colour-
covered 3D models seems to be the best modality [5]. Also the domain of object
cloning is rapidly growing today. There are lots of 3D printers available on the
market now, and each of them requires tool for building 3D model to be printed
[6]. Finally, computer 3D models are, due to its plasticity, becoming more and more
used for visualization of objects, which are visible, but its important details are too
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tiny, that it is necessary to enlarge them plastically [7].
And exactly these applications have the potential to be used also in healthcare.

If these two modern and progressive technologies were combined, we could get
even more new information than if they were applied separately. Such data fusion
will bring new benefits, addressing some of the long-term challenges that many
medical sectors are facing to.

One such long-term problem is medical quantification, that permeates across
the entire healthcare system and is still not reliably solved. With too inaccurate,
insensitive or subjective evaluation methods is struggling, for example, dermatology
or physiotherapy.

In dermatology, the objective evaluation of disease severity and extent of the
lesions is currently insufficient, due to missing of reliable and objective in vivo as-
sessment methods evaluating particular region of interest only.

And in physiotherapy, it is not possible to detect early tiny changes in body
volumetry, which could be a symptom of emerging disease. It is also not easy to
distinguish between physiological (e.g. muscle growth) and non-physiological (e.g.
swelling) changes, as same as quantify the impact of treatment on disease, since
current evaluation methods are based mostly on subjective feelings, questionnaires
or low-resolution scoring systems with poor inter-observer correlation.

In this thesis, the author is developing new multispectral 3D surface scanning
system RoScan, combining thermal imagery with colour 3D surface scanning in
novel way, which is extending DMTI with the ability of quantification, but also
brings several other advances beyond the current state of the art.

The RoScan is multi-purpose device, having its application in many different
sectors, however, the research is mainly focused to medicine, which offers many
opportunities. By this research, author is contributing to making medical quantifi-
cation in several sectors of medicine more objective.

Although the work focuses mainly on medical problems, it does not mean that
it is useful only for them. It is also usable, for example, in mechanical engineering,
civil engineering, electrical engineering, museums or restoration.

In the first part of this work, the current state of the art is evaluated and accord-
ing to it, the aims of this thesis are declared. Next part deals with novel multispectral
3D surface scanning system developed by author, and its several selected practical
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applications and experiments, demonstrating real usability of entire system, its ad-
vances beyond state of the art, and proving reaching the aims. Finally, the overall
contribution of this work is summarized.
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2 STATE OF THE ART

The first part of this chapter summarizes the current state of 3D thermal imaging
applied in medicine, what is directly the area of this thesis (section 2.1).

According to findings of this survey, the current solutions of 3D thermography
suffer with several drawbacks, that are conditioned by the method used. For this
reason, in section 2.2, an overview of current available 3D surface scanners was
formulated, with focus on their principles, and mainly advantages and disadvantages
of these approaches.

In this background research, it was found that the most suitable solution of 3D
surface scanning is based on robotic manipulator, so next overview in section 2.3 is
devoted to robotic 3D scanning.

Considering the knowledge from these section, the novel multispectral 3D surface
scanning system was then developed (chapter 4).

Next sections 2.4 and 2.5 deals with current state of both selected clinical appli-
cations, in which the developed device brings advances beyond their state of the art
and in which the pilot experiments were taken.

Each section of this background research contains overview of current methods and
technologies, followed by summary of state of the art in this field.

2.1 Medical Applications of 3D Thermal Imaging

Thermal Imaging has already been successfully applied in many departments of
medicine, e.g. in oncology, dermatology, dentistry, rheumatology, sport and reha-
bilitation medicine and many other fields of healthcare [3]. It has been validated as
useful tool for diagnosis in several studies (e.g. [8, 9, 10]), however, due to the fact,
that basic 2D thermograph provides only qualitative diagnosis information, it has
not gained acceptance in the medical and veterinary communities as a necessary or
effective tool in inflammation and tumour detection.

Ir order to make thermography as a quantitative tool, it is necessary to provide
thermal data in 3D representation, which is distortion-less and thus allows precise
measurements [11].

There are 15 papers dealing with this topic, describing 5 projects, which has
been realized in this field so far. Each of them is further described in following text.

Stereophotogrammetric 3D Thermography

In [11] and [12], the multispectral 3D surface scanner is presented, providing 3D
thermograms. It is based on two high-resolution colour cameras rigidly placed rela-
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tive to each other (Fig. 2.1 left). Cameras dispose with sensor, providing images of
4080 × 4080 pixels. Between these two cameras, the thermal imager using cooled
detector is placed, what provides higher sensitivity and better signal-noise ratio,
than uncooled variant.

The system use stereophotogrammetry (section 2.2) for building 3D model, what
brings possibility of capturing all data instantly, thus motion artefacts are not
present. Another advantage is simple and relatively cheap equipment, together
with small footprint.

However, this approach provides also drawbacks, based mostly in stereopho-
togrammetry principle, which works reliably only in sufficiently textured surfaces
and fails on smooth homogeneous surfaces [13]. Another disadvantage is possibility
of capturing strictly convex surfaces only.

Nevertheless, the main drawback is limited range and precision of both 3D model
and thermal data. Stereophotogrammetric principle is characterized with fixed
range-to-resolution ratio [14], what means that with increasing range, the resolu-
tion decreases. To reach the high precision, we then can scan only small regions,
which can not be connected together without loss of accuracy.

Thermal imagers has also significantly lower resolution than colour cameras, and
using this setup, there is no way how to compensate it. The thermal data mapped
on the surface will be then many times less detailed than 3D model, what excludes
examination of tiny details, e.g. vessels and arteries.

The output is shown in Fig. 2.1 right. The authors of this study does not
provided information, whether also colour data are evaluated, but from context and
used methods, we assume this, even when not explicitly stated.

Fig. 2.1: Configuration of the 3D thermogram scanner (left), range image (middle)
and resulting 3D thermogram (right) [11].
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Structured-light 3D Thermography

In publications [15, 16, 17, 18], the system similar to previous one is presented, but
using structured-light scanning principle (section 2.2) instead of stereophotogram-
metry. All the sensors are again rigidly mounted to the holder (Fig 2.2 left).

This method is more suitable for body scanning, since it is reliable also in un-
textured areas and is also very accurate. The footprint still remains smaller, and
equipment not very expensive.

However, the low resolution problem of thermal data and fixed range-to-resolution
ratio still remains the same and there is still impossible to scan complex surfaces
containing non-convex features.

In [16, 18], the variation of this system, changing structured-light scanning with
Microsoft Kinect sensor is also presented. This solution is cheaper, but its accuracy
is significantly lower, what makes it not suitable for medical applications.

Fig. 2.2: System components (left) and 3D thermogram in mesh (middle) and in
solid view (right) [15].

Stereo-structured-light 3D Thermography

In studies [19] and [20], authors use the same setup, methods and equipment as in
study before, with slight difference, when pattern projected by DLP projector is not
captured by single camera, but by two cameras placed on opposite sides of projector
(Fig 2.3 left).

This brings higher reliability and better robustness. It also slightly improves the
range of visible area, but complex concave features are still not recognizable.

But all other advantages and disadvantages stays still the same. The output
(Fig 2.3 right) is accurate, but the scanning area is limited and single-viewed, and
also thermal coverage is provided in low resolution.

In [20], the 3D model of whole foot is created by aligning 3D model using ICP
[21]. As discussed in section 2.2, this provides smooth and good-looking models, but

18



due to integrative error character of ICP, such model can not be used for further
accurate assessments, e.g. volume evaluations.

Fig. 2.3: The acquisition system(left): (A) thermocamera, (B) visible light stereo
cameras, (C) structured light projector, (D) mobile support. Examples of single
registered volume: real colours from visible cameras (left), and IR false colours
(right) [19].

3D MRI/IR Imaging Fusion

Project described in [22, 23, 24, 25, 26] combines other modalities than previous
projects – data fusion of 3D MRI model and thermal images is performed here (Fig.
2.4).

The idea of this data fusion is interesting, but according to author’s opinion, it
seems, that there are several procedures performed in inaccurate way, what could
significantly influence the correctness of image mapping. The validation of mapping
procedure accuracy was not found.

From 3D MRI model, authors create backward orthogonal projections of MRI
model outline to planes, given as sides of its bounding box. From these directions,
also the thermal images are captured, but location and direction of view is not
exactly assured or at least measured [24].

According to [23], the thermal images are converted from perspective to orthog-
onal projection, but it is not specified, how this task is performed.

Then, the markers are extracted in 2D orthogonal projections of MRI as same
as in corrected thermal images. Using affine transformations, both images are reg-
istered and reprojected back onto the surface of 3D model.

Such models contains both outer measures (thermal) and inner measures (MRI),
what can be useful for example in forensic studies. The similar data fusion, but with
colour images and MRI data was also presented in [27].
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Fig. 2.4: Visualization of a volunteer’s wrist in two cross-sectional views [24].

Infrared-depth sensor 3D thermography

Studies [28] and [29] presents a small hand-held 3D thermography and ranging device
that is able to generate a 3D model of an object or scene, which is overlaid with
temperature information and coloured appearance information (Fig. 2.5 left).

The thermal-infrared camera provides resolution 384 by 288 pixels and contains
an uncooled microbolometer. A low cost ASUS Xtion Pro Live RGB-D (colour and
range) sensor providing resolution of 640 by 480 pixels has been used in the current
HeatWave system [28]. The Xtion has an effective range of up to four meters which
is ideal for close-range 3D thermography applications. But its accuracy is very low,
up to 5 mm. This resolution is more suitable for entertainment industry than for
accurate medical applications.

Fig. 2.5: 3D thermography device called HeatWave (left), output 3D temperature
mesh model using the Rainbow colour palette (middle) and output 3D colour mesh
model (right) [28].
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2.1.1 Summary

From presented 3D thermographic methods, as the most suitable for medical quanti-
tative applications seems to be the method using structured-light or stereo structured-
light. Methods using stereophotogrammetry or cheap depth cameras (Kinect, ASUS
Xtion) are unreliable, respectively inaccurate, so their use in medical applications is
not recommended.

All thermal 3D scanning solutions, presented in publications, introduced its prin-
ciples and showed samples of 3D scans, however, no further clinical applications were
found.

Since thermal changes inside the body are usually small and can be hidden in
physiological gradients of temperature [30], according to [3], it is necessary to provide
data with many times higher resolution than presently available devices are able to.
Such images shall be also big enough to see all the processes in the region.

And this is the important limitation of each mentioned method – the thermal
layer has significantly lower resolution than 3D surface model below, what is ex-
cluding many potential application. The surfaces with high resolution are also too
small, and cannot be combined without important loss of accuracy. This may be
also the reason why proposed methods are not used in current practice.

Thus, the method capable of capturing large 3D surface models, where the reso-
lution of 3D surface, color data and thermal data is the same and very high, is still
missing.

2.2 High-Resolution 3D Surface Scanning

There are plenty of 3D scanners working on various principles, so their review would
take a whole book. But what they have common is, that we can make a list of mod-
ules, which each scanner shall have somehow implemented. Rather than evaluating
each model of 3D scanner, we discuss each available implementation of every module
with emphasize on medical application of 3D scanner. Consequently, by choosing
the most suitable implementation of each functional block, we can make an image,
how the ideal medical 3D scanner should be realized.

The blocks, which each scanner consists of, are further described in following
text.

Parts of the text in this section is taken from the author’s publication [31].
Differences between wording of this text and the paper are more for the sake of text
consistency than to bring new information.

21



Raw Data Capturing

The most of scanners measure distance of surface from sensor.
In case of contact scanners, this distance is given by length of touch probe.

This approach can be very precise, but touching the examined object can be dam-
aging or frustrating (in case of human body scanning) [32].

Contactless techniques are mostly using the laser beam (laser scanners).
Solution with measuring the time of flight of laser quantum (TOF) provides

wide measuring range (up to hundreds of meters), but its precision is limited by
resolution of time-measuring unit. Accuracy of such devices is usually up to 1 mm
[33]. This method is based on a very simple principle: there is a generator inside
the laser scanner, which is able to generate very tiny pulses of laser beam . These
pulses travel through an environment to the object, where are reflected and travel
back to the detector. Time difference between pulse generation and its recognition
at detector is proportional to the distance of object (Fig. 2.6a).

Another laser scanner principle is triangulation, equipped with laser beam gen-
erator, which produces beam which is consequently reflected by object. Reflected
beam is concentrated by lens and reaches the optical position detector, for example
PSD or CCD. There is a mark detected by position detector, which placing corre-
sponds to distance of object (Fig. 2.6b). This method has opposite abilities: its
accuracy is very high (up to 1 µm [34]), but its measuring range is limited (hundreds
of millimetres [35]).

Fig. 2.6: Measuring principles of laser scanning methods: (a) TOF principle, (b)
triangulation principle, (c) interferometric principle.

The most precise is laser scanning using interferometry principle, which is based
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in interference of two beams which one of them passed longer way than second
one. As shown on Fig. 2.6c, generated laser beam reaches the semi-permeable
mirror, where is split into two beams. First beam goes though the mirror, then is
reflected by object and consequently by semi-permeable mirror and finally reaches
the detector. Second beam is reflected by semi-permeable mirror, then goes through
the compensator, consequently is reflected by mirror in reference distance, then goes
once again through compensator, through mirror and finally reaches the detector.

The compensation block is placed into the way of second beam because the first
beam goes through the glass 3 times and second one only once.

Depending on distance to the object, the time difference of two beams occurs,
which is related to the difference of length of beam flight. According to this phe-
nomenon, constructive or destructive interference appears and considering positions
of minima and maxima we can define desired distance.

The interferometric laser scanner (Fig. 2.6c) reaches up to 1 pm resolution, but
its range is up to hundreds of µm [36].

Generally, laser scanners provides most reliable data of solid, non-transparent
surfaces, compared to structured-light or stereophotogrammetric scanners. But its
disadvantage is limited capturing speed.

Structured-light 3D scanners project a pattern of light on the subject and
evaluates its deformation in captured image [37]. From such deformation, the dis-
tance from sensor can be computed (Fig. 2.7 left). The advantage of this method is
high speed of scanning since each time the entire image is analysed instead of one
point [38]. Another advantage is the precision, which is comparable to laser trian-
gulation principle [39]. On the other hand, the reliability of this method is limited
by ambient light, what allows use in indoor areas only.

Stereophotogrammetric scanners use two cameras to estimate 3D position
of points from differences between two images (Fig. 2.7 right). It is also fast with
accuracy up to 1 mm [13]. The advantage of this method is inexpensiveness and
scalability, but its limitation is required presence of unambiguous landmark features
in the scene, what is not often possible. It is used mostly in aerial scanning, since
the natural landscape usually offers these landmarks, but for scanning solid body
surface it is not sufficient.

Different type of raw data are captured by Magnetic Resonance Imaging
(MRI), where magnetic spin, the value relevant to density of material, is measured
in every place of examined region [40, 41]. Measurements are very slow (tens of
minutes), but also inner structures of human body are visualized. MRI uses grid
representation of volume, when space is divided to so called voxels. The size of voxel
defines accuracy of spatial data and for MRI reaches up to 1 mm3. This method is
further described in section 2.5.

23



Fig. 2.7: Measuring principles of Structured-light 3D scanners (left) and Stereopho-
togrammetric scanners (right).

Slightly faster and more accurate (approx. 0.2 mm3) is Computed Tomogra-
phy (CT) [42], but ionizing radiation absorbed by patient during entire body scan
is up to 15 mSv, what is one third of allowed exposition for workers with ioniz-
ing source per year and for common people exceeds generic hygiene limits even 15
times [43]. From this reason, it shall be very rarely used for 3D scanning of human
subjects. This method is also further described in section 2.5.

Moving the Sensor

In order to build a 3D model of arbitrarily complex object, the sensor must be
positioned to several view-points, from which all details on the surface of object are
visible [44].

The hand-held scanners are devices, where moving of sensor along scanning
trajectory is realised manually by operator, who is performing scanning [45]. It
reaches the best flexibility, but the task of sensor localization is complicated (see
next section). Because of that, some models use extending localization system,
however the flexibility is slightly limited because of that [46].

The majority of 3D scanners use motorized sensor moving, mostly composed
of precise electric stepper drive [47] or servomotor [48]. This approach has an ad-
vantage of automatic movements along trajectories, which were pre-tested during
device development and which are optimal for specific purposes. It also minimizes
the problem with scanning ranges, which can be very narrow in some cases (e.g.
triangulation laser scanners) and to stay manually in this range can be difficult. It
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empowers also easier sensor localization. Disadvantage is, that flexibility of move-
ment is limited by the kinematic conception of axes, along which the sensor moves
[49]. The best flexibility reaches the articulated kinematic chain with at least 6
DOF. When adding 7th degree of freedom, the singularity problems are minimized
[50].

Sensor Localization

To be able to compute spatial position of measured point and transform it into the
coordinate system, to know the precise position of sensor in 6 DOF1 is necessary
(among raw data itself). The accuracy of sensor localization significantly influences
spatial accuracy of resulting 3D model, as same as raw data capturing method itself.
These two factors play the most important role in final accuracy.

This task is simple in cases, when motorized sensor positioning is used, since the
sensor must be connected to moveable axis by joints2, which position can be simply
measured by encoders, resolvers [51], servomotoric feed-back [48], etc. Using direct
kinematics, its position can be unambiguously computed with high precision [52].

Free hand-held scanners use the image registration to estimate its location
alteration from change of scene between last two scans [14]. Many scanners use
a method based on the best known registration algorithm ICP [53], which is op-
timized [21] or modified for particular application [54, 55, 56]. This approach has
two disadvantages: The absolute accuracy is very low, due to cumulative character
of localizing algorithm, which sums partial errors [57]. It can also fail in uniform
scenes like a plane, cylinder, sphere, etc. This problem can be partly minimized by
external localizing system based on inertial measurement unit (IMU) [46], or fully
solved by use of passive kinematic chain with joint measurements [58].

Planning Trajectory of Sensor

There are 3 types of scanning trajectory planning: online, static and adaptive.
Online planning is typical for hand-held scanners, since the exact trajectory

is created just when scanning and is unknown before [45]. The result depends
on operator skills (if he meets the measuring range, if scanning just the region of
interest, etc.). The other special example of online planning is autonomous planning
of trajectory based on extra system measurements (e.g. overview laser scanner) [59].
Although many publication have been published on this topic, the solution are still
not enough robust to be commonly used [60].

13 coordinates unambiguously define position of point and another 3 coordinates unambiguously
define its orientation

2Joint in this sense can be also linearly translational, not only rotational
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Static planning uses predefined scanning trajectories developed and tested for
specific purposes. There is no intelligence, just defined trajectory is launched. They
are simple and robust in sense of no risk of unexpected behaviour of positioning
system [61]. On the other hand, their use is non-flexible and limited e.g. with
sensors with narrow measuring range. Trajectories must be frequently redefined
also along with slight differences of scanned objects.

Adaptive planning combines both methods above. The general concept of
trajectory is strictly defined, but slight, on-line computed deviations according to
scanned object are allowed [61]. The example is shown on Fig. 2.8. In case of
static planning, the upper side of scanned cuboid is located at out-of-range area,
so the object will not be scanned correctly. In case of adaptive planning, only the
direction of move and angle of view is defined as mandatory, the height above the
scanned surface is defined as modifiable. When scanner reaches the edge of cuboid,
it automatically adapts the height above the surface to be fitting the measuring
range. Since the changes of trajectory are allowed just in defined degree of freedom
and also limited, there is no risk of unexpected moving and the algorithm is more
flexible.

Fig. 2.8: Illustrating difference between Static planning and Adaptive planning.

Computation of 3D Point Position

The contact scanners dispose with the easiest way of 3D point computation, since
the position of touched point is directly the sensor location, shifted by the length of
probe only [32].

The most of 3D scanner types use geometric transformations to build the
3D model. From known position and orientation of scanner and known shearing of
sensor, the measured data can be transformed to right place in target coordinate
system. This technique can be used, when captured raw data contains any spa-
tial information (e.g. distance measured by laser scanner) or are spatially ordered
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(voxels of CT and MRI). There are several mathematical approaches used for this
problem, summarized in [62]. For purpose of aligning spatial data, the homoge-
neous transformations seems to be the most suitable [63, 52]. It is matrix based
apparatus providing tools for shifting, rotating and shearing points defined by three
coordinates, what is exactly needed.

In case of stereophotogrammetry, the transformation approach cannot be
used, since there is no spatial information in the raw captured data. The three-
dimensional representation of scanned object must be inferred from two images
captured with two cameras watching the same scene from different views [14]. This
process is explained on Fig. 2.9. Two cameras (Lens 1 and Lens 2) are simultaneously
watching the same scene, in which signification points (A,B,C) are detected. Using
the optical geometry, projection bisector is computed for each camera using the
position of these points in captured image. Finally, the real point lies in place,
where these bisectors are (approximately) crossing each other.

This approach theoretically reach very good resolution (comparable with laser
scanners working on triangulation principle), when assuming that landmark features
are correctly extracted. However, this assumption is not met in many cases, what
leads to variable accuracy along the surface, which can vary from 0.5 mm up to
5 mm [13].

Fig. 2.9: Illustrating computational bases of stereophotogrammetry [14].

Storing and Visualization of 3D Models

There are two basic approaches of storing three-dimensional data: 3D Grids and
Point Clouds (or Meshes).

3D Grid divides spatial area of scanned object to regularly ordered same-size
elements called voxels. The most used shape of voxel is cube, which size defines
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the spatial resolution of entire model [64]. Each cube contains probability of occu-
pancy by object (Occupancy Grid [65]) or other value describing the voxel locality
(Evidence Grid [66]), e.g. density in case of MRI or CT.

All objects in scan are then approximated by number of same cubes, what is far
from reality (low authenticity compared to real world). Also the memory require-
ments are very high. On the other hand, computations over such model, searching
through or collision detection are simple and fast [67]. Its useful for models in low
resolution, which are frequently updated and rebuild, e.q. in case of 3D live view.
This representation is used in standard medical file format DICOM, used for storing
data from CT and MRI.

Since the memory requirements are growing with third power of size or resolution,
there are various algorithms saving disk space (KD Tree [68], Quadtree [69] or Octree
[70]), but slowing down the computational performance.

Point Cloud in its raw format is unordered set of three-dimensional vectors
defining position of points in space [66]. If such points are connected to triangles
(or another geometric primitives) covering entire surface, it is called Mesh.

In practical applications, they contains also extra informations about this point
(colour, material, etc.) or its surroundings3 (nearest neighbours, normal of plane in
which the point lays, etc.).

This format allows to describe the world by geometric shapes, what is much
more authentic approximation than grids. The memory requirements are signifi-
cantly lower than grids, since does not depend on the size of object, resolution of
measurements, only on real number of captured points. Disadvantage of this format
is higher computational load and more complex analysing of model [71]. Its useful
for models, where precision and high resolution is required, but they are not updated
too often [72].

2.2.1 Summary

There any many different 3D surface scanners available on the market, when each
one is adapted for the application, which it is primarily intended for. There is no
single 3D scanner, which can be claimed as universally the best.

Regarding the potential applications of 3D surface scanning in medicine (chap-
ter 1) and taking into account the required properties resulting from it, we can
define, using knowledge from previous summary, how particular modules shall be
realized.

3This informations are usually useful not for describing of object, but rather for fast rendering
on computers or faster searching through the model points.
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Ideal medical 3D surface scanner shall use structured-light scanning or triangu-
lation laser scanning for raw data capturing, due to its accuracy. Sensor motion
shall be motorized to be able to automate the process and kinematic chain must
be used for precise localization. It should have at least 6 DOF to reach sufficient
flexibility. The data shall be stored in form of point-cloud or mesh.

There is no commercial device meeting all the criteria defined above, such flexible
and accurate 3D surface scanning system is not available on the market yet. Gener-
ally speaking, all the commercially available 3D scanners are compromise between
two important abilities: accuracy and flexibility [73], but for the medical purposes,
both accuracy and flexibility is needed.

However, there were found some research experimental setups using robotic ma-
nipulator in medical imaging, what is a constitution, that is meeting our criteria
for medical 3D surface scanner. Thus, special survey of state of the art related to
robotic 3D scanning had been performed and presented in following section.

2.3 Robotic 3D Scanning

This section describes current applications of robotic manipulator related to 3D
scanning as a whole. Because the group of such studies is very narrow, also ap-
plications of robotic 3D scanning of inner human structures, or studies outside of
medical sector, are presented.

The very first application of robotic manipulator in order to capture 3D model
was published in 1997 by S. Boudet [74]. The 7 DOF4 articulated robotic manipu-
lator was used for ultrasound scanning of the atheromatous plaques in the arteries
(Fig. 2.10 left). In this application, it is necessary to move an ultrasound probe
with constant velocity, constant force on the skin, synchronized with heartbeat and
continuously measure the position and orientation of probe to have a reference for
following 3D registration. This is manually impossible, but with robotic manipula-
tor, they succeeded.

The scanning trajectory was learnt manually at first, with different trajectory in
systole and diastole. The movement was then controlled by EKG measurements in
order to keep the constant force even when artery is changing its size. The several
safety precautions were also incorporated into solution.

Another group of French scientists followed up with this project in [75], when
realized similar measurements on lower limb arteries. They extended the robotic
system with measurements of forces generated between the body and ultrasound

4the redundancy of the 7th DOF was useful for avoiding singularities during motion

29



probe, what empowers control of probe pressure on surface during motion. This
system was verified on the vascular phantom (Fig. 2.10 right).

Fig. 2.10: Experimental setup of robotic 3D ultrasound scanning performed by
Boudet (left) and his followers (right): a) the robotic arm, b) fixed US probe, c) US
scanner, d) control unit for robot, e) vascular phantom [74, 75].

In 2004, M. Callieri published RoboScan [76], the 6 DOF robotic manipulator
equipped with commercially available triangulation-based 3D scanner Minolta VI
910 mounted on the end-point. Accuracy of 3D scanner has been declared as 0.5 mm,
however the flexibility of robotic manipulator was not used, since robot moved with
scanner only in single plane.

In the first stage, the initial scan was performed, then according to its spatial
range, number of partial scans to be taken was evaluated as same as their scanning
positions. The result of this setup is colour covered high-accurate 3D model of even
large objects. It has been verified on 2.5 × 1.5 metres statue (Fig. 2.11), which has
been captured in 30 minutes.

This solution extended range of Minolta VI 910, what is a colour 3D scanner in
itself, but with keeping its accuracy, what would not be possible without manipu-
lator. On the other hand, the Minolta scanner itself weights more than 10 kg [77],
what requires large robotic manipulator to move such heavy device. As a result,
this solution is very expensive and cumbersome.

Similar setup, but using 1D laser range finder instead of colour 3D scanner, was
introduced in study [79]. Since such sensor is much lighter, it was possible to employ
also smaller manipulator. On the other hand, the capturing was significantly slower
and the point density was lower, disallowing to see tiny details.

Another robotic 3D scanner was published in [78] and [80]. There was robotic
manipulator with passive stereo vision mounted on its end-point, capturing entire
human body (Fig. 2.12). Advantage of this approach is high speed scanning and
surface colour gained during acquisition of spatial data. Disadvantage is generally
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Fig. 2.11: The RoboScan system acquiring the “Deposed Christ" high-relief (real
size: 2.5 × 1.5 metres), and the corresponding digital model. [76].

Fig. 2.12: The proposed stereographic robotic 3D body scanning system and cap-
tured 3D body data [78].
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lower, but mainly variable accuracy across the surface, what makes this approach
unreliable for precise medical scanning.

Robotic system published in [81] is designed for in vivo biopsy. The probe-
based confocal laser endomicroscopy (pCLE) enables real-time diagnosis and tissue
characterizations in situ, but it is challenging to keep the probe on right place and
with right force manually. Mounting the probe on robotic manipulator solves this
problem.

Forensic robotic system using manipulator with mounted photogrammetric 3D
scanner was published in [82]. It uses extra DOF (ceiling mounted rail) extending
its range and it is equipped with digital camera, structured-light optical scanner,
biopsy module and CT scanner.

The system realizes automatically basic post-mortem examinations. At the be-
ginning, digital camera takes photos from documentation positions defined by stan-
dard and also takes sufficient amount of photos for photogrammetry. Then, the
surface of body is captured with 3D scanner and CT scan and both 3D models are
registered together. According to it, the operator selects places where biopsy needed.
The system computes the needed trajectory of biopsy needle, requesting operator
to check reachability and bone collisions. Afterwards, the needle is automatically
picked up from holder and the biopsy is performed.

Reversed constitution of aperture use [83] and [84], when scanned object is moved
by manipulator, while laser scanner stays stationary. This approach solves the
disadvantage of laser scanner, when it is not sensing in its close proximity, but the
group of object possible to scan is limited. For human scanning, it is out of the
question.

2.3.1 Summary

From 10 research studies that were found as using robotic manipulator for 3D scan-
ning purposes, just 6 of them were focused on capturing 3D surface models.

Two 3D surface scanning studies were moving with scanned object by robotic
manipulator, what is out of question for medical imaging of humans.

Another two of them were using stereophotogrammetry to estimate the spatial
data, what is a generally accurate method, but failing in homogeneous areas, which
are often present of human body.

The remaining two studies may be considered as applicable to medical 3D surface
scanning. The first is using heavy, fast and accurate 3D scanner, while the second
is using light, but slow and less accurate laser gauge. For optimal performance, the
solution in the middle between these two seems to be the best solution.
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2.4 Quantification of Dermatitis

Dermatology is one of the potential sectors, where this thesis could bring advances
beyond the state of the art. This section briefly summarizes available methods for
quantification of dermatitis. Only the methods dealing with assessment of dermatitis
as a whole or with quantification of their symptoms are presented. Overall state of
the art in this domain is then outlined in summary at the end of this section.

2.4.1 Overview of Methods

Dermatological Scoring Systems

The most commonly used and well-established methods of diagnosing contact allergy
are Skin Prick Test for testing immediate reaction on allergen [85] and Patch Test for
testing delayed reaction [86]. In these tests, the subject’s skin is exposed to small
amount of allergen and allergic response is evaluated using standardized scoring
metric. Although this is a method for diagnosing allergy, it can be considered also
as a method for quantifying dermatitis, because the induced allergic reaction is
reflected by dermatitis, which is subsequently evaluated [87].

International Contact Dermatitis Research Group (ICDRG) issued definition of
scoring system for objective assessment of dermatitis as allergic reaction, which is
quantifying dermatitis to 5 groups, when each is specified by observable symptoms
[88]. This method is characterized by very low resolution and high subjectivity,
what makes it suitable for indicative rating only [89].

Due to the need for a more accurate and objective method, more advanced
scoring systems as SCORAD (SCORing Atopic Dermatitis), EASI (Eczema Area
and Severity Index), ADASI (Atopic Dermatitis Area and Severity Index), SASSAD
(Six Area, Six Sign Atopic Dermatitis) and TIS (Three Item Severity score) were
developed [90].

SCORAD system takes into the account visual symptoms, subjective symptoms
and covered area of body. Resulting index of severity is given as weighted sum of
scores from these areas, where visual symptoms has three times bigger weight [91].
Its modification, excluding subjective symptoms, is called Objective SCORAD [92].

EASI system evaluates only visual symptoms and covered area of body, but in
4 different regions: head and neck, trunk, upper limbs, lower limbs. Severity index
is given as weighted sum of indices relevant to these areas [93].

SASSAD system is similar to EASI, but it is grading six visual symptoms (ery-
thema, exudation, excoriation, dryness, cracking and lichenification), each on a scale
of 0 (absent), 1 (mild), 2 (moderate), or 3 (severe), at each of 6 regions: arms, hands,
legs, feet, head and neck, trunk. Severity is expressed as sum of these indices [94].
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Reference symptoms and equations of main scoring systems are presented in
Appendix A.

SCORAD, EASI and SASSAD were validated as reliable in many experiments
[95] and are frequently used in research and clinical trials [96, 97]. All methods
reach relatively sufficient intra-rater repeatability, but all of them are demonstrat-
ing problems with reliability, when used by several different observers (inter-rater
reliability) [98]. In [99], the intra-class correlation coefficient for SASSAD among
six observers was only 0.70 and interobserver agreement for individual components
was poor to moderate. Significant interobserver variation was found also using the
SCORAD index [100] and only reasonable agreement using the EASI index [93].

It has been proved, that the best interobserver correlation from all scoring sys-
tems has Objective SCORAD [101], what makes it considered as "golden standard"
of dermatitis scoring systems [100].

The TIS score, a simplified system, is based on the evaluation of erythema,
oedema/papulation and excoriation on a scale from 0 to 3 [92]. It is a rough,
though reliable and simple system for scoring atopic dermatitis. It is particularly
suitable in general practice, for routine clinical use and for screening purposes in
clinical trials. For research purposes, the objective SCORAD offers a more detailed
and comprehensive assessment. [102].

ADASI system is based on severity determination by point counting of involved
body areas. On body diagrams, involved areas are colour-coded according to the
severity of the skin changes and evaluated by applying a transparent grid. To obtain
the ADASI score, the area fractions are weighted and multiplied by the intensity
of the itching [103]. This method is rarely used in practice due to its complicated
evaluation without reaching better results than other methods [90].

Epiluminescence Microscopy (ELM)

All the methods above are based on visual observation of symptoms. But they are
clearly visible when already significantly developed. For example, the skin blood flow
must be increased three to four times before the naked eye can detect an erythema
[104]. The sensitivity of eye can be increased using Epiluminescence Microscopy
(ELM). This traditionally consists of a magnifier (typically x10), a non-polarised
light source, a transparent plate and a liquid medium between the instrument and
the skin (Fig. 2.13). Newer devices use polarized light allowing inspection without
using an immersion fluid [105].

The positive effects on sensitivity has been proven in [106] or [107], but only
when clinician is trained in this technique (average gain is then 10%) [108]. This is
valueable e.g. in early diagnosis of Melanoma [109]. Using ELM also increases both
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intra-observer and inter-observer agreement (average gain 7%) [108].

Fig. 2.13: Example of dermatoscope using traditional concept (By I. Frank).

Spectrophotometry and Clinical Photography

A change of colour and skin surface are central to the visual assessment of contact
dermatitis. For objective evaluation, the clinical photography or spectrophotometers
are used [86].

The clinical photography provides record of actual state, which can be compared
with state at next visit. It is used for assessment of colour changes, but also for de-
termining changes of skin surface, like contour of the skin surface, papules, vesicles,
etc. The main difficulty of close-up photography are uneven reflections of flashgun,
however, they can be eliminated by applying immersion oil [86]. Significant draw-
back of this method is inaccurate quantification of spatial values, due to loosing the
information by transforming 3D world to 2D image [110]. Another limitations is
dependency of colour on the source and direction of the light. The source of light
can be standardized, but unifying its source is almost impossible, since even tiny
changes in subject pose influences the colour in region of interest dramatically [111].

Spectrophotometers are devices for quantitative measurement of the reflection
or transmission properties of a material as a function of wavelength [112]. In der-
matology, they are used for quantification of skin colour changes (which is related
to erythema), where reach significantly more objective results compared to clinical
photography [113].
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Thermal Imaging and Thermal Contact Measurements

Skin surface temperature gradients can be measured by contact methods, usually
using cholesteric crystal sheets [114]. Such crystals are thermochromic, what means
that they change their reflected colour as a function of temperature when illuminated
by white light [115]. When sheets created from such crystals covers the body, colour
map relevant to skin temperature is shown (Fig. 2.14). The main application of
contact thermography in dermatitis quantification is to image lateral temperature
gradients, which may give detailed information about inflammation and crusting of
patch test reactions [86]. This technology is now obsolete and has been replaced by
digital thermography.

Fig. 2.14: Images of thermal gradient created by use of cholesteric crystal sheets
[116].

Thermography has been proven as valid diagnostic dermatological tool, very
useful mainly for diagnosis of skin tumours, particularly melanoma [8]. The problem
of false-negative results during melanoma diagnostics reported in [117] was already
solved by thermostimulation, when after cooling suspicious area of tissue, very quick
hot spot of the tumour follows (Fig. 2.15), given its high esothermic metabolism,
whereas the hypothermia of the healthy skin protracts [8].

Due to high expensiveness and low reliability in the beginnings, thermography
was claimed as low usable in context with other available methods in that time [86].
Nowadays, it becomes again more used, due to progress of thermal imaging manufac-
turing bringing more accurate and less expensive devices [1]. But in medicine, it is
still used more in diagnostics then for quantification, due to thermal inhomogeneity
and problems of inter-subject and inter-image normalization [118], which excludes
thermographic quantification as a whole.
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Fig. 2.15: melanoma of the trunk (left): hyperthermic lymphocentric pseudopod
baseline befor (middle) and after (right) the thermostimulation procedure [8].

Surface Analysis Methods

In order to eliminate the drawbacks of Clinical Photography, several methods were
developed.

The first step, often used in studies, is making the polysulfide rubber imprint
replica of affected region, which avoids unwanted reflections of flash during pho-
tographing [86] but also serve as cheap record of patient state. It can be further
computerized using contact stylus method [32] for evaluation of roughness param-
eters. The drawback of this method is loss of information during imprinting, espe-
cially in hairy subjects [119].

A tape method, representing a development of the sticky slide technique for
harvesting stratum corneum material, is commonly employed. This is useful for
quantitative evaluation of the scaling and hyperkeratosis of dermatitis [120].

In study [121], the experimental 3D scanning system Derma (Fig. 2.16) was
presented as a tool for objective measurements of spatial parameters (extent, diam-
eter, etc.) of lesion. It consists of commercially available colour 3D scanner Minolta
VI910 and supplementary software. Validation proof in clinical use has not been
published. In [122], the application of structured-light 3D scanning of dermatitis
was patented, but there are no papers about its use available.

Electrical Methods

Although invisibly, the water barrier of the skin is very often damaged in dermatitis,
with consequences for the biology of the epidermis and the clinical manifestations.
Methods based on electrical properties of skin are used for measurements epidermal
hydration, what is an important parameter e.g. for evaluation of applied moisturiser
performance [86].
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Fig. 2.16: Derma 3D Scanning system under testing in clinical environment [121].

In [123], the electrical conductance measurer was presented, providing values
relevant to superficial hydration and in [124] and [125] was presented device based
on electrical capacitance, measuring more deeply in the epidermis. All devices were
validated in various studies, e.g. in [126] or [127]. Since epidermal hydration is very
dependent on surrounding conditions and current state of subject, in clinical studies
is used more as complementary parameter than decisive reliable one. For evaluation
of water barrier function, the OCWE method is more used, discussed in next section
[86].

Open-Chamber Water Evaporation Method (OCWE)

The OCWE method is the only method used in dermatitis for evaluation of transepi-
dermal water loss (TEWL), what is a parameter assessing function of water barrier.
It is of major importance in irritant reactions to detergents and it is widely used
[86].

It is based on evaluation of humidity by two hygrosensors, mounted in the cham-
ber at different levels above the skin for the determination of the humidity gradient
in the chamber, representing the flux of water out of the skin, i.e. the TEWL [128].

Proper preconditioning and good control of the measuring conditions is essential
for accurate recordings, since the method does not resemble a filter or membrane
within the skin, but, instead, a gradient across the skin, including a 10-mm layer
of ambient air. Thus, the environment is part of the water barrier [129]. Eccrine
sweating is, in most body regions, less important, except after physical activity,
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when it has the capacity to increase manifoldly. Environmental changes related to
the seasons also need to be considered [86].

High-Frequency Ultrasound (HFUS)

The techniques discussed above suffer from the limitation that only superficial skin
information is obtained. HFUS-based sonography is a tomographic imaging tech-
nique, which enables non-invasive acquisition of cross-sectional images over depth
(Fig. 2.17). It is working on the same principle as conventional ultrasound probes,
but due to higher frequency, the higher spatial resolution is reached [130]. However,
the attenuation of ultrasound waves significantly increases with increased frequen-
cies. For this reason, a compromise between the opposing demands for good spatial
resolution and high penetration depth has to be found [131]. HFUS in the 20 MHz
frequency range is already a well-established modality for imaging of the complete
skin and subcutaneous fat [132].

[133].

Fig. 2.17: High-frequency ultrasound (20 MHz range) skin imaging: (A) healthy
skin at the forearm, (B) healthy skin at the back of the hand [130].

Besides providing in-vivo measurements of the thickness of skin layers (epider-
mis, dermis), which is the most common use of HFUS, another potential use is
investigation of inflammatory skin disease such as psoriasis [133]. Statistically signif-
icant correlation has been demonstrated between HFUS measurements of the none-
chogenic band thickness and subjective clinical ratings of psoriasis severity [134]. A
hypoechoic band in the upper dermis, corresponding to inflammatory edema and
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vasodilatation, was reported as being a reliable indicator of active stages of the dis-
ease. Other inflammatory conditions such as acantoma, atopic dermatitis or contact
dermatitis can also present this hypoechoic dermal band [135].

Since initial dermal thickness of tissue is individual, the utility of HFUS appears
to be limited to the monitoring of response to therapy only [136]. Differential mea-
surement was further validated in [135] and now is frequently used in clinical trials
assessing dermal medicaments, e.g. in [137] or [138].

Ultrasound instruments equipped with power Doppler function (PDS) enable the
visualization of the dermal blood flow. PDS has been shown to be a promising tool
in the detection and semi-quantitative assessment of superficial soft tissue perfusion
[139].

Laser Doppler Imaging (LDI)

Laser Doppler imaging of cutaneous blood flow is based on Doppler effects generated
by backscattered light from cells and particles moving within the vessels. A digital
image, composed of numerous single-point recordings, forms a two-dimensional map
of blood flow variability over an extended skin surface (fig. 2.18). This technique
is used to map cutaneous blood flow and disposes with better resolution comparing
to HFUS, but with lower signal penetration (hundreds of µm) [136]. Changing the
wavelength of laser source, the information selection can be performed due to their
different penetration [140].

Fig. 2.18: Color image of fingertips (left) and color-coded blood perfusion map
(right). [141].
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The LDI produces differential image of a region, what makes it possible to be used
as diagnostic tool and also for assessment of effect of therapy [142]. Its advantage is
a speed (∼ 6 minutes/hand), however, interpretation of results requires a thorough
knowledge of microcirculation. Besides, it is a product of velocity and blood cell
quantity, what can be also a problem in interpreting results [143].

LDI is mainly used for quantitative assessment of microcirculation, it is therefore
very suitable to evaluation of patch test reactions, healing tendencies of ulcers or
reactions to vasoactive substances [144, 140].

Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT) is an established medical imaging technique
that uses light to capture high-resolution tomographic imaging of the internal mi-
crostructure in materials and biologic systems by measuring backscattered or back-
reflected light [145]. The principle of OCT is similar as of ultrasound, with the dif-
ference that OCT use near-infrared light instead of radio frequency and the echoes
are processed using low-coherence interferometry rather than direct measurements,
since laser beam speed is much higher [146].

OCT images are two-dimensional data sets which represent the optical backscat-
tering in a cross-sectional plane through the tissue. They are also similar to ultra-
sound’s data, but the resolution is higher (up to 10 µm) and penetration depth is
lower (1 to 2 mm) [147].

In study [148], the epidermal thickness was measured by OCT and found as
correlating to psoriasis severity score. Thickening of epidermis normally reflects
epidermal hyperproliferation and inflammation, however, it can be also caused by
other factors, so cannot be considered as the only reliable value.

The studies [149] and [126] used OCT also for measurements of epidermal thick-
ness, but optical density of upper layer of dermis was evaluated too. The relative
change of OCT values occurred during evolution of induced dermatitis and were
comparable with histology samples. It has been shown, that OCT may be used for
dermatitis quantification [149]. However, the correlation between OCT values and
values acquired by other quantitative methods (TEWL, hydration of the stratum
corneum, spectral colour and replica-based roughness values) was not found. The
limitation of this method is, that due to variable optical density of initial healthy
tissue, which is mainly dependent on the scattering which is influenced by the size,
shape and composition of particles, it is necessary to know the measurements of
healthy tissue of particular subject. The method can be then used only for research
experiments, not as a tool for instant diagnosis [126]. One of the key drawbacks
is the fact that the interpretation of the OCT images is very complex and require
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experienced and well trained physician [150].
Besides evaluation of epidermal thickness and optical density, the OCT is oc-

casionally used also for evaluation of surface roughness, which is relevant to skin
crusting [151].

Fig. 2.19: OCT images of healthy forearm skin: (a) before irritation, (b) 1 day, (c) 4
days and (d) 7 days after irritation. The surface shows larger folds and the epidermis
is thickened. The dermis shows dilated blood vessels (arrow). (4×1.8 mm) [126]

Reflectance Confocal Microscopy (RCM)

In vivo RCM is a novel non-invasive technique, using very similar technical principles
as OCT, with difference that laser beam is used and reflected beam is focused into
the small pinhole, preventing light from another tissue point or out-of-focus plane
from getting through. This brings higher resolution than OCT (∼ 1 µm), but also
lower penetration (∼ 300 µm) [152]. It has been shown, that available information
from RCM is comparable with histological [153].

It is suitable for assessment of wide range of inflammatory disorders of superficial
part of skin, because size of capilars, relevant to vasodilation, is measurable [136].
Several studies are using RCM to quantify the effect of treatment, e.g. [154] or [155].

Disadvantages of this method are similar to OCT, e.g. complex interpretation
or only cross-sectional differential image.

2.4.2 Summary

Dermatitis is manifested by many different symptoms (redness, edema, oozing, dry-
ness etc.) and for each of them, a bioengineering method exists. However, this
methods are focused on single or few dermatitis manifestations only, not for the
disease as a whole.
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The overall rating of dermatitis severity provides the scoring systems only, but
even the best ones of them are still very subjective, insensitive and providing small
resolution [98].

Individual bioengineering methods are correlated with subjective evaluations of
severity or with scoring systems, but they often correlate with each other moder-
ately of poorly. This shows, that many symptoms of dermatitis are individual (e.g.
somebody is more crusting but less swelling, etc.).

Symptoms, which were found as expressing more or less the same way at all
individuals (hence the most objective) are the increased blood flow and changes of
thickness of particular skin layers [86]. Taking into account only measurements of
them, it will eliminate the list of potentially reliable methods to Thermal Imaging,
FDI, HFUS, OCT and RCM.

The sensitivity of HFUS is sometimes insufficient, what prefers using OCT or
RCM. However, the HFUS, OCT and RCM are objective, but interpretation of data
requires experienced clinician, what can cause misinterpretations or uncertainties.

The FDI and Thermal Imaging are straightforward and easily interpretable. But
the FDI’s blood flow is measured only in narrow selection, not in the whole tissue,
what can lead to false interpretations. Thermal Imaging is assessing blood flow
globally, but it is limited by low resolution and complicated standardization of data
for comparison between results (image-reality localization).

So there remains an unmet need for more definitive and reliable non-invasive
assessment technique in dermatology [136].

2.5 Volumetric Measurements of Soft Tissues

Limb volume measurements are used for detection of oedemas, lymphedemas or
carcinomas, or for examinations of muscle atrophy. In sport sciences, it is also
used for evaluating growth of muscle mass and efficiency of strength training. This
section briefly summarizes available methods used for measuring volume of limbs.
Overall State of the Art in this domain is then outlined in summary at the end of
this section.

Parts of the text in this section is taken from the author’s publication [31].
Differences between wording of this text and the paper are more for the sake of text
consistency than to bring new information.

2.5.1 Overview of Methods

According to [156, 157, 158, 159, 160], the most common volumetric methods are
following:
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Circumferential measurements

Methods of this group are estimating volume of limb from measurements of circum-
ference at several specific places (Fig. 2.20). Every method uses some form of surface
approximation, what leads to lower accuracy [158]. Repeatability of measurements
significantly depends on experience of person performing measurement [161]. The
inter-observer correlation is poor or moderate [162] and the possibility of region of
interest selection is also very limited. On the other hand, no special equipment is
required, they are simple and useful for non-flexible limbs and patients with bad
motoric abilities or water incompatible diseases [157].

Fig. 2.20: Approximation of circumferential methods: Schematic difference between
the real volume of Forearm region and particular circumferential approximations.

The first method is Frustum Sign Model (FSM) based on measurements of
2 circumferences and approximation by truncated cone between them (Fig. 2.20
top), with relative accuracy about ±8% of measured volume [161]. Even though
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its accuracy5 is low, its extremely fast (less than 1 min.), what makes it suitable
for situations, where quick estimation of volume, without emphasis on accuracy, is
required [162].

Second method called Disc Model (DM) estimates volume as sum of equidis-
tant disks with distance of 5 cm (Fig. 2.20 middle), with relative accuracy about
±6% of measured volume [161, 160]. Be aware, that all these accuracies must not
been considered as definitive since significantly depends on personal experiences.
Compared to FSM, it is a bit more accurate [163], however more time consuming
[164].

The Partial Frustum Model (PFM) combines both methods mentioned above.
It takes the same measurements as Disc Model, but approximates volume by 40 mm
or 10 mm high truncated cones instead of equidistant discs (Fig. 2.20 bottom) [163].
This method has the same advantages and usage purposes as two previous methods,
but it is slightly more time consuming compare to Disc Model if counted manually,
but in case of computer processing, the time is the same and the accuracy is better
since the approximation is more relevant to real volume [156].

Water Displacement Volumetry (WD)

Fig. 2.21: Water Displacement [165].

The most used volumetric method, con-
sidered as golden standard [160], is based
on quantum of water overflowing from
fully filled container when measured limb
is inserted (Fig. 2.21). It consists of con-
cave tube, closed at the bottom side and
equipped with spillway on the top of the
tube [166, 167].

It is frequently used because of its
good accuracy, very good repeatability
and negligible dependency on operator’s
experiences comparing to circumferential
measurements. The biggest disadvan-
tages are, that it requires good flexibility and good motoric abilities of measured
limb (shivering of limb significantly influences result), there is possible risk of cross-
infection, some patients have to avoid water because of their disease and it is very
time consuming [156, 157]. Region of interest is limited to level of immersion only,

5the term "relative accuracy" in this overview means relative uncertainty with 95% confidence
(2𝜎)
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what is not suitable for specific measurements (e.g. size of particular muscle). Ac-
cording to [168, 160, 161], its relative accuracy is inversely proportional with mea-
sured object volume and varies from ±2% in case of lower leg measurements (about
2700 cm3) to ±8% in case of finger measurements (about 25 cm3).

The method is most used in studies of lymphedema or edema, e.g. in [169, 159,
170, 166].

Optoelectronic Volume Measurement (OVM)

Fig. 2.22: Optoelectronic Volumetry [165].

There are several commercially available
single-purpose volumetric devices using
this method. The measurement principle
is based on horizontally movable frame
equipped with infrared light emitters and
receptors (Fig. 2.22). This frame is mov-
ing along axis of examined limb. Light
beams are interrupted by the volume of
measured limb and the shadow is cap-
tured at receptors in two perpendicular
axes. By moving the frame, many measurements are performed and volume is then
calculated from these values [161]. It has been validated in [171] and found as
accurate as WD.

According to [168], relative accuracy of such device is ±2% of measured volume
(in case of measurements in range from 1000 to 3000 cm3), but the repeatability is
much better than in WD since the measured value is not too dependant on personal
experiences or motoric abilities of patient [158]. Disadvantage of this method is,
that expensive, single-purpose device is required and resulting benefits are not too
significant compared to Water Displacement Volumetry, which is much cheaper [164].

3D Ultrasonography

Medical ultrasonography is a modality, which is primarily intended to watch inter-
nal constitution of inner tissues, not to capture the body surface [172]. However,
ultrasonography in a broader sense, on account of its physical principle, is capable of
capturing surface. In occasional cases, mostly for research purposes, the volume is
computed from 3D models provided by 3D Ultrasonography, which is able to provide
3D model of body part.

For example study [173] use ultrasound probe moved linearly along the examined
muscle to generate 3D model of surface. From this model, the volume of muscle is
computed.

46



Ultrasound, due to its divergence of sound-beam, has too poor resolution (about
5 mm) [174] to be better than simple Circumferential or Water displacement methods
[175]. Among this, it has too noisy image [173]. On the other hand, it allows selection
of arbitrary region of interest and its radiation is not harmful.

Magnetic Resonance Imaging (MRI)

MRI is an imaging modality providing 3D models of human body, including their in-
ner structures [40, 41]. Although common volumetric application of MRI are mostly
focused on measurements of inner organs [176, 177], MRI has been validated as reli-
able method for limb volume measurements in [178]. Volumetric MRI is often used
for assessing atrophy [179, 180, 181, 182], but it has been used also for evaluation
of muscle dehydration [183], studies of lymphedema [64] or for evaluating maximum
force ability of flexors [184] or joint torque [185] predicted from muscle volume ac-
quired by MRI. All mentioned studies use manual extraction of muscle contour on
each image from MRI, what is very time consuming and it also can be a source of
uncertainty.

Because capturing MRI data itself takes a long time, distortions caused by pa-
tient motion are not negligible. Study [186] pointed out, that such distortion can
cause volume error up to 25%. This can be eliminated by calibration using markers
[187] but artefacts are still present [188].

Its significant advantage is the possibility of selection of arbitrary regions of
interest, what allows measurements of particular muscles, ligaments or bones instead
of entire limb only as in case of previous methods [40]. Nevertheless, the method is
not frequently used because of its important disadvantages — high acquisition and
operational costs [189], time consuming measurement procedure [190] and limitation
of patients with pacemakers or piercing [191].

Computed Tomography (CT)

CT uses X-ray instead of magnetic spin in order to build the 3D model, but the
volume is computed the same way as MRI—from 3D model provided by imaging
modality. It is again used in studies of muscle atrophy or dystrophy [192, 193, 194].

Compare to MRI, the CT provides better contrast, lower noise and higher spatial
resolution [195], what leads to better accuracy [42]. The operational costs are also
significantly lower [40]. On the other hand, the ionizing radiation absorbed by
patient during average scan can be up to 15 mSv (whole body scanning) [196], what
is one-third of allowed exposition for workers with ionizing source per year and
exceeds Czech generic hygiene limits for common people even 15 times [43]. For this
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reason, the use of this modality is allowed as rare as possible and repeated scanning
is out of the question.

2.5.2 Summary

The ideal volumetric method for measurements of limb volume should be accurate,
repeatable, operator independent, simple to use, inexpensive, fast and allowing se-
lection of arbitrary region of interest. Except the last two capabilities, the Water
Displacement Method has all of them, so it is conclusively recommended as a golden
standard.

However, although it has many advantages, the impossibility of choosing region
of interest is a significant limitation. In many applications, this is indispensable
requirement, what force researchers and clinicians to use slow, expensive and cum-
bersome method: volumetry using MRI or CT, what are devices primarily intended
for different purposes.

Capacity of locations equipped by these imaging modalities, which is very lim-
ited, excludes frequent repeated measurements of single subject, what makes specific
volumetric monitoring impossible.

Also even if using MRI or CT, the selection of region in 3D model is possible,
but special markers must be used, which has also their limitations.

So there is still a need of volumetric method, which is comparable with Water
Displacement Volumetry, but allowing advanced selection of region of interest.
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3 AIM OF THE DOCTORAL THESIS

From current state of the art follows, that the method, which is key for medical
quantification using thermal imaging, is still missing. Background research also
advised, that the solution could be a method capable of capturing large 3D surface
models, where the resolution of 3D surface, colour data and thermal data is the same
and very high. Analysing of principles used in today’s 3D scanners give us a hint,
from which components the method shall be composed from. It was also found, that
such device is not currently available. As a reason of this, the 3D scanning system,
bringing required capabilities, must be developed on our own, by combination of
most suitable components.

Thus, the aims of this thesis can be formulated as follows:
1. The main aim of this thesis is research and development of 3D multispectral

surface scanner, bringing advances beyond the current state of the art by being
capable of capturing both large and high-accurate surface scans, containing
spatial information, colour and temperature. Such device currently does not
exist.

2. This device shall be supplied also with software providing sufficient functions
to analyse scanned data in terms of spatial measurements and thermal analysis.

3. The accuracy parameters shall be specified and properly verified.
4. The contribution of this device to the problem of medical quantification shall

be demonstrated by appropriate experiments, proving the capability of created
system to bring advances beyond state of the art in selected clinical applica-
tions.

Regarding the knowledge from the state of the art, meeting these points is
assumed using robotic manipulator equipped with 2D laser scanner, what is ex-
pected as suitable trade-of between two solutions described in state of the art –
fast, but heavy, bulky and cumbersome solution using commercial 3D scanner, and
lightweight, small, but slow solution using 1D laser gauge. Robotic manipulator
will be also equipped with colour and thermal camera in order to reach required
multispectrality.

Such system should be verified in practical applications in physiotherapy and
dermatology, where should contribute to solve the current issues, outlined in the
state of the art.
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4 ROSCAN – MULTISPECTRAL ROBOTIC 3D
SURFACE SCANNER

RoScan is a multispectral robotic 3D scanning system designed for capturing 3D
computer models of surface (Fig. 4.1). Each such model, besides the spatial rep-
resentation of the object itself, also contains information about the temperature,
colour and index of roughness.

In the first part of this chapter, description of entire technical concept will be
presented. For the sake of comprehensible presentation, the system is first described
very superficially using the overview block diagram, where main purpose of each
block is briefly outlined. These blocks are then further explained in the following
parts.

In next sections, the descriptions of software tool for capturing 3D surface scans
and software tool for their analyzing are presented, together with examples of cap-
tured 3D scans.

Finally, the key parameter and capabilities of RoScan are summarized.

Parts of the text and figures in this chapter are partially taken from the author’s
publications [7], [49], [197] and [198].

Fig. 4.1: Multispectral robotic 3D scanning system RoScan.
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4.1 Technical Concept of RoScan

Overview block diagram of entire solution is shown in Fig. 4.2.

Fig. 4.2: Overview block diagram showing essential modules of system RoScan.

The core of the solution lies in the software, running on the main computer,
which performs control of the scanning process and serves also as computational
unit for processing the data from sensors to the form of multi-layered 3D model.
This core software is outlined in the Fig. 4.2 with blue dashed line.
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Scanning process pipeline begins with user input to Trajectory Definition module
(section 4.1.3). Desired path of motion can be described by simple scripting language
allowing definition of required trajectory using geometric primitives like points, lines
or arcs.

Such recipe (C0,w) is then passed to Trajectory Compilation (section 4.1.3), which
converts human-readable trajectory description C0,w to the machine-readable form
PM,w, what is a sequence of 6-DOF1 points to be visited by manipulator using
point-to-point motion (PTP).

Module Executing Predefined Trajectory and Sensor Sampling (section 4.1.4)
sequentially processes the given list of points PM,w. At each item, the module sets
end-point of manipulator to the pose pM,w over its C# Driver (section 4.1.2) and
waits for the confirmation. Reaching the desired pose is confirmed by sending true
pose of robot pM,r back to the software. At this time, the module asks for data from
2D laser scanner (dL and IR) and/or for data from colour camera IC and thermal
imager IT (also through their C# drivers). Which data shall be collected in each
pose is also part of trajectory definition PM,w.

Captured profiles DL are then passed to the module of Homogeneous Transfor-
mations (section 4.1.5), which transforms measured distance profiles in coordinate
system 𝐿 to the world coordinate system 0. Result of this process is G, the structure
similar to the point-cloud.

Since mesh representation of 3D data is more illustrative then point-clouds, the
Mesh Generation module (section 4.1.6) was developed, which processes G to the
form of shaded 3D model of surface (M).

Such model is further processed in Image Mapping block (section 4.1.7), where
several additional layers are added. In resulting multi-layered model M*, each point
contains, in addition to its position itself, also the temperature, colour and roughness
index. These values are computed by projecting sequences {IC}, {IT} and {IR} on
the 3D surface.

Finally, the model M* is stored in File Saving module (section 4.1.8) to the file
F in author’s own format for further analyzing.

To eliminate unwanted 3D model distortions and errors in mapping of colour
and thermal information on the surface, two calibration procedures were developed.

The projection of points captured in coordinate system 𝑆 to the world coordi-
nate system 0 is significantly influenced by TES, defining position of laser scanner
relatively to the end-point of robotic manipulator. Since inaccuracies in TES causes

1Six degrees of freedom. In context of points, it means that point in space is described with 6
coordinates – 3 Cartesian coordinates to define a spatial location and 3 rotational coordinates in
RPY notation to define the orientation of object in this location (e.g. manipulator end-point pose,
camera direction of view, etc.).
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several distortions of object, it is necessary to know this transformation very accu-
rately. Evaluation of TES is a purpose of Laser Scanner Calibration method (section
4.1.9).

Similarly, the correct mapping of 2D images on the surface of 3D model is sub-
ject to accurate knowledge of cameras position relatively to the laser scanner (TSC

and TST) and their intrinsic parameters (EC and ET). With evaluation of these
parameters deals Mutual Calibration of Cameras (section 4.1.10).

4.1.1 Hardware and Network

The hardware part of RoScan is com-
posed from five main components – the
robotic manipulator, 2D planar laser
scanner, RGB colour camera, thermal
camera and main computer, which are
connected together both mechanically
(Fig. 4.1) and through the network.

Communication is realized using the
Ethernet interfaces, which all the devices
are disposing with. The network topol-
ogy is of Star Network type [199], with
devices connected to the Gigabit Ethernet Switch, allowing communication between
manipulator, sensors and main computer.

Workplace with RoScan is shown in Fig. 4.3. Robotic manipulator (a) is attached
to the work table (b), equipped with lockable wheels allowing the whole device to
be moved between different places.

Robot ordinarily executes program written in manufacturer-designed scripting
language (SPEL+) and uploaded into the Controlling Unit (c) before starting the
operation. Since this doesn’t allow the flexible reaction on external events received
from surrounding systems, real-time controlling of robot, presented in [200], was
implemented.

There is a SPEL+ programme which receives commands over TCP/IP and per-
forms desired actions. On the other side of Ethernet link, there is a C# driver which
receives requests over its interface and transmits commands to the SPEL+ program.
The real-time manipulator controlling (by C# application) from main computer (e)
is then empowered.

Robotic manipulator moves with sensoric head (f), equipped with 2D laser scan-
ner, colour camera and thermal imager, along the predefined trajectory. The process
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Fig. 4.3: Overview of RoScan system workplace: a – robotic manipulator, b – solid
work table, c – controlling unit, d – operator screen with GUI, e – main computer,
f – sensoric head, g – patient, h – operator.

of patient’s body (g) scanning is commanded by operator (h) using controlling GUI
(d).

Using of manipulator with at least 6 degrees of freedom empowers flexible posi-
tioning in entire operation area and brings required flexibility to the system. Because
of this, it will be possible to measure all parts of human body. In Fig. 4.4, there
are some of possible configurations of robot during scanning various parts of body.

In our experimental setup, we use the 6-axis industrial manipulator EPSON C3,
which is reaching accuracy of end-point placement Δ𝑀 = ±0.013 mm [201]. Besides
perfect accuracy, it disposes with fast speed and sufficient operational range.

To gain data for 3D surface generation, we use planar proximity 2D laser scanner
MicroEpsilon ScanCONTROL2750-100. Since it is based on triangulation principle
[35], it deals with high accuracy of Δ𝑆 = ±0.027 mm [202].

Fig. 4.4: Flexibility of use – some of possible configurations of robot during scanning
various parts of body.
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Sensoric head is also equipped with LWIR thermal camera Xenics GOBI1954
with resolution 384 × 288 pixels, pixel pitch 25 µm and spectral response fo wave-
length range 8 − 14 µm [203]. There is also a colour camera ImagingSource DFK
51BG02.H with resolution 1600 × 1200 pixels and 1/1.8′′ Sony CCD chip [204].

Fig. 4.5: Detail of RoScan sensoric head with 2D laser scanner (left), thermal imager
(middle) and RGB color camera (right).

All the sensors mounted on the robotic manipulator’s end-point are shown in
Fig. 4.5. This sensor combination has been tested and assessed as suitable for body
scanning in high resolution, but it is important to say, that entire solution of RoScan
system is independent on used components. User can easily change any device with
another. The chosen combination of sensors finally defines the resolution of scanning
and other qualitative parameters, but the principle will stay the same.

4.1.2 Drivers for Control of Devices and Available Data

To maintain the system to be indepen-
dent of the used components, it is neces-
sary to define standard interface for ma-
nipulator and sensors. Because each de-
vice has its own controlling mechanism,
the C# driver has been created for all
components implementing the same in-
terface.

This common approach allows sim-
ple changing of device with another one,
since in such case, it is necessary to cre-
ate the new C# driver only.
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Robotic Manipulator

Manipulator’s driver is used to command the robot to desired pose pM,w. As a
response, the real coordinates pM,r are sent back as a an acknowledgement when the
pose is reached. Both pM,w and pM,r are vectors, describing position and orientation
of manipulator’s end-point as 6-DOF point:

pM = [𝑥 𝑦 𝑧 𝑢 𝑣 𝑤]𝑇 (4.1)

where 𝑥, 𝑦 and 𝑧 are spatial coordinates along the respective axes, 𝑢 is rotation
around original Z axis, 𝑣 is rotation around newly created Y’ axis and 𝑤 is rotation
around newly created Z” axis.

Difference between desired and real position depends on selected precision of
robot movement and it influences the overall speed of robot (better precision cause
lower speed). In our application, we use the maximal precision, so real and desired
coordinates are usually the same in order of micrometers or differing in units of µm2.
Speed limitation is not important since the robot is still faster than some sensors.

2D Laser Scanner

Driver of 2D laser scanner ensures triggering of measuring process and reading out
of data. Distance data dL are given as vector of distances along measuring profile:

dL = [𝑑L,0 𝑑L,1 . . . 𝑑L,N-1]𝑇 (4.2)

where 𝑁 is number of points in single profile and 𝑑L,i is distance of point from
scanner origin relevant to angle of view 𝛼L,i:

𝛼L,i = 𝑖
𝛼FOV

𝑁
− 𝛼FOV

2 (4.3)

where 𝛼FOV is angular field of view of laser scanner. In our setup, 𝛼FOV =
13.56 deg and 𝑁 = 640 [202].

Besides vector dL, also another results are available. Laser scanners, working on
triangulation principle evaluate measured distance from position of diffusely reflected
laser light replicated on a sensor array by a high quality optical system [33, 202].
But among this, also intensity of reflected light and width of beam can be measured.

As shown in Fig. 4.6, the intensity of reflected light refers to lightness or bright-
ness of surface colour, and reflection width refers to roughness of surface.

2The position of robot end-point is computed from internal encoders disposing with great res-
olution (up to 5.31 · 10−6deg/pulse) using forward kinematics [62], but be aware, that this does
not include the deformation of manipulator’s arms caused by limited stiffness of the material. But
the manufacturer declare, that even if using the maximal allowed payload, the true position of
end-point stay in sphere with radius of Δ𝑀 = ±0.013 mm from the specified location [201]
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Fig. 4.6: Visualization of surface data, reflected intensity and reflection width of
different materials - from left: two smooth plastic films, metallic polished surface
with engraved letters and transparent tape on paper.

Smooth surfaces reflects narrow beam, so they are darker coloured than back-
ground paper, which is more coarse and so reflects wider beam. The dependence of
beam width on smoothness clearly illustrates engraved letter on metallic surface or
the transparent plastic film in right (they causes changes in reflected width, but no
changes in intensity image). The widths of beams relevant to each measured point
are provided as vector IR of same dimensions as dL.

The intensity of reflected beam refers to the brightness, but it has to be pointed
out, that it refers to amplitude of particular frequency of laser emitter, not to
lightness as is visible by eye. It is clear on two colored plastic films on the left: even
though both objects appear similarly dark in visible spectrum, the reflected intensity
is different. First one is black, what means that this surface absorbs all frequencies
including red, what is the color of laser beam, so, the reflected intensity is low.
Second one is blue, what means, that blue frequency is dominant in reflected light,
but also other frequencies are present since the color is not exactly monochromatic.
Presence of red frequency causes higher value of reflected intensity than at black
material.

Because the brightness is also available in colour camera image and even for
wider spectrum of frequencies, this information is not very useful. From this reason,
we are not describing its processing in following text, even it is done so and it is
available in resulting 3D models.

Color Camera and Thermal Imager

Color camera and thermal imager drivers serve for triggering the measurements and
reading out the captured images IC and IT, what are two dimensional matrices
containing the colour of each pixel, respectively the temperature relevant to each
pixel given in degrees of Celsius.
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4.1.3 Trajectory Definition and Compilation

Even though the robot allows more so-
phisticated modes of movement, the ba-
sic point-to-point (PTP) is used, due to
simple and secure time-synchronization
of data (which is further described more
in following section).

From this reason, the trajectory shall
be defined as a sequence PM,w of manip-
ulator’s poses pM,w, extended by column
of values 𝑆, defining what data shall be
saved at each pose.

The structure of PM,w is then

PM,w =
⎡⎣ pM,w0 pM,w1 pM,w2 . . .

𝑆0 𝑆1 𝑆2 . . .

⎤⎦𝑇

(4.4)

where pM,w𝑖 is 𝑖-th pose of trajectory and 𝑆𝑖 is instruction what to save, defined
as:

𝑆𝑖 = {𝑡 | 𝑡 ∈ {‘L’, ‘C’, ‘T’}} ∨ ∅ (4.5)

where ‘L’ are laser scanner’s data, ‘C’ are data from colour camera and ‘T’ is
thermal image.

In order to make entire system user-friendly, desired trajectory is not written
in form of PM,w directly, but it is defined in a scripting form C0,w, which is more
comprehensible and human-readable.

For this purpose, the own simple scripting language was defined, containing basic
geometric primitives, which the trajectory can be composed of. Full syntax of this
scripting language can be found in Appendix B.

The application called Trajectory Manager (Fig. 4.7) was developed, which
handles with the code written in our own scripting language and also encapsulates
Trajectory Compiler, converting our scripts to the PM,w form.

User defined trajectories written in this scripting language are stored in the
text files with *.3dtraj extension. If script passes the syntax checking procedure,
it can be compiled to the PM,w form and saved to the trajectory storage of main
program, from which can be executed. Trajectory Manager is also launched from
main program.

58



The Check Syntax module not just check right syntax of code, but also deter-
mines purpose of syntax error, like a missing semicolons, brackets, wrong number of
parameters, parameters out of permitted range, undefined point references, etc.

Fig. 4.7: User interface of Trajectory Manager tool.

4.1.4 Executing Predefined Trajectory and Sensor Sampling

The execution of desired trajectory is re-
alized through the simple deterministic
finite state machine [205], cyclically per-
forming following algorithm. The au-
thor is aware, that this solution may slow
down the entire process, because only one
component is active at each time, but
this disadvantage is redeemed by bene-
fits, since time synchronization of cap-
tured data is then simple and secure,
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even if the TCP/IP over Ethernet is naturally a non-deterministic communication
[206].

The following steps are taken for each row [pM,w 𝑆]i of trajectory PM,w:
1. Command the robotic manipulator to go to pose pM,w.
2. Wait until robot had reached the pose and confirmed it by sending pM,r.
3. If 𝑆 has flag ‘L’, command laser scanner to provide data and wait for response.

When data dL and IR fully arrived, save them to the lists DL and {IR}.
4. If 𝑆 has flag ‘C’, command colour camera to provide data and wait for response.

When data IC fully arrived, save them to the list of images {IC}.
5. If 𝑆 has flag ‘T’, command thermal imager to provide data and wait for re-

sponse. When data IT fully arrived, save them to the list of images {IT}.
6. Add pM,r to the list of real trajectory PM,r.
7. Continue with next row [pM,w 𝑆]i+1

This approach ensures, that manipulator is already in its position when data
capturing started and also that it has not leaved it until the data are fully captured
and saved.

4.1.5 Homogeneous Transformations

The module of homogeneous transforma-
tions perform aligning of data, measured
by 2D laser scanner, into the world coor-
dinate system 0. Using knowledge from
which position and with which orienta-
tion of sensoric head the data had been
captured, the real position of measured
profile in world coordinates can be un-
ambiguously evaluated.

The input to the module is a list of
manipulator’s poses PM,r and list of mea-
sured profiles DL, both having the same length. The next required parameter is TES,
the position of laser scanner relative to manipulator’s end-point (which is more dis-
cussed in section 4.1.9).

Since the transformation process of single point is not dependent on the others,
the module is not waiting until all data are captured, but starts with conversion
immediately with first available rows of DL and PM,r. This processing pipelining
[207] is used also in following Mesh Generation block, what allows faster throughput
and empowers the possibility of having 3D shaded model M already computed at
the end of scanning.

60



Fig. 4.8: Overview of manipulator and scanner (left), with detail of laser scanner
(right) and with focus on used coordinates systems: (0) world axes, (M) manipulator
axes, (E) manipulator’s end-point axes, (S) laser scanner axes, (L) laser emitter axes,
(a) scanned object, (b) laser scanner, (c) robotic manipulator.

Let’s divide entire system into particular systems, where each of them has its
own coordinate system (Fig. 4.8). System 0 is world coordinate system in which
measurement results should be presented. System 𝑀 is own coordinate system of
manipulator. Its origin is placed in the centroid of bottom mounting plate. System
𝐸 is system with origin at the manipulator’s end-point. System 𝑆 is coordinate
system of laser scanner and finally, system 𝐿 is system of measuring laser beam
emitter3.

Introducing homogeneous coordinates [52], the point in 𝐿 can be transformed to
point in 0 as follows:

pH
0 = H0LpH

L (4.6)

where pH
0 is point in three-dimensional coordinate system 0 expressed using ho-

mogeneous coordinates, pH
L is such a point in system 𝐿 and H0L is homogeneous

transformation matrix performing transformation from 𝐿 to 0.
Entire homogeneous transformation H0L from measured values to point in default

coordinate system could be defined as sequence of essential transformations between
neighbour coordinate systems:

H0L = H0MHMEHESHSL (4.7)

where HAB in homogeneous transformation matrix between coordinate system
𝐴 and 𝐵.

3The origin of coordinate system 𝐿 is the same as of coordinate system 𝑆. In Fig. 4.8, it is
shifted only for clarity of drawing.
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In following text, detailed description of homogeneous transformation matrices
between each neighbour systems are presented, as same as transformation of each
measured distance 𝑑L,i to homogeneous coordinates pH

L .
Equation 4.6 can be then applied to each measured distance 𝑑L,i, when relevant

pH
0 is produced. These partial results are then arranged to output structure G (eq.

4.14), what is an array of same dimensions as DL, but each scalar 𝑑L is replaced with
vector g, what is a projection of 𝑑L to world coordinate system 0. This structure is
then passed to Mesh Generation.

During measurement, the situation when no value is measured at particular 𝛼L,i

may occur (e.g. distance is not in measuring range). In such cases, the laser scanner
returns NaN4. As a convention, the Homogeneous Transformation block produces
vector g with all coordinates equal to NaN. In further text, such vector is noted as
gNaN.

Transformation from Measured Point to Laser Emitter

Let’s have point pH
L , which distance from laser emitter inside laser scanner has been

measured by laser beam. Its homogeneous coordinates in emitter coordinate system
𝐿 are:

pH
L =

[︁
0 0 𝑑L,i 1

]︁𝑇
(4.8)

where 𝑑L,i is distance of point from laser emitter. This value is returned by laser
scanner, together with measuring angle 𝛼L,i.

Fig. 4.9: Coordinate system L Fig. 4.10: Coordinate system S [202]

4Not-a-Number, the value, reserved in floating point data structures for situation, when equation
is not enumerable.
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Transformation from Laser Emitter to Scanner (HSL)

There is a sweeping mechanism, which rotates with this laser source in 𝑥𝑧 plane of
laser scanner’s coordinate system 𝑆 (Fig. 4.10).

Because system 𝐿 is system 𝑆 rotated along 𝑦 axis by angle 𝛼L,i, homogeneous
transformation between coordinate systems 𝐿 and 𝑆 is defined by matrix HSL:

HSL = Rot𝑦 (𝛼L,i) =

⎡⎢⎢⎢⎢⎢⎣
cos(𝛼L,i) 0 𝑠𝑖𝑛(𝛼L,i) 0

0 1 0 0
−𝑠𝑖𝑛(𝛼L,i) 0 cos(𝛼L,i) 0

0 0 0 1

⎤⎥⎥⎥⎥⎥⎦ (4.9)

where 𝛼L,i is instant deviation from 𝑧 axis in 𝑥𝑧 plane of coordinate system 𝑆

and is also returned by laser scanner.

Transformation from Scanner to End-Point (HES)

This laser scanner is mounted on the manipulator’s end-point. Centroid of manip-
ulator’s end-point defines origin of coordinate system 𝐸. Position and orientation
of laser scanner at end-point is described by TES (more discussed in section 4.1.9),
which is defined as:

TES = [𝑥𝑡 𝑦𝑡 𝑧𝑡 𝑢𝑡 𝑣𝑡 𝑤𝑡]𝑇 (4.10)

where 𝑥𝑡, 𝑦𝑡 and 𝑧𝑡 is translation of system 𝑆 in system 𝐸 along appropriate axis,
𝑢𝑡 is roll, 𝑣𝑡 is pitch and 𝑤𝑡 is yaw of system 𝑆 in coordinate system 𝐸.

Homogeneous transformation matrix of TES is then combination of translation
in all axes and rotation described by RPY model [63]:

HES = Trans (𝑥𝑡, 𝑦𝑡, 𝑧𝑡) Rot𝑧 (𝑢𝑡) Rot𝑦 (𝑣𝑡) Rot𝑥 (𝑤𝑡) =⎡⎢⎢⎢⎢⎢⎣
𝑐(𝑢𝑡) 𝑐(𝑣𝑡) 𝑐(𝑢𝑡) 𝑠(𝑣𝑡) 𝑠(𝑤𝑡) − 𝑐(𝑤𝑡) 𝑠(𝑢𝑡) 𝑠(𝑢𝑡) 𝑠(𝑤𝑡) + 𝑐(𝑢𝑡) 𝑐(𝑤𝑡) 𝑠(𝑣𝑡) 𝑥𝑡

𝑐(𝑣𝑡) 𝑠(𝑢𝑡) 𝑐(𝑢𝑡) 𝑐(𝑤𝑡) + 𝑠(𝑢𝑡) 𝑠(𝑣𝑡) 𝑠(𝑤𝑡) 𝑐(𝑤𝑡) 𝑠(𝑢𝑡) 𝑠(𝑣𝑡) − 𝑐(𝑢𝑡) 𝑠(𝑤𝑡) 𝑦𝑡

−𝑠(𝑣𝑡) 𝑐(𝑣𝑡) 𝑠(𝑤𝑡) 𝑐(𝑣𝑡) 𝑐(𝑤𝑡) 𝑧𝑡

0 0 0 1

⎤⎥⎥⎥⎥⎥⎦
(4.11)

where 𝑐(𝑥) = 𝑐𝑜𝑠(𝑥) and 𝑠(𝑥) = 𝑠𝑖𝑛(𝑥).

Transformation from End-Point to Manipulator (HME)

Actual position of manipulator’s endpoint (eg. origin of system 𝐸) is placed inside
own manipulator’s coordinate system 𝑀 . This transformation is defined by current
pose of manipulator pM,r, which structure was described in eq. 4.1.
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Homogeneous transformation matrix from system 𝑀 to 𝐸 is once again combi-
nation of translation in all axes and rotation described by RPY model [63]:

HME =

⎡⎢⎢⎢⎢⎢⎣
𝑐(𝑢) 𝑐(𝑣) 𝑐(𝑢) 𝑠(𝑣) 𝑠(𝑤) − 𝑐(𝑤) 𝑠(𝑢) 𝑠(𝑢) 𝑠(𝑤) + 𝑐(𝑢) 𝑐(𝑤) 𝑠(𝑣) 𝑥

𝑐(𝑣) 𝑠(𝑢) 𝑐(𝑢) 𝑐(𝑤) + 𝑠(𝑢) 𝑠(𝑣) 𝑠(𝑤) 𝑐(𝑤) 𝑠(𝑢) 𝑠(𝑣) − 𝑐(𝑢) 𝑠(𝑤) 𝑦

−𝑠(𝑣) 𝑐(𝑣) 𝑠(𝑤) 𝑐(𝑣) 𝑐(𝑤) 𝑧

0 0 0 1

⎤⎥⎥⎥⎥⎥⎦
(4.12)

where 𝑐(𝑥) = 𝑐𝑜𝑠(𝑥) and 𝑠(𝑥) = 𝑠𝑖𝑛(𝑥), 𝑥, 𝑦 and 𝑧 is actual position of manipu-
lator’s end-point in own manipulator’s coordinate system 𝑀 , 𝑢 is its roll, 𝑣 is pitch
and 𝑤 is yaw.

Transformation from Manipulator to Default System (H0M)

The coordinate system of manipulator 𝑀 is placed inside a default coordinate system
0, which we want to transform measured points into. The homogeneous transfor-
mation from system 0 to 𝑀 is H0M. In our case, system 0 is identical with system
𝑀 . If it is not, another matrix similar to HME can be used.

Notation Related to Homogeneous Transformations

Each transformation TAB in form (4.10) can be transformed to homogeneous trans-
formation matrix HAB using (4.11). Because such conversions are common in further
text, we will use following simplifying notation:

HAB = ℋ(TAB) TAB = ℋ−1(HAB) (4.13)

where ℋ is operation of converting transformation TAB to matrix HAB.

4.1.6 Mesh Generation

Mesh Generation module processes mea-
sured pseudo point-cloud G to form
of three-dimensional shaded model M.
This process consists in determination of
triples of nearest points on the surface,
which can be connected into the triangle,
what is an essential primitive of graphic
devices [208].

In the RoScan system, two different
methods are used, selectable in main set-
tings of the system. First is a Delaunay
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Triangulation [209], a common mesh generation method, which is usable for totally
unorganized sets of points [68], what brings wide range of use. Its limitation is,
that density of points must be very high, otherwise the surface can be wrongly in-
terpreted [210]. It is also computationally demanding, what makes it significantly
slow. From these reasons, this method is used rarely, just in cases, where measured
sample is a complex non-convex object or it is composed of overlapping scans or of
many unconnected parts. It is applied only if second method fails.

The second method is used as default, and even it is very simple, in most oc-
casions works well. Usually, the scanned sample is solid one-piece object without
any complicated cavities, captured using simple and straightforward trajectory. For
these purposes, significantly faster method was developed, which is based on poly-
hedral terrain model [68]. It uses not only pure point-cloud data, but also additional
information about order, in which they were scanned, and which point of scanning
trajectory they were scanned from.

Input structure G is a set of data similar to point-cloud, but they are not totally
unordered like point-cloud generally is, since they are sorted to the profiles and these
profiles are sorted along scanning trajectory:

G =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

g0,0 g0,1 . . . g0,j . . . g0,n-1

g1,0 g1,1 . . . g1,j . . . g1,n-1
... ... . . . ... ...

gi,0 gi,1 . . . gi,j gi,n-1
... ... . . . ...

gm-1,0 gm-1,1 . . . gm-1,j . . . gm-1,n-1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.14)

where gi,j is 3D point (Cartesian vector), 𝑖 is the number of profile and 𝑗 is the
number of sample in profile.

Output mesh M is set of vertices v and indices i [211]:

M = {v, i} (4.15)

where vector v is a list of all captured 3D points decomposed from matrix G:

v = [g0,0 g0,1 . . . g0,n-1 g1,0 . . . g1,n-1 . . . gm-1,0 gm-1,1 . . . gm-1,n-1]𝑇 (4.16)

Vector of indices i defines how the vertices v are connected to the triangles. The
values of i are indices pointing to v, when each 3 items define a single triangle.
Generating mesh M means mainly evaluating the vector i.

If object meets preconditions defined above, each of its particular small areas of
surface can be considered as terrain map projected into the plane perpendicular to
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direction where scanner looks at. And in this view, the nearest neighbours on the
surface are points, which were scanned just in sequence, one after another.

If we also define scanning trajectory in a way, that its tangent is always perpen-
dicular to measuring plane of laser scanner, the nearest neighbours on the surface
are also points, which were scanned with same ordering number in two subsequently
captured profiles. This condition is satisfied in most cases, because in most cases it
is the trajectory with best view to object.

From these two findings about neighbours, we can formulate indices vector i as:

i = [𝑡(0, 0) 𝑡(0, 1) . . . 𝑡(0, 𝑛-2) 𝑡(1, 0) . . . 𝑡(𝑚-2, 0) 𝑡(𝑚-2, 1) . . . 𝑡(𝑚-2, 𝑛-2)]𝑇

(4.17)
where triangulation function 𝑡(𝑖, 𝑗) is defined as:

𝑡(𝑖, 𝑗) = [𝑡1(𝑖, 𝑗) 𝑡2(𝑖, 𝑗) 𝑡3(𝑖, 𝑗) 𝑡4(𝑖, 𝑗)] (4.18)

𝑡1(𝑖, 𝑗) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡⎢⎢⎢⎢⎣
𝑖𝑛+𝑗

𝑖𝑛+𝑗+1
(𝑖+1)𝑛+𝑗

⎤⎥⎥⎥⎥⎦ gi,j ̸= gi,j+1 ̸= gi+1,j ̸= gNaN

∅ otherwise

(4.19)

𝑡2(𝑖, 𝑗) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡⎢⎢⎢⎢⎣
𝑖𝑛+𝑗+1

(𝑖+1)𝑛+𝑗+1
(𝑖+1)𝑛+𝑗

⎤⎥⎥⎥⎥⎦ gi,j+1 ̸= gi+1,j+1 ̸= gi+1,j ̸= gNaN

∅ otherwise

(4.20)

𝑡3(𝑖, 𝑗) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡⎢⎢⎢⎢⎣
𝑖𝑛+𝑗

𝑖𝑛+𝑗+1
(𝑖+1)𝑛+𝑗+1

⎤⎥⎥⎥⎥⎦
𝑡1(𝑖, 𝑗) = ∅ ∧ 𝑡2(𝑖, 𝑗) = ∅∧

gi,j ̸= gi,j+1 ̸= gi+1,j+1 ̸= gNaN

∅ otherwise

(4.21)

𝑡4(𝑖, 𝑗) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡⎢⎢⎢⎢⎣
𝑖𝑛+𝑗

(𝑖+1)𝑛+𝑗+1
(𝑖+1)𝑛+𝑗

⎤⎥⎥⎥⎥⎦
𝑡1(𝑖, 𝑗) = ∅ ∧ 𝑡2(𝑖, 𝑗) = ∅∧

gi,j ̸= gi+1,j+1 ̸= gi+1,j ̸= gNaN

∅ otherwise

(4.22)

At first, we are creating triangles 𝑡1(𝑖, 𝑗) and 𝑡2(𝑖, 𝑗) and only if both of them
contain gNaN, what causes that no triangle is created, we are trying to find 𝑡3(𝑖, 𝑗) and
𝑡4(𝑖, 𝑗). Such condition guarantees no overlapping triangles, since each quadrilateral
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covers just two triangles. Mesh grid created using this method is shown in Fig. 4.11
with blue triangles created in first step (𝑡1(𝑖, 𝑗) or 𝑡2(𝑖, 𝑗)) and red triangles created
in second step (𝑡3(𝑖, 𝑗) or 𝑡4(𝑖, 𝑗)).

Fig. 4.11: Illustration of mesh structure generated by second algorithm. The blue
triangles are generated normally, when the red are created only in case of no one
generated using the normal way.

Using this algorithm (or using Delaunay trangulation) the entire scanned data
are not processed together, since there can be several different surfaces scanned
during one trajectory. As a reason of this, PM,w is used in this block for dividing
scanned data to partial surfaces. The algorithm looks in PM,w for sequences, where
‘L’ /∈ 𝑆i (e.g. the poses where scanner was switched off), what is considered as
delimiter. The scanned data DL are then divided to several parts, from which the
meshes are generated separately by methods mentioned above.

4.1.7 Image Mapping

This section describes merging procedure
of 3D mesh data and arbitrary 2D im-
ages taken from known location and with
known orientation. Even if developed for
RoScan, inferred algorithms are applica-
ble to general digital 3D model of object
and general 2D images. In this case, it is
only necessary to standardize inputs ac-
cording to the instructions in Appendix
C.
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Using this method (further referred to as 𝑓2Dmap), thermal images IT and colour
images IC are mapped onto surface of M. The output of Image Mapping module
is multi-layer shaded 3D model M*, containing several additional informations per
each point of surface, which can be described as:

M* = {v, i, r, c, t, cH, tH} (4.23)

Description and evaluation of each vector extending M is described in following
text.

Major part of text in this section is taken from the author’s publication [212].
Differences between wording of this text and the paper are more for the sake of text
consistency than to bring new information.

Introductory Definitions

Proper image alignment of 2D image on the 3D surface can be achieved when follow-
ing parameters are properly known. The precision of image mapping is then defined
by precision, which these parameters are known with:

• Location of camera origin in space (vector pfrom)
• Direction of camera view (unit vector 𝑑to)
• Direction defining “up” in camera image (unit vector 𝑑up , perpendicular to

𝑑to)
• Camera angle of view in horizontal (𝛿H) and vertical (𝛿V) dimension (in radi-

ans)
• Focal distance of camera optics (scalar 𝑓c)
• Number of values (resolution) in output thermal image in horizontal (𝑤I) and

vertical (ℎI) dimension
Because the following equations are the same for both thermal camera 𝑇 and colour
camera 𝐶, we will be noting general camera as 𝐾, as same as its coordinates systems.

Assuming camera coordinate system 𝐾 (Fig. 4.25), the first three arguments in
the list above, vectors pfrom, 𝑑to and 𝑑up, can be obtained as follows:

pH
from = H0K0⃗ (4.24)
𝑑H

to = H0K�⃗� − pH
from (4.25)

𝑑H
up = H0K�⃗� − pH

from (4.26)

where �⃗� is unit Z vector, �⃗� is unit Y vector, 0⃗ is zero vector and H0K is:

H0K = H0MHMEHESHSK = H0Mℋ(pM,r)ℋ(TES)ℋ(TSK) (4.27)
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It means, that accuracy of image mapping is influenced mainly by constant
parameters TES and TSK, which both are evaluated during calibration (sections
4.1.9 and 4.1.10). The precision of measurement of manipulator’s pose has also
an effect, but it is not too important, because its accuracy is on the same level as
accuracy of entire 3D model.

The rest of arguments in the list above are intrinsic parameters of camera [213,
214], which are also evaluated using Mutual Calibration of Cameras provided here.

Computing Prerequisites

For a following computations, there are some prerequisites, which can be computed
once per mapped image (Figure 4.12). Such values are further used in following
parts of algorithm.

Fig. 4.12: Illustrating meaning of main variables from image mapping algorithm.
Red variables are positional vectors, blue variables are directional vectors and green
values are scalars.
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Position of thermal image located in a real coordinates is defined by its top-left
(pTL), top-right (pTR), bottom-left (pBL) and bottom-right (pBR) corners, which
can be computed as:

pTL = 𝑓c · 𝑑to + 𝑑CU + 𝑑CL + 𝑑shift (4.28)
pTR = 𝑓c · 𝑑to + 𝑑CU − 𝑑CL + 𝑑shift (4.29)
pBL = 𝑓c · 𝑑to − 𝑑CU + 𝑑CL + 𝑑shift (4.30)
pBR = 𝑓c · 𝑑to − 𝑑CU − 𝑑CL + 𝑑shift (4.31)

where vectors 𝑑CU and 𝑑CL points from centre of image to the up or left of image.
Both vectors are shortened by one half of pixel size, since each pixel represents
average colour in its surface:

𝑑CU =
(︃

𝑑up · tan𝛿𝑉

2 ·
⃒⃒⃒
𝑓c𝑑to

⃒⃒⃒)︃ (︂
1 − 1

ℎI

)︂
(4.32)

𝑑CL =
(︃

𝑑left · tan𝛿𝐻

2 ·
⃒⃒⃒
𝑓c𝑑to

⃒⃒⃒)︃ (︂
1 − 1

𝑤I

)︂
(4.33)

𝑑left = norm
(︁
𝑑up × 𝑑to

)︁
(4.34)

Vector 𝑑shift describes shift of principal point in horizontal (𝑤shift) and vertical
(ℎshift) direction. It is based on one of intrinsic parameters and is defined as:

𝑑shift = ℎshift · ℎpx · 𝑑up + 𝑤shift · 𝑤px · 𝑑left (4.35)

Size of single pixel in horizontal (𝑤px) and vertical (ℎpx) dimension can be derived
as follows:

𝑤px = 2

(︁
tan 𝛿𝐻

2 ·
⃒⃒⃒
𝑓c𝑑to

⃒⃒⃒)︁
𝑤I

ℎpx = 2

(︁
tan 𝛿𝑉

2 ·
⃒⃒⃒
𝑓c𝑑to

⃒⃒⃒)︁
ℎI

(4.36)

Single Image Temperature Mapping

The main idea of image mapping algorithm is in tracing of rays [215] from camera
origin pfrom to each point g of scanned 3D model. Because the ray tracing itself is
very computationally demanding procedure, we are gradually eliminating vertices
g, which are clearly out of the view. For each vertex g of 3D model M, following
steps are taken:
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Step 1. Checking Point Visibility As a first step, we are checking, if the point
g is within the camera’s field of view.

Firstly, we are checking, if the ray 𝑑g = g − pfrom (pointing from camera origin
to examined point) intersects the plane, in which the image lays5. If there is an
intersection point (gI), we are continuing the algorithm. Otherwise, we skip following
steps and continue with step 1 for next point of 3D model.

Next, we check, if gI lays within image rectangle. This is true, when all following
conditions are fulfilled [216]:

norm (pBR − pBL) · norm ( gI − pfrom − pBL) > 0 (4.37)
norm (pTR − pBR) · norm ( gI − pfrom − pBR) > 0 (4.38)
norm (pTL − pTR) · norm ( gI − pfrom − pTR) > 0 (4.39)
norm (pBL − pTL) · norm ( gI − pfrom − pTL) > 0 (4.40)

Otherwise, we skip again.

Step 2. Checking 3D Model Crossing Fulfilling conditions above is not suffi-
cient to determine if point is directly visible, since there can be a part of 3D model,
behind which the point is hidden. From this reason, we shall check, if ray 𝑑g inter-
sects 3D model or not.

The easiest way to find the intersection is to check, if ray 𝑑g intersects any of
triangles, which 3D model composes from. For checking ray-triangle intersection,
the algorithm of [217] is used.

Algorithm iterates throughout all the triangles6. When all triangles are checked
without the intersection, the point g is directly visible from pfrom and we continue
with last step. When single ray-triangle intersection is found, the iterating is stopped
immediately and we skip.

Step 3. Mapping Value to Point When direct visibility is proved, value (tem-
perature or colour) for the point is computed as linear interpolation between 4
nearest neighbouring pixels, taking into account distance from intersection gI to
them.
Indices (horizontal index ℎ and vertical index 𝑣) of nearest pixel from gI in top-left
direction are determined as follows:

5 the plane is defined by arbitrary three points from image corner points pTL, pTR, pBL, pBR.
6Author is aware about computational demands of iterating through all the triangles. From

this reason, the optimization is incorporated and described in following text.
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ℎ = floor (𝑑H/𝑤px) (4.41)
𝑣 = floor (𝑑V/ℎpx) (4.42)

𝑑H = |norm (pBL − pTL) × (gI−pfrom − pTL)| (4.43)
𝑑V = |norm (pTL − pTR) × (gI−pfrom − pTR)| (4.44)

Distance of intersection gI from this pixel (expressed as percentage of pixel size)
in horizontal (𝑥H) and vertical (𝑥V) direction is:

𝑥H = (𝑑H mod 𝑤px)/𝑤px (4.45)
𝑥V = (𝑑v mod ℎpx)/ℎpx (4.46)

The value (color or thermal) 𝑡g belonging to the point g is then interpolated
from values of neighbouring pixels 𝑡ℎ,𝑣, 𝑡ℎ+1,𝑣, 𝑡ℎ,𝑣+1 and 𝑡ℎ+1,𝑣+1:

𝑡g = 𝑓interp
(︁
𝑓interp (𝑡ℎ,𝑣, 𝑡ℎ,𝑣+1, 𝑥H) , 𝑓interp (𝑡ℎ+1,𝑣, 𝑡ℎ+1,𝑣+1, 𝑥H) , 𝑥V

)︁
(4.47)

where interpolation function 𝑓interp is:

𝑓interp (𝑡1, 𝑡2, 𝑑) = (1 − 𝑑) * 𝑡1 + 𝑑 * 𝑡2 (4.48)

At last, the value is added to the list of values cH, respectively tH, what is a
structure of same dimension as v, when each item is a list of values belonging to
the vertex. Number of values in this list is the number of images, on which the
particular point is visible.

Combining More Overlapping Images

Image mapping procedure from previous section assigns image-related value to each
point, which is visible on it. When more overlapping images are mapped, the more
values 𝑡g are assigned to one point g of 3D model, e.g. the length of at least one
item of cH, respectively tH, will be larger than 1.

In such cases, the final value belonging to point is computed as an average of all
particular values:

t = [𝑡0 𝑡1 𝑡2 . . . ] 𝑡i = avg(tH,i) (4.49)
c = [𝑐0 𝑐1 𝑐2 . . . ] 𝑐i = avg(cH,i) (4.50)
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Optimizing Algorithm Performance

Even if the algorithm for checking ray-triangle intersection [217] is very fast, iterating
throughout entire set of triangles is significantly slow.

The execution time of procedure can be distinctly decreased by hierarchical struc-
ture, allowing to not check triangles, which are far away from the ray. Presented
algorithm uses modification of Octree data structure, allowing partitioning of 3D
space, recursively subdividing it into eight octants [218, 219].

The minimal rectangular spatial area aligned with axes into which the model
extents is divided to the number of same-sized cubes. Triangles of 3D model are
classified into the cubes according to its location in 3D space. For assign into the
cube, at least on point of triangle shall be in its spatial area.

Each 8 neighbouring cubes are encapsulated in bounding box with double-length
edge, such boxes are encapsulated in another bounding box, etc. If any cube has
no assigned triangle, it is completely removed, as same as the bounding box with
no children cube. If the bounding box has only one children, it is substituted by its
single child. The result is a tree hierarchical structure (Fig 4.13).

When testing 3D model intersection, we start at the top level bounding box,
checking for intersection and if ray crosses it, we check for intersection with 8 sub-
boxes, etc. Using this approach, we finally reach the cubes in lowest levels, which
are intersected by the ray. Only triangles, belonging to these cubes are tested for
intersection. This method distinctly decreases number of tested triangles, what has
positive effect on image mapping performance.

Fig. 4.13: Illustrating used spatial division to cubes used in Octree hierarchical
structure [220].
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Mapping of roughness data

Because roughness data IR are given by laser scanner together with spatial data
dL and in same structured vector, it is not necessary to map them using algorithm
above. To obtain roughness vector r, it is only necessary to serialize {IR}:

r = [𝑟0,0 𝑟0,1 . . . 𝑟0,n-1 𝑟1,0 . . . 𝑟1,n-1 . . . 𝑟m-1,0 𝑟m-1,1 . . . 𝑟m-1,n-1]𝑇 (4.51)

{IR} =

⎡⎢⎢⎢⎢⎢⎢⎣
𝑟0,0 𝑟0,1 · · · 𝑟0,n-1

𝑟1,0 𝑟1,1 · · · 𝑟1,n-1
... ... . . . ...

𝑟m-1,0 𝑟m-1,1 · · · 𝑟m-1,n-1

⎤⎥⎥⎥⎥⎥⎥⎦ (4.52)

4.1.8 File Saving

Created 3D surface models M* can be
saved for future viewing. Due to very
specific application, no common file for-
mat is used, but own file structure F
has been proposed. Format of the file
was designed with aim to be flexible
and easily extensible for future abilities.
More accent is also put on the backward-
compatibility. Figure 4.14 shows outline
of the file structure.

There is a XML structured file, which
consists from several blocks. Under root node model, only child nodes block are
allowed, when each must have attribute type, which describes type of data within
the block. Also other attributes can be present if necessary, like number of bytes
containing data of this block, etc.

There are 4 required blocks, sufficient for building basic 3D model M:
1. metadata – time of file creation, author, etc.
2. vertices – serialized vector v
3. indices – serialized vector i
4. trajectory – serialized vector PM,r

Other blocks (Fig. 4.14) are optional and can be even further extended dur-
ing future development of system. The advantage is, that structure of file can be
modified by adding new blocks and it will be still readable in older versions7.

7Of course without new added features.
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Fig. 4.14: Structure of the file for saving models (*.3dmod).

The advantage of XML file is human-readability, but disadvantage is large size.
This is solved by binary serialization followed by Base64 encoding [221], which is
applied to large data blocks.

4.1.9 Laser Scanner Calibration

As mention several times above, precise
knowledge of scanner placement at end-
point TES is necessary to enable produc-
ing high-accuracy models.

It can be derived from documentation
of scanner box and holder, but it is prac-
tically usable just in case, that scanner
holder and box of laser scanner has ex-
actly the same dimensions as indicated
by manufacturer, exactly even surfaces,
perpendicular sides, etc. It is clear, that
all these preconditions could not be exactly satisfied, but in this case, the uncer-
tainty following from violation of preconditions influences our results so much, that
we cannot neglect them.

In [198] author derived, that precision of rotations must be up to ±0.008 deg in
order to reach the same accuracy of 3D model as laser scanner normally has, and
proposed two calibration methods – the analytic one, which has many limitation
constraints, which are not usually fully satisfied, what leads to lower accuracy; and
numeric one, which is very accurate, but unbearably slow.
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In this solution, the hybrid combination of both is used, where calibration con-
stants are estimated using analytic approach first and then further refined by the
numeric method.

For further reading, we are expecting the difference ΔES between true value T*ES

and actual value TES as:

T*ES = TES + ΔES ΔES = [𝑥𝑒 𝑦𝑒 𝑧𝑒 𝑢𝑒 𝑣𝑒 𝑤𝑒]𝑇 (4.53)

The aim of calibration method is to minimize ΔES.

Calibration Procedure Fundamental Principles

We are expecting calibration scene composed from cuboid laying on the flat ground
as shown in Fig. 4.15.

There are no requirements on perpendicularity of cuboid sides, on cuboid edge
dimensions, on planarity of lower plane, etc. We are just expecting some object,
which is approximately cuboid laying on something similar to the plane. This is a
big advantage of this calibration procedure, because such object is very cheap and
calibration quality is independent of it.

Fig. 4.15: Illustrating calibration principle.

As shown in Fig. 4.15, we are scanning the same scene two ways:
• Parallel equidistant scanning along positive Y axis
• Parallel equidistant scanning along negative X axis
After that, we have 2 images of same scene, which are similar, but distorted

relatively to each other. Because particular system deviations ΔES causes different
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distortion in case of scanning along -X axis and Y axis, the values of ΔES should be
able to be computed from these distortions.

Numeric Approach to Calibration

One of possible approaches is the numeric one. When we know the scanning trajec-
tory PM,r and scanner-mounting transformation matrix TES, we can reverse-compute
raw data acquired from laser scanner and recompute them using the new scanner-
mounting transformation matrix. By this way, we can recompute already measured
points to the form like they are acquired with scanner with calibration constants
applied. This transformation is defined as:

G1
𝒯−→ G2 𝒯 = H0E · HES,new · H−1

ES,old · H−1
0E (4.54)

where H0E is transformation defined by scanning trajectory (actual position of scan-
ner in world coordinates), HES,old is a scanner to end-point transformation without
calibration constants applied and HES,new is a scanner to end-point transformation
with calibration constants already applied.

We can evaluate correlation between G1 and G2 using error function:

𝑓𝑒𝑟𝑟(G1, G1) =
|G1|∑︁
𝑖=1

min(‖ G1(𝑖)G1(𝑗) ‖)2 𝑗 ∈ ⟨1; |G1|⟩ (4.55)

where ‖ 𝑥𝑦 ‖ is a distance between points x and y and |G| is number of points
in G.

Then, we can change calibration constants, recompute measured points and eval-
uate correlation once again. By minimizing error function 𝑓𝑒𝑟𝑟, we can compute
values of calibration constants.

Analytic Approach to Calibration

Another possible approach is the analytic one. Its disadvantage is presence of con-
straining conditions, which are influencing the precision, if not satisfied. In the
following, each calibration constant is discussed separately. At first part of each sec-
tion, constraining conditions are mentioned, and consequences resulting from their
violation are discussed. Then, the analytical solution is proposed.

Deviation of Roll Rotation (𝑢𝑒)

Constraining Conditions Flat ground, which calibration object lays on, is laying
in plane, which normal has the same direction as Z axis. In other words, flat
ground is exactly perpendicular to the Z axis. If this condition is not satisfied,
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each 1 deg of its declination causes approximately 0.05 deg error in resulting value
of 𝑢𝑒. It was experimentally detected, that declinations bigger than 1 deg is easily
look-distinguishable, so we could be able to compute 𝑢𝑒 with accuracy ±0.05 deg.

Solution Consider scanner performing scanning procedure as shown in Fig. 4.16.
In real, it is scanning profile 𝐴𝐵, but because it "doesn’t know" about its deviation
𝑢𝑒, displays measured data like 𝐴′𝐵′. Our goal is to find relation between declination
of flat ground 𝛽𝑦 and 𝑢𝑒.

Fig. 4.16: Relation between flat ground declination 𝛽𝑦 and 𝑢𝑒.

Triangles 𝐴𝐵𝑆 and 𝐴′𝐵′𝑆 are the same, only rotated, because they had two legs
of same length and same angle between them. From this follows:

𝛼1 = 𝛼2 𝛿1 = 𝛿2 (4.56)

From triangle 𝐴′𝐵′𝑆 follows equation for 𝛿1:

𝛿1 = 180 − 𝛾 − 𝛼1 (4.57)

We can declare angular equation for point 𝐴:

𝛼2 + 90+ | ̸ 𝑆𝐴𝑋1 | −𝛽0 = 360 (4.58)

We can declare angular equation for point 𝐵′:

𝛿1 + 𝜀 + 𝛽𝑦 = 90 (4.59)

78



Angle 𝜀 is defined as:

𝜀 = 180 − (−𝑢𝑒 − 𝛾)− | ̸ 𝑆𝑋2𝐵
′ | (4.60)

Because ̸ 𝑆𝐴𝑋1 and ̸ 𝑆𝑋2𝐵
′ are corresponding angles, by substituting 𝛿1 by

equation 4.57 and 𝜀 by combination of equations 4.58 and 4.60 in equation 4.59, we
have:

𝛼2 − 𝛼1 − 𝛽0 + 𝑢𝑒 + 𝛽𝑦 = 0 (4.61)

Applying equation 4.56 on equation 4.61 results to:

𝛽𝑦 = 𝛽0 − 𝑢𝑒 (4.62)

where 𝛽𝑦 is measured declination of flat ground in direction of scanned profile and
𝛽0 is real (unknown) declination of flat ground in direction of scanned profile.

Note, that this relation would be valid just for declination in direction of profile.
In direction of scanner movement (which is perpendicular on profile direction), the
measured declination will be only the real declination of flat ground 𝛽0.

This consideration leads to Tab. 4.1, where influences of 𝑢𝑒 on captured data
are summarized.

Tab. 4.1: Measured declination of flat ground in particular cases

Scanning along Y axis Scanning along -X axis
Declination 𝛼 around
X axis

𝛼𝑦 = 𝛼0 𝛼𝑥 = 𝛼0 + 𝑢𝑒

Declination 𝛽 around
Y axis

𝛽𝑦 = 𝛽0 − 𝑢𝑒 𝛽𝑥 = 𝛽0

where 𝛼𝑥, 𝛼𝑦, 𝛽𝑥 and 𝛽𝑦 are declinations detected from measured data and 𝛼0

and 𝛽0 are real (unknown) declinations of flat ground.
Combination of equations in table 4.1 leads to final equation for 𝑢𝑒:

𝑢𝑒 = 𝛼𝑥 − 𝛼𝑦 = 𝛽𝑥 − 𝛽𝑦 (4.63)

If equations 𝛼𝑥 − 𝛼𝑦 and 𝛽𝑥 − 𝛽𝑦 would give the same results, it means, that
constraining conditions are fully satisfied.

This calculation is realized as following: At first, only points of flat ground are
extracted and passed to the plane fitting function, which is based on Least Squares
Method. Normal vector of best fitting plane is then computed. This vector is then
decomposed to vectors along X, Y and Z axis, from which the declinations 𝛼𝑥, 𝛼𝑦,
𝛽𝑥 and 𝛽𝑦 are computed. The value of 𝑢𝑒 is then evaluated using equation 4.63.
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Deviation of Pitch Rotation (𝑣𝑒)

Constraining Conditions Calibration object is exact cuboid, with all the sides
perpendicular to the neighbour side. Axis of the cuboid is oriented along the scan-
ning direction. These preconditions are very hard, but their violation is penalized
with error in calibration constants of 0.01 deg per each 1 deg of error in keeping these
conditions (approximately).

Note: Generic solution in case of violating constraining conditions also exists,
but just in case, that other calibration constants are zero. This is the reason, why
special solution with constraining conditions is used.

Solution Error parameter 𝑣𝑒 causes declination of sides perpendicular to scanner’s
movement. Sides parallel to scanner movement direction are slightly shifted, but
their normal stays unchanged (Fig. 4.17).

Fig. 4.17: Illustrating influence of 𝑣𝑒 - horizontal projection.

Satisfying the conditions above makes the solution very simple. Two of corners
are enlarged by size of 𝑣𝑒 and two of them are same size reduced, what has been
proved in author’s publication [198].

Note, that the corner, which is enlarged when scanning along Y axis is reduced
when scanning along -X axis and vice versa (Fig. 4.18). Then 𝑣𝑒 can be computed
from equation:

𝑣𝑒 = 𝑓(𝐴′𝐵′, 𝐴′1𝐵
′
1) =| ̸ 𝐴′1𝐸𝐴′ | 𝐸 =

←→
𝐴′𝐵′ ∩

←→
𝐴′1𝐵

′
1 (4.64)

where points 𝐴′ and 𝐵′ are acquired when scanning along Y axis and points 𝐴′1 and
𝐵′1 are acquired when scanning along -X axis.
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Fig. 4.18: Illustrating computation of 𝑣𝑒.

This calculation is realized as following: Using derivation, where differences be-
tween neighbour points are computed, the corners are detected from peaks of these
differential data. After that, 𝑣𝑒 is computed using equation 4.64.

Deviation of Yaw Rotation (𝑤𝑒)

Constraining Conditions Conditions are the same as at section above, calibra-
tion object is exact cuboid, with all the sides perpendicular to the neighbour side.
Axis of the cuboid is oriented along the scanner movement direction. These pre-
conditions are very hard, but their violation is penalized with error in calibration
constants of 0.01 deg per each 1 deg of error in keeping these conditions (approxi-
mately).

Solution Let’s define term "facing side" for purposes of this section: Facing side
is a side of calibration cuboid, which is perpendicular to scanner’s movement and is
simultaneously facing to the scanner moving direction in case that 𝑤𝑒 orientation is
positive or it is rearing to the scanner moving direction in case that 𝑤𝑒 orientation
is negative.

Error parameter 𝑤𝑒 causes declination of facing side, the opposite side has no
declination. Comparing to the 𝑣𝑒, where horizontally-projected shape of cuboid was
deformed, here vertically-projected shape is deformed (Fig. 4.18).

Declination of facing side caused by 𝑤𝑒 impact is defined exactly the same way
as declination caused by 𝑣𝑒:

𝑤𝑒 = 𝑓(𝐴′𝐵′, 𝐴′1𝐵
′
1) =| ̸ 𝐴′1𝐸𝐴′ | 𝐸 =

←→
𝐴′𝐵′ ∩

←→
𝐴′1𝐵

′
1 (4.65)
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Fig. 4.19: Illustrating influence of 𝑤𝑒 - vertical projection.

where points 𝐴′ and 𝐵′ are acquired when scanning along Y axis and points 𝐴′1 and
𝐵′1 are acquired when scanning along -X axis. Note, that in case of sides, which are
not facing sides, their normal stays unchanged.

This calculation is realized as following: Using derivation, where differences be-
tween neighbour points are computed, the vertical sides are detected from peaks of
these differential data. After that, facing sides are detected using the declination
between sides scanned along Y and sides scanned along -X. The not facing sides has
almost no declination. Then, 𝑤𝑒 is computed for facing sides using equation 4.65.

Deviation of Y Translation (𝑦𝑒) and Z Translation (𝑧𝑒)

Constraining Conditions All rotation error parameters must be zero. Solution
methods for rotation calibration constants are independent on other error parame-
ters, so these calibration constants can be computed in advance, then acquired data
can be recalculated in order to suppress all rotation error parameters. After that,
calculation of 𝑦𝑒 and 𝑧𝑒 can be processed.

Solution Error parameters 𝑦𝑒 and 𝑧𝑒 causes translation of points just in XY plane
(Fig. 4.20). All the points are translated by same value, so no deformation of object
shape is performed:

𝑥1 = 𝑥0 + 𝑦𝑒 𝑥2 = 𝑥0 + 𝑧𝑒 (4.66)
𝑦1 = 𝑦0 − 𝑧𝑒 𝑦2 = 𝑦0 + 𝑦𝑒 (4.67)

where points 𝑥1 and 𝑦1 are coordinates of object scanned along Y axis and 𝑥2

and 𝑦2 are coordinates of object scanned along -X axis.
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Fig. 4.20: Illustrating influence of 𝑦𝑒 and 𝑧𝑒 - horizontal projection.

By combination of these equations, we gets directly equations for evaluating 𝑦𝑒

and 𝑧𝑒:
𝑦𝑒 = 𝑥1 − 𝑥2 − 𝑦1 + 𝑦2

2 𝑧𝑒 = 𝑦2 − 𝑦1 + 𝑥2 − 𝑥1

2 (4.68)

This calculation is realized as following: At first, the whole scan is divided into
two parts – points belonging to the flat ground and points belonging to calibration
object. This dividing function is based on profile derivation, where differences be-
tween neighbour points are computed, and then edges are detected from peaks of
these differential data.

After that, only points of calibration object are used to compute the centroid
of object for both data acquired by scanning along Y axis and -X axis. From
these centroids, 𝑦𝑒 and 𝑧𝑒 is calculated using equations 4.68. If Z coordinates of
both centroids are not almost equal, it means, that constraining conditions are not
satisfied.

Deviation of X Translation (𝑥𝑒)

Error parameter 𝑥𝑒 causes shifting of all points along Z axis and does not matter on
which direction data were scanned. It means, that we are not able to compute the
𝑥𝑒 value from these data. But our goal is to produce device, which is able to make
model of 3D object, where right relation between points is necessary. We don’t want
to have this object correctly placed in world coordinates. Because of this, calibration
constant 𝑥𝑒 in not computed and stays zero.
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Hybrid Calibration

Each of proposed methods for evaluating calibration constants has their advantages
and disadvantages. Numerical approach is very accurate, but unbearably slow, what
makes it useless. Analytic approach is fast, but its accuracy depends on constraining
conditions, which are almost never satisfied.

Hybrid calibration combines both of proposed methods in order to use their
advantages and suppress their disadvantages. At first, calibration constants are
computed using analytic method. The 𝑢𝑒 is evaluated with accuracy approximately
±0.05 deg, 𝑣𝑒 and 𝑤𝑒 are evaluated with accuracy approximately ±0.02 deg and 𝑥𝑒

and 𝑧𝑒 are evaluated with sufficient accuracy just by using analytic approach. After
that, the numeric approach is used to refine calibration constants, with significantly
smaller number of iterations comparing to using only numeric method, what is
computed in reasonable time.

4.1.10 Mutual Calibration of Cameras

This section deals with the method com-
puting intrinsic parameters of each sensor
and evaluating their position relative to
sensoric head. These essential parame-
ters has significant influence on the over-
all accuracy of 2D Image Mapping, dis-
cussed in section 4.1.7.

Major part of text in this section is
taken from the author’s publication [222].
Differences between wording of this text
and the paper are more for the sake of
text consistency than to bring new information.

For further text, we can divide RoScan to robotic manipulator and sensoric head,
mounted on robot’s end-point. The sensoric head contains 2D laser scanner 𝑆, RGB
color camera 𝐶 and thermal imager 𝑇 (Fig. 4.21).

In this context, solving the calibration basically means evaluating intrinsic pa-
rameters of cameras and estimating transformations from sensoric head to each
sensor, i.e. HES, HEC, and HET. But since we want to have calibrate the sensors
mutually and not absolutely8, we can look for transformations relative to one of
sensors, e.g. the laser scanner. We are then estimating transformations HSC, HST.

8If sensors are calibrated absolutely, the scanned object itself is placed in world coordinates
correctly. But this is not required, the object absolute coordinates are not important, so we want
only to have matched the sensors between each other mutually.
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Fig. 4.21: Overview of scanning system components (left) and detail of sensoric
head (right) with focus on used coordinate systems: (a) sensoric head, (b) scanned
object, (c) robotic manipulator, (d) laser scanner, (e) color camera, (f) thermal
imager. Coordinate systems: (0) world axes, (M) manipulator’s axes, (E) axes of
sensoric head, (S,C,T) axes of each sensor

Note, that this solution is useful not only for this particular setup, since it can
be generalized for any number of sensors and arbitrary 3D scanner setups. In our
setup, the robotic manipulator moves with sensoric head to desired positions and
serves also for measurement of sensoric head 6-DOF position during image capturing
(it provides HME, respectively H0E transformation9). But any other localization of
sensoric head can be used (e.g. optical marker tracking, passive kinematic chain,
ICP, etc.), which will be providing H0E.

Calibration Pattern

The calibration pattern must be visible on all sensors and shall have significant
landmark features, clearly visible at images from each sensor [213]. As a result of
this, the calibration pattern is made as 4x4 matrix of square holes drilled in the
solid square of side 52.5 mm, made from one-sided PCB plate (Fig. 4.22).

The copper layer is on the top side of calibration pattern. Due to low emissivity of
copper, the upper side has been sprayed by acrylic-based color no. RAL6018 (yellow
green satin). This pattern is placed on the white background. During capturing, the
grid is connected to the source of constant current at level of 15 A, which heats the
plate in order to be visible at thermal imager. Such calibration pattern is visible on
each used sensor (Fig. 4.23). The features in the bottom-left and top-right corners
of calibration pattern serves for electric connection. The corners of each square hole
are used as landmarks, what provides 64 reference points for calibration.

9Transformation 𝐻0𝑀 is constant matrix describing placing of robotic manipulator is world
coordinates. Then H0E = H0MHME
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Fig. 4.22: Scheme of PCB calibration pattern.

Fig. 4.23: Visibility of calibration pattern and its landmarks on 3D scan (left), color
camera (middle) and thermal imager (right).
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Reference 3D Scan

Using RoScan, the calibration pattern had been scanned 20 times without moving
with it. Resulting 3D models were then averaged in order to avoid uncertainty of
type A [223].

Since we are using the 2D laser scanner to capture spatial data, results are not
in unordered point-cloud, but are stored in form of matrix M3D sized 𝑚 × 𝑛 × 3,
where 𝑚 is number of scanned profiles, 𝑛 is number of point in each profile (in our
case 640) and the last dimension is for 3 spatial coordinates.

We have placed calibration pattern in the plane approximately perpendicular to
Z axis of world coordinate system, what ease the edge detection. In such model we
can easily find the sharp edges using Canny edge detector [224]. Each connected
region10 in this edge image is then examined separately. Using the Hough transform,
the 4 lines approximating square hole edges are then found. After that, intersections
of these lines define corner points of calibration pattern. We use this edge-based
approach instead of any corner detection algorithms, since the drilled square holes
have rounded corners11.

To avoid false detections, the extracted points are then displayed to user, who
has the ability to correct inaccurately determined point coordinates manually.

This procedure provides 3D coordinates of all 64 reference points at calibration
pattern in 64 × 3 matrix MR.

Calibration Procedure

Following calibration procedure is performed for each sensor separately. It consists
of following steps, when each item of this list is more deeply described in following
text.

1. Data Capturing – Several images of calibration pattern are captured from
arbitrary points of view, but from as much as possible different poses. The
larger number of images can lead to more accurate solution. More tips can be
found at [225].

2. Extracting Corners – Using semi-automated algorithm, the all corner points
of all inner rectangles are extracted from all captured images.

3. Camera Calibration – Coordinates of extracted points (2D) are provided
to Camera Calibration Toolbox for Matlab [225], together with 3D points ex-
tracted from reference 3D scan. Using Zhengyou Zhang’s setup, the toolbox

10corresponding to each square hole in calibration pattern
11This is from manufacturing purposes, the corners are rounded because the drill bits are

rounded.
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computes intrinsic parameters of camera (EC resp. ET), and extrinsic param-
eters Xi for each captured image12.

4. Evaluating Mutual Transformation – Outputted extrinsic parameters of
images are further processed in order to compute transformations HSC and
HST.

Corner Extraction

Extraction of landmark features has been realized as semi-automated procedure. At
each captured image, user shall manually define approximate location of calibration
pattern corners in following direction: top-left, bottom-left, bottom-right, top-right.
This step also helps extraction algorithm to know, where in image the calibration
pattern is located. To keep this order of corners is important to maintain relations13

between coordinates of detected corners and reference points MR. Protrusions at
the lower edges of square holes help user to know, where the top of calibration
pattern is.

Fig. 4.24: Extracted points from thermal image (left) and color image (right).

Automatic detection of corner points is then realized in same way as detection of
corners at reference 3D scan: edge detection using Canny detector [224], then using
Hough transform and getting 4 lines approximating square hole edges. After that,
intersections of these lines define corner points of calibration pattern.

To avoid false detections, the extracted point are then displayed to user, who
has the ability to correct inaccurately determined point coordinates manually.

12We use second calibration example at [225] - Calibration using Zhengyou Zhang’s data, which
is available at http://www.vision.caltech.edu/bouguetj/calib_doc/htmls/example2.html

13The reference points are extracted from reference 3D scan in the same order.
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Evaluation of Mutual Transformations

Extrinsic parameters Xi, computed by Calibration Toolbox are provided for each
image in following form:

Xi = [⃗𝑡 �⃗� 𝑡𝑒𝑟𝑟 𝑜𝑒𝑟𝑟] (4.69)

where �⃗� is estimated XYZ location of image in camera coordinate system, �⃗� is its
orientation in 3 × 1 axis-angle notation, 𝑡𝑒𝑟𝑟 is uncertainty of camera location and
𝑜𝑒𝑟𝑟 is uncertainty of its orientation. All uncertainties are provided as three times
the standard deviations (for reference) [225].

Because the following equations are the same for both thermal camera 𝑇 and
color camera 𝐶, we will be noting general camera as 𝐾.

Fig. 4.25: Camera coordinate systems K (left) and K* (right).

Since Calibration toolbox use different notation of camera axis than our systems
(Fig. 4.25), we are introducing following transformation HKK* :

HKK* = Rotx(−90 deg) (4.70)

Following notation in Fig. 4.21, we are estimating transformation HSK, which
can be described as consequent transformation between each neighboring coordinate
systems14:

HSK = HKS
−1 = (HKK*HK*0H0MHMEHES)−1 (4.71)

where HK*0 can be computed from Calibration Toolbox output values as follows:

HK*0 = Trans(⃗𝑡)RK*0(�⃗�) (4.72)
14Note: In case of different setup (without manipulator), the equation 4.71 will be as follows:

HSK = (HKK*HK*0H0EHES)−1 where H0E is position of sensoric head in world coordinates,
measured by used localizing system.
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where rotation matrix RK*0 can be computed from �⃗� using Rodrigues’ Rotation
Formula15 [226].

Transformation HME from equation 4.71 is defined by position of sensoric head
in manipulator’s coordinates 𝐸 in time, when capturing the image. We use the
benefits of the robotic manipulator here, since the controlling unit is autonomously
computing forward kinematics and providing translations 𝑥, 𝑦, 𝑧 and rotations 𝑢, 𝑣,
𝑤 in RPY notation. Transformation HME is then:

HME = Trans(𝑥, 𝑦, 𝑧)Rotz(𝑢)Roty(𝑣)Rotx(𝑤) (4.73)

Last two transformations from equation 4.71 define placement of robot in world
coordinates (H0M) and placement of laser scanner on sensoric head (HES). These
two transformations are constant matrices and have no influence on calibration
result16, i.e. on mutual matching of data from all sensors.

As a result of this procedure, we have computed HSK for each image, which can
be decomposed to 1 × 3 translation vector �⃗�𝑆𝐾 and rotation matrix RSK:

HSK = Trans(⃗𝑡𝑆𝐾)RSK (4.74)

The weighted average of all vectors �⃗�𝑆𝐾 relevant to all 𝑁 images is then per-
formed. The inverted value of 𝑡𝑒𝑟𝑟 is weighting function, keeping priority to values,
computed with better accuracy:

�⃗�𝑓𝑖𝑛𝑎𝑙 =
⎡⎣∑︀ 𝑡𝑆𝐾,𝑥

𝑡𝑒𝑟𝑟,𝑥∑︀ 1
𝑡𝑒𝑟𝑟,𝑥

∑︀ 𝑡𝑆𝐾,𝑦

𝑡𝑒𝑟𝑟,𝑦∑︀ 1
𝑡𝑒𝑟𝑟,𝑦

∑︀ 𝑡𝑆𝐾,𝑧

𝑡𝑒𝑟𝑟,𝑧∑︀ 1
𝑡𝑒𝑟𝑟,𝑧

⎤⎦ (4.75)

Rotation matrices RSK are converted to quaternions qSK [68]. Since each ori-
entation can be expressed by two quaternions [227], we are unifying our set of
quaternions, so all of them point to same hemisphere.

Then, weighted average of quaternions according to [228] is performed17:

�⃗�𝑓𝑖𝑛𝑎𝑙 = wAvg𝑀𝑎𝑟𝑘𝑙𝑒𝑦(qSK1, qSK2, ..., qSK𝑁) (4.76)
15Calibration Toolbox already contains MATLAB implementation of Rodrigues Rotation For-

mula.
16Inaccuracies in H0M will lead to wrong absolute placing of object in world coordinates, what

is not relevant for final result. Inaccuracies in HES will not affect the calibration, but they will
cause distortions of entire model, what is not relevant for calibration, but it is relevant for final
output.

17We use MATLAB implementation of this paper available at
http://www.mathworks.com/matlabcentral/fileexchange/40098-tolgabirdal-averaging-quaternions
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Resulting vectors �⃗�𝑓𝑖𝑛𝑎𝑙 and �⃗�𝑓𝑖𝑛𝑎𝑙 define the position of camera related to sensoric
head, what was one of the goals of calibration. They are outputted for further
processing in another modules in form of TSK:

TSK =
[︁
𝑡𝑓𝑖𝑛𝑎𝑙

𝑇 �⃗�𝑓𝑖𝑛𝑎𝑙
𝑇
]︁

(4.77)

4.2 Software tool RoScan 3D

All software modules described in technical section 4.1 are implemented18 in software
tool RoScan 3D, which serves as GUI for controlling whole scanning process, defining
trajectories and their launching (Fig. 4.26).

This software is fully author’s work, which is not using any commercial third
party frameworks, what makes it freely distributable and also arbitrary modifiable
and extensible.

Fig. 4.26: RoScan 3D software tool during scanning of human hand.

18Except both calibration modules, which are now in experimental designs, but their implemen-
tation to the RoScan 3D is planned in future work.
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It is programmed in C# language [229] using .NET framework [230] and XNA
framework [208], what makes it working properly at Windows workstations only.
But using XNA framework, which is originally intended to be used for programming
computer games, significantly eases the processing of 3D structures at low level and
controlling the graphic device.

The main purpose of application is controlling the procedure of scanning and
producing generated files F in own file format with extension 3dmod.

Besides model file itself, also directory of raw data is generated. It contains pure
data from all sensors, from manipulator and all settings and calibration constants
used for model generation. From such directory, the model can be fully generated
once again. The purpose of this raw backup is to be able to regenerate files, which
were built e.g. with wrong calibration constants. The data can be captured, then
the calibration can be performed and data can be rebuilt using new calibration
constants.

4.3 Software tool RoScan Analyzer

Multispectral 3D surface models created by RoScan and stored in form of F can be
displayed in visualizing tool RoScan Analyzer.

Beside common features as rotating, scaling or adjusting modes of view, it em-
powers also measurements of many spatial parameters of selected region of interest
(ROI) and allows exporting 3D data in several standard file formats to process them
in any 3rd party 3D modelling software (Fig. 4.27)

Fig. 4.27: RoScan software tools and their interaction with surrounding systems.
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Because the software is fully author’s work, it can be arbitrary modified for
requirements of any further applications. In following sections, its capabilities are
further explained.

4.3.1 Import and Export of 3D Surface Models

The model is always to be loaded from file, saved in the format F, described in section
4.1.8. Such file is directly provided by software RoScan 3D. There are no other file
formats supported, since the aim of tool is not to substitute advanced 3D modelling
software, but allowing direct and simple one-click spatial measurements and analyzes
of temperature without necessity to convert and process data complicatedly.

For more advanced analysis of data, there are many developed tools available,
which reads one of the standard formats, into which the model can be exported.

The extension of file in format F is 3dmod, for which the application is regis-
tered as default browser during installation. The model can be opened by choosing
File → Open, double-click on file or directly after capturing from scanning tool
RoScan 3D.

The application allows export to standard formats, but always at the expense
of loss of information, since none of these formats can handle all the data together.
Possible export file formats are:

XYZ point-cloud The simplest option, exporting only unordered, unconnected
and uncoloured points represented by three coordinates.

PTS coloured point-cloud The option is exporting unordered, unconnected, but
coloured points extended by their normals. The colour of point is saved according
to actual view mode and view settings.

PLY mesh This option allows exporting the models as same as displayed in
RoScan Analyzer. It means that each vertex definition contains position, its nor-
mal and RGB colour. Definition of triangles are also part of the file, what makes
the whole mesh available. The actual coloured view is stored only, without any
additional values (e.g. temperature).

4.3.2 Displaying and Browsing Models

Browsing models is allowed using the mouse and keyboard. Rotation around model
centre of gravity in two axes is allowed by dragging the model by cursor, its trans-
lation is allowed by dragging with Shift key pressed. The scaling is performed using
mouse wheel.
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Each model can be viewed in following modes, which are available only if required
data block is present in the file.

True Coloured Surface View

Coloured view shows the object in the same view as it is visible by observing. This
view is mostly used for first location of region of interest (ROI), which can be
highlighted on the model using selection markers for further examination, e.g. to
evaluate temperature of ROI.

In Fig. 4.28, the patient with presumed burn of hand is shown. The selection
markers had been placed for further examination of temperature.

Fig. 4.28: Detail of 3D model of hand with presumed burn shown in the true colour
view with selection markers applied.

Measurement module (section 4.3.3) automatically shows the dimensions and
distances of ROI. In this case, the burn area is 51.48 mm long and wide from
13.13 mm to 17.42 mm with surface of 835.02 cm2. These dimensions would not be
measurable with sufficient precision without 3D model.

This view is also frequently used to find and highlight the markers, previously
drawn on the skin. This approach allows e.g. precise measurements of temperature
in the surface ROI’s, what would not be possible using standard methods.
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Thermal Coloured Surface View

This view shows surface of 3D model coloured with false colours, representing the
temperature. User can choose from several colouring palettes (grayscale, rainbow,
thermal, etc.).

When switching to this mode, the Auto Range is applied, mapping the lowest
colour on the surface model to the lowest value of palette and the highest value of
model to the highest value of palette19. User can adjust this range using sliders to
see ROI in suitable representation.

In Fig. 4.29, the same patient with presumed burn is shown. It is clear, that
in the selected region (highlighted by markers) is no thermal gradient, what rebuts
the presumption of burn. In this case, the subject is an actor pretending the burn
and his hand injury is masked, what agrees with our assessments.

Using measurement mode, we can find that difference between average temper-
ature of ROI and average temperature of its 10 mm wide neighbourhood is only
0.11∘C, what also show, that there should be no inflammation in the ROI.

Fig. 4.29: Detail of 3D model of hand in the thermal coloured surface view, rebutting
the presumption of burn.

19 This range is shown by blue markings of the adjusting gauge.
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Surface Only View

Sometimes, it is important to see some tiny details, which are usually hidden under
the surface colouring. For these purposes, the surface can be shown also without
any colours (Fig. 4.30).

Fig. 4.30: Detail of veins of hand in the surface only view.

Roughness Layer View

The roughness index can be also mapped onto the 3D surface using false colours and
different palettes. The higher values correspond to more diffusing areas and lower
values correspond to smooth areas with good reflection.

In Fig. 4.31, we can see diffusing surface of fingernails and smooth surface of
wedding ring.

Fig. 4.31: Detail of 3D model of hand in the thermal coloured surface view, rebutting
the presumption of burn.
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4.3.3 Measurements Possibilities

In each view mode, the measurement tool is active, allowing several values to be
measured (Fig. 4.32). For definition of ROI, two groups of selection markers are
available. Each group consists of markers defining boundary and single point, defin-
ing which area we are interested in (outer or inner part).

Fig. 4.32: Measurement tool of RoScan Analyzer with selected ROI.

Following properties of 3D surface model can be measured:
• Distances [mm] – between each two neighbouring selection markers on bound-

ary (e.g. length of fingers) or the total length of boundary (e.g. circumference
of leg during lymphedema assessment). Distances can be measured both di-
rectly (Fig. 4.33 left) or along the shortest path on the surface (Fig. 4.33
middle).

• Angles [deg] – between each three neighbouring selection markers on bound-
ary (e.g. vertebrae positions).

• Surface area [mm2] – area of selected ROI (e.g. area of burn) or entire 3D
model (r.g. for further computation of burnt percentage).

• Volume [mm2] – volume of selected ROI defined by cutting plane (e.g. volume
of swollen finger) or deflected cutting surface (Fig. 4.33 right). ROI can be
selected also as internal volume between two selected ROIs.

• Colour – color of selected point or average colour of ROI (e.g. for dermatitis
assessments).
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• Roughness – provides dimensionless index corresponding to roughness of se-
lected point or average roughness of ROI.

• Temperature [∘C] – temperature of selected point or average temperature of
ROI (e.g. for inflammation monitoring).

Fig. 4.33: Measurement modes: direct measurements of distance (left), measure-
ment of area along surface (middle), measurement of ROI volume defined bu cutting
planes (right).

4.3.4 Technical Basics of RoScan Analyzer Software

Application is again programmed mostly in C# using .NET and XNA. In order
to speed up rendering process of large 3D models, graphic shaders are used and
programmed using High-Level Shader Language (HLSL) [231]. This means, that
basic displaying of whole 3D models are driven without important loading of CPU,
only using Graphics processing unit (GPU). The CPU is occupied only during
saving and loading data from file or during 3D model enhancements. Since the
GPU is designed to process matrix transformation operations, what CPU is not, the
overall performance is significantly better using this way, enabling seamless browsing
of large models.

The area of surface is stored in file already in the same structure, as the graphic
device requires. Then, opening the file means no complicated data processing – only
reading vertices and indices blocks, computing their normals and putting all the
data to GPU buffers [208].

Computing normals is important for realistic look of captured surfaces, since
they are used for right light tracing during shading of surface. As shown in Fig.
4.34, if no shading is used, only outline contour of object is visible.

When using flat shading method, each basic planar face, which the ball is com-
posed from, is visible. This method compute lightning of object from normals of
faces.
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Fig. 4.34: Demonstrating influence of shading method on realistic look of object.

The most realistic appear brings Phong Shading Method [232], when lightning
is computed from vertex normals instead of face’s one. This method makes object
surface appearing as being interpolated using cubic splines [220], what removes
sharp edges created by triangles and makes appearance smooth. Disadvantage of
this method is removing also wanted edges, since all the edges are rounded by this
algorithm. But because the models captured by RoScan has usually high point
density, the rounding is small and edges are shown relatively sharp.

GPU is used also for other data processing, e.g. for detection of clicked point.
This approach is called General-purpose computing on graphics processing units
(GPGPU) and it is advantageously used for computations, where matrix operations
are common.

Measuring tool computes all required values directly from vertex coordinates
using spatial geometry. For surface evaluation, the sum of essential triangle faces is
computed.

For evaluating shortest way on the surface between selection markers, the A*

algorithm is used [233].
For computation of volume, the Signed Volume of Tetrahedron Method [234]

is used. The trick is to calculate the sum of signed volumes of each tetrahedron,
which is based on essential triangle face and topped off at the origin of coordinates.
The sign of the volume comes from whether the triangle normal is pointing in the
direction of the origin or not.

4.4 RoScan Key Parameters and Capabilities

Essential capabilities and key properties of entire RoScan solution are summarized
in Table 4.2.

99



Tab. 4.2: Key parameters of RoScan solution

Positional accuracy of model points 0.12 mm20

Absolute position of point in the space (3 𝜎).
Scanning speed 10 mm/s
Entire forearm is scanned in about 1 min.
Scanning trajectory flexible,
The trajectory can be set to be able to scan programmable
any part of the body.
Measured values position, colour,
Position means the surface model itself. temperature,

roughness
Price of single model approx 0.1 EUR
The only expenses are electricity costs.
Price of device approx 30 000 EUR
Acquisition costs of the solution.
Data storage format internal
The scanner comprises its own software for the analysis.
Export formats for other SW PLY, PTS, XYZ
Model data can be exported as a shaded mesh or coloured
point cloud.

The key advantage of this solution is combination of spatial, colour and thermal
data within single 3D model, bringing new research opportunities, which would not
be realizable without it. It can be helpful for objective evaluation of spatial changes
of body, e.g. monitoring of oedemas, muscle growth or muscle atrophy, but also for
monitoring of inflammation or necrosis.

The colour layer provides possibility of precise selection of ROI according to
markers drawn on the subject’s skin. The thermal layer helps find the inflamed areas
or determine if the spatial change is caused by physiological or non-physiological
processes. And finally 3D scanning brings undistorted view, which is common for
standard 2D imaging technologies and which disqualify the possibility of objective
measurements.

Using precise robotic manipulator allows reaching high accuracy together with
good flexibility. These two properties are usually opposed to each other and are
rarely reachable at the same time.

Another advantage is very low operational costs, what makes possible using this
device for everyday monitoring of patients.

20The value of accuracy was derived in section 4.4.1.
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4.4.1 Deriving Absolute Accuracy

Overall accuracy21 of this scanning system can be defined as maximal distance be-
tween computed (measured) value of point coordinates relative to true value of point
coordinates at 99.7% of measurements (±3𝜎) [235].

This value depends on robotic manipulator accuracy, laser scanner accuracy and
precision of holder connecting scanner and manipulator’s end-point:

Δ𝑋 = Δ𝑀 + Δ𝑆 + Δ𝐻 (4.78)

where Δ𝑀 is placing accuracy of manipulator’s end-point, Δ𝑆 is measuring accuracy
of laser scanner and Δ𝐻 is error in coordinate computation caused by precision of
mounting holder.

Last parameter is hardly computable, because this error depends for example also
on actual distance of laser scanner from object. However, this error is systematic, so
it is minimizable by calibration, which is described in section 4.1.9. If we consider
calibrated device, overall accuracy is then given by equation:

Δ𝑋 = Δ𝑀 + Δ𝑆 + Δ𝐶 (4.79)

where both Δ𝑀 and Δ𝑆 are usually specified in datasheet of manipulator and laser
scanner. Δ𝐶 is a residual error of Δ𝐻 after calibration and generally Δ𝐶 ≪ Δ𝐻 .

Calibration procedure search for identical points in two scans of the same scene
and evaluates such transformation, which merges these points together. Lets imagine
the worst case of this – there is only one point measured from 2 places. Each
representation of point is measured with maximal deviation from true value Δ =
Δ𝑀 + Δ𝑆, so if we merge there points together, we can cause residual error Δ𝐶 ,
which maximal value is:

Δ𝐶 = 2(Δ𝑀 + Δ𝑆) (4.80)

Overall accuracy of scanning device according to [235] is then given by combi-
nation of eq. 4.79 and eq. 4.80:

Δ𝑋𝑚𝑎𝑥 = 3(Δ𝑀 + Δ𝑆) (4.81)

RoScan use robotic manipulator with accuracy of end-point placing Δ𝑀 =
±0.013 mm [201], and laser scanner with accuracy Δ𝑀 = ±0.027 mm [202]. Ac-
cording to equation 4.81, overall accuracy in this case is:

Δ𝑋𝑚𝑎𝑥 = ±0.12 mm (4.82)
21Author uses the term accuracy in meaning of combination of trueness and precision, as defined

by ISO 5725. Trueness is the closeness of the mean of a set of measurement results to the true
value and precision is the closeness of agreement among a set of results. [235]
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This claim was subsequently verified in section 5.1.

Note: Each uncertainty of Δ𝐶 is composed from uncertainty type A and type
B [236]. When number of measurements increases, the uncertainty type A is be-
ing minimized and measured value converges in direction to true value. Because
calibration procedure uses several thousands of points, also residual error Δ𝐶 after
calibration will be smaller than at equation 4.80.

As a result of this, the overall accuracy will be usually better than maximal
guaranteed error defined in equation 4.81, what is a limit value of error.

4.5 Examples of Captured 3D Models

Following examples demonstrate possibilities of 3D surface scanning by RoScan.

Fig. 4.35: Thermal differences between left bruised toe and right healthy toe after
the injury (left) and 49 hours after (right).
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Fig. 4.36: Healthy human hand in coloured view (left) and in thermal view expressed
by false colours (right). Note increased temperature along veins and lowered tem-
perature around joints.

Fig. 4.37: Thermal differences of upper limb affected by entezopathy of the deltoid
muscle (left) and healthy upper limb (right). Regular hot spots are resulted by
Cellulite.
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5 VERIFICATION EXPERIMENTS

To verify the proper functionality of the calibration algorithms and to evaluate
truthfulness of theoretically derived accuracy, several verification experiments were
performed. Its results are discussed in following sections.

5.1 Verification of Volumetric Accuracy

The main purpose of this experiment was to verify the accuracy of RoScan for its
application in medical volumetry (section 6.2). To be able to compare RoScan accu-
racy with other standard methods used in this healthcare domain, it was necessary
to find the same expression of accuracy as available for other methods.

This standard expression is relative accuracy of the value, representing the vol-
ume of region of interest.

Volumetric Accuracy of Roscan

Resulting volume is computed from three-dimensional model of object surface. When
using Signed Volume of Tetrahedron Method [234] for volume computation, the only
indispensable source of uncertainty is then uncertainty of measuring the position of
single point in 3D model (Δ𝑋𝑚𝑎𝑥). As long as the RoScan is properly calibrated,
the only considerable sources influencing scanner’s accuracy are robotic manipulator
accuracy (Δ𝑀) and laser scanner accuracy (Δ𝑆). Relation between these symbols
has been derived in section 4.4.1 as follows:

Δ𝑋𝑚𝑎𝑥 = 3 (Δ𝑀 + Δ𝑆) (5.1)

Fig. 5.1: Volumetric uncertainty: Deriving theoretical volumetric accuracy from 3D
scanning uncertainty.
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Computer model of object is composed from many single points close to each
other on its surface, as shown on Fig. 5.1. Every point is measured with uncertainty
Δ𝑋𝑚𝑎𝑥, so the maximal absolute volumetric uncertainty Δ𝑉 can be reached if all
points are on maximal level of uncertainty in positive or negative value. These two
situations are marked in Fig. 5.1 using dashed lines. The volume between true value
and one of dashed lines can be expressed as:

Δ𝑉 = 𝑆 · Δ𝑋𝑚𝑎𝑥 (5.2)

where 𝑆 is surface area of the measured object [m2]. Relative accuracy (𝛿𝑉 ) is
then defined as:

𝛿𝑉 = Δ𝑉

𝑉
= 𝑆

𝑉
· Δ𝑋𝑚𝑎𝑥 (5.3)

where 𝑉 is volume of the measured object [m3]. Assigning real accuracies from
equation 4.82 to previous equation gives real volumetric measurement uncertainty
(𝛿𝑉 𝑟) of RoScan:

𝛿𝑉 𝑟 = 𝑆

𝑉
· 1.2 · 10−4 (5.4)

Experimental Results

Theoretical estimation of accuracy was experimentally verified on set of reference
objects with known dimensions and volume. The first reference object was a precise
cuboid from blackened steel manufactured by precision-engineering company and
consequently verified in optical measuring chamber. Defining dimensions of cuboid
are 29.996±0.001 mm, 39.990±0.001 mm and 49.993±0.001 mm, with parallelisms
of corresponding planes 0.005±0.001 mm, 0.008±0.001 mm and 0.007±0.001 mm,
and with maximal perpendicularity 0.007 ± 0.001 mm (𝜗 = 22∘C, 𝜑 = 46%).

According to [223], true volume of the reference object 𝑉𝑟𝑒𝑓 is:

𝑉𝑟𝑒𝑓 = 59.969 ± 0.005 cm3 (5.5)

Volume of this reference object was 10 times measured by RoScan. At each
measurement, same scanning trajectory, but different orientation of reference object
inside scanning area was used. The mean value and uncertainty type A [236] were
determined from measured data:

𝑉𝑚𝑒𝑎𝑠 = 60.43 ± 0.30 cm3 (5.6)
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Assuming the equation 5.4, theoretical relative accuracy in case of measurement
of object with this size is 𝛿𝑡ℎ𝑒𝑜𝑟𝑦 = ±1.88 %, so the measured value 𝑉𝑚𝑒𝑎𝑠 should be
compatible with interval defined by true value 𝑉𝑟𝑒𝑓 and range 𝛿𝑡ℎ𝑒𝑜𝑟𝑦:

𝑉𝑡ℎ𝑒𝑜𝑟𝑦 = 59.97 ± 1.13 cm3 (5.7)

This experiment proves validity of equation 5.4 for similar-sized objects since
𝑉𝑚𝑒𝑎𝑠 is compatible with 𝑉𝑡ℎ𝑒𝑜𝑟𝑦.

To be able to verify wider range of volumes beyond the precise metal reference
object, we used also the bigger reference cuboids. These objects were less-precise and
made from wood (due to manufacturing expenses), but they were measured in the
same optical measuring chamber, so its dimensions are known together with uncer-
tainty of dimension measurements. Results of these measurements were evaluated
exactly the same way.

Fig. 5.2: Comparing verification measurements and theoretical volumetric accuracy.

Discussion

All results of verification are summarized in Table 5.1 and Fig. 5.2. All the relevant
results are compatible, so the theoretically derived relative accuracy defined by
equation 5.4 was verified and seems to be valid.
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Tab. 5.1: Experimental verification of RoScan volumetric accuracy.

Ref. Obj. Vref [cm3] 𝛿Vr [%] Vtheory [cm3] Vmeas [cm3] Compatibility
#1 59.97 1.88 60.0 ± 1.1 60.4 ± 0.3 YES
#2 536.01 0.89 536.0 ± 4.8 535.1 ± 2.6 YES
#3 973.59 0.73 973.6 ± 7.1 974.8 ± 2.3 YES
#4 1734.71 0.63 1734.7 ± 11.0 1737.7 ± 3.0 YES
#5 2540.44 0.59 2540.4 ± 15.0 2544.4 ± 3.0 YES

Figure 5.2 shows theoretical accuracy (Declared accuracy) and true accuracy1

with errorbars presenting variance of measurements (True accuracy). Entire set of
measured values stayed below the declared accuracy, what shows, that this accuracy
estimation is very pessimistic (as noted at the end of section 4.4.1), and real accuracy
seems to be better (Apparent real accuracy).

5.2 Verification of Laser Scanner Calibration

Performance of Laser Scanning Calibration was experimentally tested by experi-
ment, when two surface models of the same scene were captured using two different
linear scanning trajectories. Both trajectories were composed to be perpendicular
to each other. Profiles had been taken each 1 mm and values of the profile were
interpolated to be equidistantly spaced also by 1 mm. This point-cloud decimation
had been applied in order to make resulting grid of points comparable with grid of
points captured by different scanning trajectory.

To be able to evaluate benefits of calibration, the criterion function has been
introduced. For each point from one scan, distance to every point from second scan
is computed and square of distance to the nearest point is added to the sum:

𝑓𝑒𝑟𝑟(𝐼1, 𝐼2) =
|𝐼1|∑︁
𝑖=1

min(‖ 𝐼1(𝑖)𝐼2(𝑗) ‖)2 𝑗 ∈ (1; |𝐼2|) (5.8)

where 𝐼1 and 𝐼2 are scans which correlation we are looking for, |𝐼| is number of
points in scan 𝐼 and ‖ 𝑥𝑦 ‖ is a distance between points 𝑥 and 𝑦.

Beside the criterion function values, also average absolute error Δ𝑎𝑏𝑠 and root
mean square error Δ𝑎𝑏𝑠 were computed in order to provide illustrative demonstration
of calibration influence using equations [237]:

1computed as relative difference between true (reference) value and measured value

107



Δ𝑎𝑏𝑠 = 1
𝑁

|𝐼1|∑︁
𝑖=1

min(‖ 𝐼1(𝑖)𝐼2(𝑗) ‖) 𝑗 ∈ (1; |𝐼2|) (5.9)

Δ𝑅𝑀𝑆 =

⎯⎸⎸⎸⎷ 1
𝑁 − 1

|𝐼1|∑︁
𝑖=1

min(‖ 𝐼1(𝑖)𝐼2(𝑗) ‖)2 𝑗 ∈ (1; |𝐼2|) (5.10)

Experimental Results

Influence of calibration is demonstrated in Fig. 5.3 and in Table 5.2. Although in
evaluation of criterion function 𝑓𝑒𝑟𝑟 the decimated point-cloud is used in order to
keep the spatial grid comparable, in Fig. 5.3 the whole point-clouds are shown to
show mutual relation of data as a whole.

Fig. 5.3: Influence of calibration. Point-cloud measured before calibration (left) and
after calibration (right). On both figured, two scans (blue and red) of one scene
captured from different positions are presented.

Tab. 5.2: Performance of Laser Scanner Calibration procedure.

Before Calibration After Calibration
Criterion function 𝑓𝑒𝑟𝑟 [–] 60 215.61 76.41
Average absolute error Δ𝑎𝑏𝑠 [mm] 2.907 0.085
Root mean square error Δ𝑅𝑀𝑆 [mm] 4.044 0.144
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Discussion

Results of experiment show ability of calibration module to compensate errors caused
by inaccurate holder transformation TES. Absolute values of differences between two
relevant point dropped down under the level of RoScan accuracy, what was intended.

5.3 Verification of Mutual Calibration of Cam-
eras

Mutual calibration of cameras had been tested on RoScan by capturing calibration
pattern in order to prove the ability to compensate systematic errors influencing
mapping of 2D image onto 3D surface. Major part of text in this section is taken
from the author’s publication [222].

As a reference, the captured 3D surface had been taken, since the purpose is to
maintain proper matching of image data with surface points. On this object, 64
reference landmarks were manually extracted in a way as done during calibration.

At first step, the intrinsic parameters were not incorporated and sensor trans-
formations HSC and HST were evaluated from dimensions provided in camera man-
ufacturer’s documentation and from dimension plan of sensoric head. Using these
parameters, the first 3D scan was captured and data fusion was performed.

As a second step, the proposed camera calibration procedure was performed and
then the second 3D scan was captured using the new parameters provided by this
calibration.

On both 3D scans, position of all 64 projected landmarks were manually ex-
tracted on 3D surface covered with data from each camera. Distance between
extracted point and relevant reference point (Δ) was measured for each camera
separately.

Experimental Results

Results of this experiment are summarized in Table 5.3. Results of data fusion
performed before and after calibration are also shown in Fig. 5.4 and 5.5.

Discussion

Results of verification experiments show, that proposed calibration method is capa-
ble of significant minimization of data-fusion error. The average distance of projected
point to true position of point served as criterial function for evaluating method ben-
efits, and its value dropped down 16 times at color camera and 32 times at thermal
camera.
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Fig. 5.4: Data fusion result of thermal image before (left) and after (right) calibra-
tion.

Fig. 5.5: Data fusion result of colour image before (left) and after (right) calibration.
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Tab. 5.3: Results of Thermal and Colour Camera Calibration

Parameter
Thermal Camera Colour Camera

Before Cal. After Cal. Before Cal. After Cal.

Camera translation X [mm] 89.58 87.21 80.80 80.56
Camera translation Y [mm] -40.50 -40.17 -105.80 -104.37
Camera translation Z [mm] 15.10 15.71 14.31 22.14
Camera rotation U [deg] 90.00 89.59 90.00 89.76
Camera rotation V [deg] 0.00 -1.09 0.00 0.71
Camera rotation W [deg] 90.00 90.37 90.00 90.22
Principal point X [px] 192.00 178.37 800.00 841.77
Principal point Y [px] 144.00 136.93 600.00 609.99
Horizontal AFOVa [deg] 51.2820 52.4417 60.7975 60.4364
Vertical AFOVa [deg] 39.5978 40.8977 47.4990 47.2878
Mean of error Δ [mm] 4.90 0.15 4.17 0.26
Standard deviation 𝜎 [mm] 0.20 0.04 0.39 0.11
aAFOV = Angular field of view.

If we compare the camera parameters before and after calibration, the biggest dif-
ferences can be seen at principal point offset, which was shifted by 2.5 % of chipset’s
width at color camera and by 3.4 % at thermal imager. From orientation values can
be seen, that plate, which holds both cameras is not precisely parallel with scanner
side. Values of both cameras moves to the same direction, what could be caused by
unequal length of spacer screws. The orientation is very important parameter, since
every tiny change of angles cause bigger movement of projected image on the 3D
surface compare to translation. At thermal imager, it was also important difference
in focal length, which influences field of view. Evaluated parameter was different by
3.5 % than value supplied by manufacturer.

Conclusion

The main advantage of this method is fact, that it is not dependent on precision, with
which the pattern has been manufactured. Any object with distinctive landmarks
clearly visible at each sensors can be used as calibration pattern [214]. Another
advantage is complex bundle of parameters, which are evaluated from one pack of
data.

The accuracy of proposed calibration method depends on several factors. First,
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the calibration pattern itself. Even if this method is independent of precision, with
which the pattern has been manufactured, its appearance influence the precision
of landmark detection. For example, even if upper side of our calibration pattern
has significantly higher thermal conductivity than sides of square holes, the thermal
difference is sometimes not big enough and considering also the low resolution of
thermal imager, it is sometimes hard to see the edge. This should be enhanced in
future work.

Second, the accuracy of computed parameters strongly depends on quality of
corner extraction. But it is useful, that when some point is wrongly extracted, the
Calibration Toolbox alert you in error graph or by increased uncertainty of resulting
parameters. This point is related with calibration pattern appearance and it is the
main factor limiting accuracy of entire procedure.

Third, the influence has also the accuracy of 3D scanner itself, but this factor is
usually not limiting, since we generally want to calibrate the data-fusion system on
the same level of accuracy as 3D scanned surface is.

112



6 MEDICAL APPLICATIONS OF ROSCAN

RoScan is a multi-purpose 3D surface scanning solution, having possible utiliza-
tion in many different applications in wide range from mechanical engineering to
medicine. And just medicine is the area for which the device could be the most ben-
eficial, since almost every injury, many diseases or pathological changes are charac-
terized by increased blood flow and stronger cellular metabolic rate in the affected
region, leading to local increase of temperature [4]. Such areas can be recogniz-
able on thermal layer of RoScan and due to 3D representation, accurately measured
without distortion, in the sense of evidence based medicine.

Based on the introduction (chapter 1) and state-of-the-art overview (chapter 2),
some applications, that are potentially interesting for medicine, had been selected
and pilot studies were performed. These studies are further presented in following
text and their possible benefits for medicine are also discussed.

Fig. 6.1: Experimental setup or Roscan for its medical applications.

The pilot studies mentioned in this chapter are not the only ones that are po-
tentially beneficial to medicine. There are also other domains of healthcare, where
RoScan could provide the new objective data, bringing new evidences for decision-
making in medical practice. We can name for example monitoring of necrotic tissue
of subjects suffering with diabetes mellitus [238], evaluation of fat sustainability
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after lipografting intervention [239], or breast cancer and skin cancer research.
The studies regarding these applications have not only been completed until the

end of authors PhD studies, but cooperation has been already set up with partner
institutes and will be the subject of the future research.

6.1 Assessment of Dermatic Medicaments

For objective assessment of treatment efficacy performed by particular medicament,
it is necessary to be able to objectively assess the impact on treated disease. For
rating performance of external dermatologics indicated for atopic dermatitis (AD)
it is important to objectively quantify the AD lesion during the time.

The best present methods for quantification of dermatitis (see State of the Art,
2.4.2) requires experienced clinician or measures only in narrow selection (not in
the whole tissue), what both can cause misinterpretations or bring uncertainties to
output value.

RoScan is dealing with these disadvantages by using thermal imaging, which
provides objective and straightforward value of surface temperature, which is not
necessary to be interpreted by expert and reflects blood flow in entire affected tissue.
It has been proven, that AD lesions are characterized by increased blood flow and
stronger cellular metabolic rate, what cause local increase of temperature, and that
this increase correlates with disease severity [4, 8, 86].

However, thermal imaging itself could not be used for this purpose, due to its
low resolution and impossible ROI localization on image. Even when localization of
ROI would be possible, the temperature in area still would not be measurable, due
to the distortion of image when projecting 3D world to 2D representation, which is
different for each measurement, since it depends on the distance and orientation of
camera relatively to the subject.

But because RoScan incorporates also 3D scanning and colour camera, these
limitations are overcome. The ROI, which is marked on the skin of tested subject
is clearly visible on the colour image. The average temperature of ROI can be
computed from thermal data and because of 3D surface model, the information is
not distorted.

In following text, the case study of monitoring inflammation related to eczema
caused by an allergic reaction is presented. The inflammation development is stud-
ied using RoScan during eczema growth and after the application of two different
external dermatologics.

This experiment shows new possibilities of dermatitis quantification and demon-
strates advances beyond state of the art brought by RoScan.
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6.1.1 Materials and Methods

The case study has been performed on subject suffering with allergy on hazel aller-
gens. The experiment began when itchy and red lesions appeared on superior side
of left forefoot, few hours after ingestion of small amount of allergic substance. The
area of lesion had been highlighted by markers drawn on the skin and was divided
into two parts, marked as 𝑉 and 𝐾 (Fig. 6.2).

Fig. 6.2: Affected area immediately after dermatologics application (left) and 31
hours later (right).

During first stage of experiment, the subject was repeatedly scanned 1 using
RoScan during 50 minutes period. After that, Protopic® 0.1% topical ointment was
applied to the area 𝐾 and ointment from shea butter and coconut oil was applied
to the area 𝑉 .

During second stage, the subject was once again repeatedly scanned using RoScan
for following 31 hours. In first minutes, when reaction to dermatologics was ex-
pected, the spacing between measurements was 2-3 minutes, then approx. 15 min-
utes and then about 45 minutes. Most of measurements were taken during first 4
hours, when subject was present in the laboratory. At following 27 hours, only 3
measurement were taken due to unavailability of subject to come for measurements.

When processing the results, the areas 𝐾 and 𝑉 were selected on each thermal
3D scan using color layer of 3D surface model, where markings drawn on the skin of
subject are visible (Fig. 6.3). Average temperature and selected surface area of each
region were then computed2. The area of selected ROI serves as controlling value,
since it shall stay unchanged at all samples, even if captured from slightly different
positions. The average temperature was used as quantitative parameter.

Because surface temperature of forefoot depends also on physical activity or
ambient heating, reference temperature was measured on each scan. As a reference

1Exact time of scanning has been saved and used for further evaluation.
2Both values are directly provided by RoScan software tool
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point, area of letter V marked on the skin was used. We are assuming, that external
influences affect the entire surface equally.

Fig. 6.3: Selection of areas on color layer (left) and averaging of temperature on
thermal layer (right).

For quantification of inflammation in affected area, following metric has been
applied:

𝛿𝐴(𝑡) = 𝑇𝐴(𝑡) − 𝑇𝑅(𝑡)
𝑇𝐴(0) − 𝑇𝑅(0)

− 1 (6.1)

where 𝑇𝐴(𝑡) is average temperature of points belonging to the area 𝐴 in time 𝑡,
𝑇𝑅(𝑡) is reference temperature in time 𝑡. In this context, the meaning of 𝛿𝐴(𝑡) is
relative change of difference between area temperature and reference temperature,
relatively to the time and state when dermatologics were applied3. Such relative
metric had been chosen due to unequal distance of both areas from edge of body,
what causes differences in absolute values of a temperature. This approach normal-
izes both values to the same scaled index and make both areas to be comparable
between each other.

Note: Be aware, that purpose of this experiment is not to evaluate treatment
efficiency of both dermatologics, but to show that RoScan is able to quantify the in-
flammation and that is sufficiently sensitive for monitoring of inflammation progress.
The results of this study brings information only about reaction of this particular
subject to both dermatologics and can not be generalized to human population.

3e.g. 𝛿𝐴(1 min) = 10% means that during first 10 minutes after application, the gradient of
area temperature relative to ref. point has grown by 10%
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6.1.2 Experimental Results

Development of 𝛿𝐾(𝑡) and 𝛿𝑉 (𝑡) during 31 hours after the application of ointments
is shown on Fig. 6.4.

Fig. 6.4: Development of 𝛿(𝑡) during 31 hours after application of ointments.

Temperature gradient in area treated by Protopic® 0.1% culminated at 45%
gradient relatively to starting state, when area treated by ointment from shea butter
and coconut oil culminated at 65%. From point of culmination, both areas are
healing with similar trend.

Both areas were similarly progressing before application of drugs, as shown in
Fig. 6.5. Note, that there is no significant difference between thermal progresses
of both areas until application of ointments. After that, the characteristics become
different.

In Fig. 6.6, there is a detail of first 100 minutes after application, which is not
visible in full scale. The temperature of area 𝐾 is growing faster than in area 𝑉 ,
but after 10 minutes stops to grow and after that, the increase during the time is
significantly slower.
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Fig. 6.5: Development of 𝛿(𝑡) before application of ointments.

Fig. 6.6: Detail of 𝛿(𝑡) characteristics in first 100 minutes after application of oint-
ments.
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6.1.3 Discussion

Both areas are evolving in similar way before application of dermatologics (Fig.
6.5), what might rebut the assumption, that both areas are affected by differently
advanced inflammation and that both areas would be then evolving differently even if
not treated. For further considerations, we assume that both areas are afflicted with
inflammation of same severity, also because of the same symptoms (same redness,
rash and itching).

Active substance of Protopic® 0.1% is Tacrolimus [240], what is topical calcineurin
inhibitor (TCI), which works by weakening the skin’s defense (immune) system,
thereby decreasing the allergic reaction and relieving the eczema [241]. Since atopic
dermatitis is skin inflammation [242], which is partially caused by immunologic
factors [243], its development should be reduced by dosing this drug.

On the contrary, the ointment from shea butter and coconut oil has no simi-
lar active substance and acts only as moisturizer [244], so it should serve only for
prevention from cracked skin [245].

This is in consensus with our observation from Fig. 6.4, where Protopic® 0.1%
has stronger effect on stopping the development of eczema than ointment from shea
butter and coconut oil.

According to subject’s feelings, 2 minutes after application of ointments, the area
𝐾 started to be strongly burning. This feeling culminated at 7 minutes and at 12
minutes burning in area 𝐾 fully stopped, as same as previous itching. Itching in
area 𝑉 stays at same level during this period. The surface of area 𝐾 also became
sticky and oozing, as shown in Fig. 6.7.

Fig. 6.7: Oozing surface of area 𝐾 after application of Protopic® 0.1%.
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This report correlates with response of inflammation development in first minutes
after drug application (Fig.6.6), where 𝐾 area is initially more inflamed then 𝑉 , but
then inflammation decrease speed of development more than in area 𝑉 . The burning
after application is well known side effect of Protopic® 0.1% [240], but its cause is
not known. Anyway, it is recognizable on time evolution of 3D thermogram.

6.1.4 Advances Beyond State of the Art

The main purpose of RoScan is being able to quantify inflammatory processes inside
the human body. This inflamed region should be close to the skin, or sufficiently
"strong" to be able to influence the skin temperature. Case study above shown, that
using RoScan for quantifying inflammation is possible.

Compared to the most common methods used in everyday clinical practice (scor-
ing systems), RoScan is more objective and especially disposes with significantly
higher resolution. Used scoring systems are mostly based on visual observations
[246, 238] and when looking at differences between Fig. 6.2 left and right, it is
clear, that RoScan brings more evidence-based diagnostic data, which are normally
invisible. This was also shown in presented case study.

However, even if we compare RoScan with objective bioengineering methods used
in research and medicament trials (section 2.4.2), the several advances have been
reached. At first, the interpretation is straightforward and experienced clinician is
not necessary as for evaluating OCT, HFUS or RCM. Thus, the chance of misin-
terpretation is eliminated. At second, exactly the area of lesion is examined, not
including the surroundings as in FDI and not just selected cross-sections as in OCT,
HFUS and RCM.

It is important to say, that this experiment would not be realizable at all with any
present method from state of the art. Current clinical trials are usually performed
by two groups of subject, when one group is treated with the tested medicament
and second is not, what may lead to wrong conclusions, when the selection group is
not a representative sample of the population. Also the sensitivity of that methods
are lower, so only significant progress is distinguishable.

RoScan allows comparing effects of two drugs on the same subject and even
on the same lesion, what would not be possible by current methods. Due to its
sensitivity and selectivity, it is also possible to evaluate the progress of treatment in
significantly more detail, what was shown in this study in Fig. 6.5.

Last but not least advantage of RoScan is availability of more quantitative pa-
rameters in same time, when current methods are focused usually at single one.
Besides lesion temperature, also its colour, reflectance, roughness parameters of le-
sion surface and its area are available.
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6.2 Volumetric Measurements of Soft Tissues

Current volumetric methods can be divided to two groups – methods, which allows
selection of ROI defined by axial cutting plane only and methods, allowing more
advanced ROIs (see State of the Art, 2.5.2).

In the first group, the clear best method seems to be the Water Displacement
(WD), which is considered as golden standard. But in case of advanced examina-
tions, like evaluating of single muscle grow or lymphedema combined with muscle
atrophy, it is necessary to choose a method from second group, which contains 3D
Ultrasonography, MRI and CT only.

When excluding the Ultrasonography, which is not accurate enough, only MRI
and CT remains, what both are slow, cumbersome and expensive methods. CT is
even harmful to health.

RoScan, regarding its parameters and capabilities (section 4.4), brings faster,
safe and more accurate solution with very low operational costs. It is especially
valuable in specific cases, where advanced ROI examination is necessary.

Since RoScan is generally the most accurate method, it will enable measurements
of very tiny changes of volume, what can help to early discover pathological changes
even before they are already significantly developed.

There are several commonly used methods, but there is a lack of clear compari-
son, which shows their advantages and limits. The accuracy of each method available
is only roughly and uncertainly estimated in current publications. As a result of this,
the validation study had been performed by author of this thesis and published in
impacted journal [247]. The study is focused on accuracy and repeatability of each
method.

These results were than compared also with RoScan, what demonstrates ad-
vances beyond state of the art brought by RoScan in the field of medical volumetric
measurements.

Major part of text in this section is taken from the author’s publications [247]
and [248]. Differences between wording of this text and the paper are more for the
sake of text consistency than to bring new information.

6.2.1 Comparison with Standard Methods

Table 6.1 shows overview of accuracies belonging to each current standard method.
These values were obtained from state of the art overview (section 2.5). Theoretical
value of RoScan accuracy was evaluated in section 4.4.1 and verified in section 5.1.
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Tab. 6.1: Methods comparison: Relative accuracies of standard methods and the
new method.

Method Relative Accuracy 𝛿𝑉

Frustum Sign Model 8 %
Disc Model 6 %
Water Displacement Method from 2 % (at 2700 cm3)

up to 8 % (at 25 cm3)
Optoelectronic Volumeters 2 % (1000 − 3000 cm3 )
3D Ultrasonography (5.0 · 10−3 · 𝑆/𝑉 ) %
Magnetic Resonance Imaging (MRI) (1.0 · 10−3 · 𝑆/𝑉 ) %
Computed Tomography (CT) (2.0 · 10−4 · 𝑆/𝑉 ) %
RoScan (1.2 · 10−4 · 𝑆/𝑉 ) %

Since relative accuracy of some methods depends on shape of measured object,
it is not possible to compare them directly. For this reason, two reference objects
were chosen to compare methods performance properly:

• reference cylinder – to be able to verify accuracies of each method on object
with known volume,

• human hand – to be able to compare proposed method with standard ones
in standard working conditions.

Relative accuracy progressions of particular methods are approximated in Fig.
6.8 (for reference cylinder) and in Fig. 6.9 (for human hand). These progressions
encapsulate the influence of surface-area-to-volume ratios (𝑆/𝑉 ) on relative accuracy
of each method.

It is clear from both figures, that according to theory, results measured by
Robotic 3D Scanner reach the best accuracy in every situation. The second best
method is computing the volume from CT captured model, but this method have
to be used as rare as possible due to the high doses of ionizing radiation.

The aim of following experiments is to validate declared accuracies of all methods
and determine, if RoScan brings such advances as expected.

6.2.2 Materials and Methods

The first part of this section describes reference objects used for the following exper-
iments. In the second part, measuring procedure of each tested method is described.
Final part describes both comparative experiments: accuracy and repeatability ver-
ification experiment and personal dependency test.

122



Fig. 6.8: Methods comparison: Relative measurement accuracy 𝛿𝑉 and its depen-
dency on size of reference cylinder (its volume).

Fig. 6.9: Methods comparison: Relative measurement accuracy 𝛿𝑉 and its depen-
dency on size of human hand (its volume).
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Reference Objects

For verification of accuracy of Water Displacement Method and the circumferential
measurements, we use precise aluminium cylinders in three sizes (Fig. 6.10 left)
with volumes similar to finger, hand and forearm. Dimensions of each reference
cylinder has been measured with slide calliper and according to [223], their volumes
and uncertainties were computed as:

𝑉ref,1 = 15.91 ± 0.06 ml (6.2)
𝑉ref,2 = 432.46 ± 0.53 ml (6.3)
𝑉ref,3 = 973.42 ± 0.89 ml (6.4)

Fig. 6.10: Precise reference cylinders for verification of accuracy of Water Displace-
ment Method and circumferential methods (left) and subject’s upper limb with
marked region of interest – Forearm, Hand and Finger regions.

For verification of accuracy of Magnetic Resonance Imaging and Computed To-
mography, as same as for comparative experiments among different methods, two
real human limbs were used. At subject’s limb, borders of three regions of interest
were marked with permanent marker (Fig. 6.10 right) as follows:

Finger Region situated at middle finger of left hand, in distal direction from axial
cutting plane located at the centre of proximal interphalangeal joint (articulatio
interphalangealis proximalis digii tertii).

Hand Region of left hand, in distal direction from axial cutting plane going
through both ulnar styloid process (processus styloideus ulnae) and radial styloid
process (processus styloideus radii).
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Forearm Region of forearm between axial cutting plane going through both ulnar
styloid process (processus styloideus ulnae) and radial styloid process (processus
styloideus radii) and axial cutting plane going through olecranon and cubital fossa
(fossa cubitalis).

Each region of interest has been defined as above because of the fact that MRI
and CT modalities do not recognize the border defined with permanent marker, so
we have to be able to exactly determine boundaries of region just from the image of
bones inside the limb, which are clearly visible at CT and MRI images.

Note: When words Finger, Hand and Forearm are written in following text with
first character in capital, it is used in mean of the region of interest defined above,
not in its anatomical sense.

Water Displacement Method (WD)

The experimental apparatus is shown in Fig. 6.11. It consists of concave tube,
closed at the bottom side and equipped with spillway on the top of the tube [156].
The spillway fall into the container placed at the precise digital weight scale KERN
PCB 2500-2 (d = 0.01 g). There are two different tubes used in this experiment:
the smaller one has a diameter 27 mm and the height 150 mm and is intended for
measurements of small objects like a finger. The bigger one has a diameter 156 mm
and the height 595 mm and is intended for measurements of objects in size of hand
or forearm.

Fig. 6.11: The measuring apparatus for Water Displacement Method. The water
tube for measurement of Hand and Forearm regions (left) and the water tube for
Finger region (right).
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At the start of measurement, the container is emptied and tube is filled with
water since water starts to float through the spillway. We wait so long as the spilled
water fully drops away (up to 10 minutes at bigger tube and 20 seconds at smaller
tube) and reset the scale value (TARE). Then, the measured object is inserted into
the tube up to the marked edge of region of interest (in case of human limb) or fully
drowns in case of reference cylinder. We wait so long as the spilled water fully drops
away (in case of reference cylinder) or when the dropping period is longer than 1 s
(in case of human limb, because the shivering of limb vibrates with water level and
dropping of water does not ceases totally). The weight of spilled water in grams is
the value of volume in millilitres, since the density of water is 0.999 g/ml at 20∘C
[249].

Frustum Sign Model

The experimental apparatus consists of the non-elastic string with diameter 𝑑𝑠 =
3.45 mm and the ruler with 𝑑 = 1 mm. There are just 2 circumferential mea-
surements taken at opposite sides of measured region and the volume of limb is
approximated by truncated cone between them (Fig.2.20) [161].

Instead of standard equations from [158, 161, 157], we used its modification,
since the diameter of measuring string indispensably influences the result:
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where ℎ is distance between two circumferential measurements, 𝐶1 and 𝐶2 are
measured values of circumference and 𝑑𝑠 is diameter of measuring string.

The patients were placed in a sitting position with forearms pronated. The string
was placed around the arm; always in direct contact with the skin but without
excessive pressure (Fig. 6.12) and the circumference was marked on the string.
The length of marked part of string was measured by ruler. Measurements of arm
circumference were captured at the level of both defining cutting planes of Forearm
region, in case of Finger, the first circumference was taken at defining cutting plane
and the second one was taken 10 mm proximally from the tip of middle finger. The
measurements of Hand region were not performed, since the method is not intended
for this purpose.

Disc Model

The experimental apparatus and the method procedure is the same as in case of
Frustum Sign Model, the only difference is that circumferential measurements are
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Fig. 6.12: Measuring of limb circumference used at Frustum Sign Model, Disc Model
and Partial Frustum Model method.

taken each 40 mm (Forearm region) or 10 mm (Finger region) from proximal border
cutting plane of region and the total volume is computed as sum of equidistant discs
(Fig. 6.12) [161].

We use the modification of equation by [160], because the diameter of measuring
string influences the result and cannot be neglected:

𝑉𝐷 =
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(6.6)

where ℎ is distance between two circumferential measurements, 𝐶 is measured
value of circumference and 𝑑𝑠 is diameter of measuring string.

Partial Frustum Model

This method combines two methods mentioned above. It takes the same measure-
ments as Disc Model, but approximates volume by 40 mm or 10 mm high truncated
cones instead of equidistant discs (Fig. 6.12) [163]. The equation used at Frustum
Sign Model was used for each partial element.
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Magnetic Resonance Imaging (MRI)

The experimental apparatus consists of GE Discovery MR750 3T magnetic resonance
imager providing captured data in DICOM format and open source software 3D
Slicer [250] capable of processing this data.

The patient’s body was situated in pronated position, with left upper limb raised
upwards, shoulder joint in flexion, with forearms pronated. Region of hand was
placed inside of measuring area of MRI device. Measurement using Ax T1 FSPGR
3D protocol was performed with Slice Thickness of 1.4 mm. The Hand region only
was scanned due to the financial reason.

Scanned 3D data (Fig. 6.13 left) were processed in 3D Slicer as follows: Measured
region was cropped by cutting planes going through the exact points at skeleton
as defined above. Using Threshold Effect tool of Editor, we created label map
containing volume of measured region. Using Dilate and Erode effect, we clean the
unlabelled islands inside of region. Finally, the volume of labelled area has been
computed from number of labelled voxels and known size of voxel [251].

Fig. 6.13: Visualization of captured 3D data from CT in 3D Slicer software using
opaque tissues volume rendering to be able to see the bones because of precise setting
of the region of interest (left) and 3D surface model captured by RoScan (right).

Computed Tomography (CT)

The patient was situated in the same position as at MRI. Measurement with Slice
Thickness of 0.6 mm was performed. The Hand region only was scanned due to the
ionizing radiation and financial reason.

Data processing was performed the same way as at MRI.
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RoScan

All regions of interests together were captured using several surface scans of RoScan
(Fig. 6.13 right). Additional markers were drawn on the subject’s skin to be able
to combine several partial scan into the single complete model. According them,
the model had been composed together and using measurement mode of RoScan
Analyzer (section 4.3), the volume was evaluated.

It is important to note, that no other manipulation than translation and rotation
of each entire surface model in order to align the markers, was taken.

Accuracy and Repeatability Experiments

Since there is no universal object, which volume can be exactly computed and at
the same time it is measurable by all compared methods, the experiments were
processed as follows:

First step The accuracy of Water Displacement and all three circumferential
methods has been verified on precise reference cylinders with known volume. Each
cylinder was measured using each method 10 times (by the same person) in order
to determine its repeatability. Results of this step are shown in Appendix D, Table
D.2 in rows 1, 4, 7 and in Fig. 6.14. These results served for assessment of accuracy
of Water Displacement, Frustum Sign Method, Disc Model and Partial Frustum.

Second step All the methods were tested on the patients. Two subjects, 26 and
39 years old, currently without pathological findings, were used for measurements
of Forearm, Hand and Finger regions. Measurement of each region on every patient
was also performed 10 times. Results of this step are shown in Table D.2 in rows 2,
3, 5, 6, 8, 9 and in Figure 6.15.

Since aluminium objects are not allowed for CT and MRI, it was not possible
to verify accuracy of CT and MRI on reference object. For the sake of evaluation
in Table D.1, as reference values for assessment of CT and MRI accuracy, the value
provided by Water Displacement method was taken, as long as it is considered as
standard golden method.

Accuracy Relative absolute accuracy (RACC) was computed as relative difference
between measured value of volume and true value of volume according to formula:

RACC =
⃒⃒⃒⃒
𝑥 − 𝑥𝑇

𝑥𝑇

⃒⃒⃒⃒
(6.7)
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where 𝑥 is given as:

𝑥 = 1
𝑁

𝑁∑︁
𝑖=1

𝑥𝑖 (6.8)

Variable 𝑥𝑇 means a true value of volume, N is number of measurements (10)
and 𝑥𝑖 is i-th measured value. This parameter represents influence of systematic
errors on measured value.

Repeatability Relative standard deviation (RSD) was computed as standard de-
viation of measured values in case of same object and same person performing the
measurement according to formula:

RSD =

√︁
1
𝑁

∑︀𝑁
𝑖=1 (𝑥𝑖 − 𝑥)2

𝑥
(6.9)

This parameter represents influence of random errors on measured value.

Personal Dependency Test

In case of circumferential measurements, the result value of volume is dependent on
particular person performing the measurement, since the value affects how much the
string is tightened.

Three sets of 10 measurements on the same Forearm region using each circum-
ferential method were performed by three different people in order to test personal
dependency of the method. Results of this test are shown in Table D.2 in rows 9,
10 and 11.

6.2.3 Experimental Results

Diagrams in Fig. 6.14 and 6.15 show median, first and third quartile, minimal and
maximal measured value for each method. Overview of measured values can be
found in Appendix D, Table D.2.

In comparison of methods with reference cylinders of known volume (Fig. 6.14),
only RoScan and WD were close to true value. RoScan has significantly better
repeatability on bigger volumes and its measured value is also slightly closer to true
value compared to WD. Other methods overestimated or underestimated the value,
what is given by their approximating principle.

In inter-method comparison (Fig. 6.15), the very strong correlation between
CT and RoScan values was observed. Correlation between WD and RoScan was
observed too. Other methods were overestimating or underestimating again. The
repeatability was strongly the best at RoScan in all cases. The second best was
WD.
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Fig. 6.14: Results of comparison among circumferential methods and Water Dis-
placement method performed on reference object with known volume.

Fig. 6.15: Results of comparison among tested methods performed on subject 1.
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6.2.4 Discussion

The RoScan has been found as a method with the best repeatability (RSD up to
0.5 %) and also the accuracy (RACC = 0.05 %) in all tested experiments. It was
also very fast (1 min. scanning and up to 10 min. processing), comparable even to
the fastest, but the least accurate FSM method.

From current methods, the Water Displacement method can be considered as
the best, since it has very good accuracy (RACC = 0.3 %) and repeatability (RSD
up to 2 %). It is also very simple – no expensive equipment is needed, the apparatus
directly shows the measured value and it is observer independent. Experimental
accuracy (0.3 %) was better than accuracy estimated in [160] (2 %). It was even
better since the size of object was bigger.

It was observed, that the only problem of the method is shivering of the measured
limb, what causes false dropping of water and consequently increase of measured
volume. It is clear from RSD, which is about 2 times lower in case of reference
cylinders, and also from absolute value of volume, which is slightly lower compared to
RoScan. This phenomenon has been observed more at the last measurements, when
examined subject started to be tired. Measure procedure is also time consuming
(15 min.) comparing to circumferential methods, because the dropping is very slow.

The Frustum Sign Model was very fast (less than 1 min.), but it was very person-
ally dependent in both accuracy and repeatability. The repeatability was in range
from 2% to 6% and accuracy in range from 2 % to 8 % according the observer. But
difference in resulting value in case of measurements of the same object by various
observers was up to 10 %. On the other side, the best single observer was able to
measure with RACC = 1.8 % and RSD = 1.5 %.

Both Disc Model and Partial Frustum Model were also personally dependent, but
the repeatability was better (1 – 2 % Forearm, 3 – 4 % Finger). The best observers
reach also better accuracy (up to 1 %). However, the measurement was significantly
slower (15 min.). There is no proven difference between these methods, but Partial
Frustum Model is preferred, due to its more authentic volume approximation, what
could theoretically lead to better accuracy.

The MRI and CT based measurements were significantly more expensive, but
there are the only methods, where selecting of special region is allowed. Since MRI
has lower resolution and there is also more noise in MRI data, the edge of object
is harder to detect precisely, so the repeatability was lower in case of MRI (5 %)
compared to CT (2 %). Also the accuracy was very good in case of CT (2 % Finger,
0.5 % Hand). The CT is the only one from current methods, which reaches up to
the same accuracy and repeatability as the Water Displacement Method; however
its use has adverse effect on human health.

132



Overall summary of parameters of compared volumetric methods shows Table
D.1 in Appendix D. It can be used as a guide when choosing the proper method for
specific application.

6.2.5 Conclusion

According to [166] or [160], the Water Displacement method is considered as cur-
rently the best method based on its repeatability. This experiment is conform to
this claim and besides reliability, it evaluates also accuracy related to the true value,
what is also the best from current methods (Fig. 6.14).

Studies [163], [252] or [170] declare high correlation among circumferential meth-
ods and Water Displacement method, but significant discrepancy between values of
these method. Based on that, they stated it cannot be indicated which method is
preferable. This experiment evaluated method’s values in relation with true value
and proved, that Water Displacement values are significantly closer to true value
than circumferential methods.

This experiment also confirmed repeatability of Frustum Sign and Disc Model
given in [161] and evaluated accuracy, which is worse than Water Displacement’s. On
the other hand, this method cannot be considered as useless, since it is much faster
than Water Displacement. It depends, how accurate measurement is necessary, but
in some cases, its accuracy can be sufficient.

There are modification of Frustum Sign Model called Disc Model and Partial
Frustum model, which were originally introduced in order to improve the accuracy.
This experimental study examined, that improvement of accuracy is insignificant,
especially in contrast with increase of measure time. Because of that, there is no
reason to use another circumferential method than Frustum Sign Model.

The experiment also proved and quantified the assumption of [158] that measured
value is dependent on skills of person performing measurement (Table D.2, rows 9 -
11).

Methods WD, FSM, DM or PFM provide volume of entire limb, not the volume
of muscles or oedemas only, what is usually value, which is required. In cases of
measurements of oedemas, we consider changes in muscle mass as negligible, likewise
in case of measurements of muscle growth or atrophy, we neglect oedemas. But there
are cases, where these neglects are inappropriate.

For such cases, the RoScan, CT or MRI must be used, even though these methods
are not as simple in equipment as previous ones.

The RoScan is very fast and easy to use and disposes with the best repeatability
and accuracy from all methods ever. It is the best method in cases, when advanced
ROI around surface is necessary, or in cases of detection of very tiny volumetric
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changes. It can be considered as the most advanced method, however the equipment
needed (the RoScan 3D scanner itself) is quite expensive. On the other hand, it is
still significantly less expensive than CT or MRI and its operation is inexpensive,
what is not in cases of CT or MRI.

When ROI selection around inner structures is necessary, the MRI or CT are the
only way, even when these methods are very time consuming, expensive, and with
limited availability.

The strength of this study is comparison of wide range of methods, presently
used in limb volume measurements, but never compared between each other. The
benefit of this study is also evaluation of all parameters necessary to know, when
deciding which method to use, including accuracy or measurement time.

The limitation of this study is, that true value of measured object is known only
for reference cylinders and not for human subjects. Because of that, the accuracy
of MRI and CT cannot be stated exactly but only in comparison with WD. Future
studies should verify the validity of this condition on another reference object with
known true volume, which is more relevant to human limb and measurable also with
MRI and CT (phantom).

6.2.6 Advances Beyond State of the Art

Contribution to general knowledge is already a comparison of current methods it-
self as this has not been done yet, and the precision and repeatability parameters
of current standard methods were only unreliable estimations until issuing of this
paper.

But the experiment principally proved, that RoScan scanning system can be
used as valid volumetric method, which is even better than current golden stan-
dard, Water Displacement method. Besides better accuracy and repeatability, the
volumetric measurement is also faster than WD and allows selection of advanced
ROI according to markers, which can be simply drawn on patient’s skin.

It should be emphasized, that advanced ROI selection is a significant advantage
over the current methods as this need can be currently solved only by MRI or CT,
what are very slow, cumbersome and expensive methods. Due to their expensive-
ness, the availability is very limited4, what makes repeated monitoring on day basis
impossible.

Development of RoScan made this now possible, bringing new advanced and
objective method, allowing for example comparative study of several exercises in

4For example in CZE, there is only 17 CT devices and 8 MRI devices per 1 million of inhabitants
[253].
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rehabilitation, monitoring of muscle strengthening or atrophy in detailed scale, as-
sessing the impact of therapy, etc. And due to the best accuracy, even tiny changes
of volume can be distinguished.

Another important advantage of this method is, that also the purpose of volu-
metric change can be determined in some cases. Thermal data layer could help e.g.
to discriminate between edema and positive influence of muscle strengthening.

Author is aware of the fact, that acquisition costs of RoScan are not negligible,
but it is still 20 times lower than MRI [191, 189] and 4 times lower than CT [42, 195].
Beside this, RoScan operational costs are minimal and this device is not a single-
purpose and can be used in many other medical sectors.
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7 CONCLUSIONS

The output of the research connected with this thesis is a multispectral 3D sur-
face scanning system RoScan, usable in many different sectors ranging from purely
technical applications to specific medical applications. This system is based on the
novel scanning method developed by author, which has not been available before,
and which is using robotic manipulator and several sensors mounted on its end-point.

This approach enables reaching both high flexibility of scanning and high absolute
accuracy of resulting 3D model in the same time, what is not common in current
commercial 3D scanners, which are usually dealing with compromise between accu-
racy and flexibility. Beside this, it is also able to create extensive 3D models with
keeping the high accuracy, what is also not common in current state of the art.

These extensive high-accurate models are covered with thermal data, which can
have the same resolution as the high-accurate 3D surface model itself, what is mov-
ing forward the state of the art in the 3D Medical Thermal Imaging. In this domain,
several experimental prototypes of 3D thermographic devices were published, but
all of them disposed with many times lower resolution of thermal layer than 3D
model itself, what was limiting its clinical usability. RoScan successfully deals with
this issue by capturing more thermal frames from a smaller distance, what enables
achieving the same resolution as other sensors. Note, that this would not be possible
using different method.

RoScan has been validated in pilot studies in dermatology and physiotherapy.
In both medical sectors brings advances beyond state of the art, what was demon-
strated by clinical experiments.

In dermatology, RoScan has been used for monitoring eczematic lesion of subject
suffering from atopic dermatitis. Its reaction to two different medicaments was
successfully quantified on the same subject in the same time, what is not possible
with current methods. This contributes to solve the common problem in comparative
studies, when dermatitis in both tested groups can be evolving differently, what can
lead to distorted results, or even to wrong conclusions. This method allows to test
e.g. several ointments on not only single subject, but also on single lesion, what
eliminates this issue.

Quantification of dermatitis by RoScan brings also higher sensitivity and selec-
tivity compare to the current state of the art, as same as availability of more other
quantitative parameters during the evaluation.
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In physiotherapy, the current issue in quantification of limb volume is a lack
of accurate, but fast method, which allows measurements of specific region of in-
terest (ROI). It forces clinicians and researchers to use in such cases CT or MRI,
what both are methods intended for another purposes and having many important
disadvantages and limitations.

Introducing RoScan brings new volumetric method, which is dealing with this
issue. Among possibility of ROI, it moves the current state of the art forward also
by the best repeatability and accuracy among all currently available methods.

Beside this, RoScan models brings also ability to preserve the exact condition
of the patient’s body (for comparison during the next visit at the clinician), what
allows to objectively evaluate the progress of disease, even if changes are very small;
or possibility to assess, if spatial changes of body are caused by physiological (e.g.
muscle growth) or non-physiological factors (e.g. edema).

Dermatology and physiotherapy are not the only sectors, when RoScan can be
useful. We can name for example monitoring of necrotic tissue of subjects suffer-
ing with diabetes mellitus [238], evaluation of fat sustainability after lipografting
intervention [239], or breast cancer and skin cancer research.

Cooperation has been already established with clinical partners from St. Anne’s
University Hospital Brno (FNUSA), The Univerity Hospital Brno (FN brno) and
The Children Hospital (Detska nemocnice FN Brno) in clinics of dermatovenere-
ology, plastic surgery, diabetology and burns and reconstructive surgery, who are
interested in this method. With these partners, new clinical applications of RoScan
will be searched and tested in further work.

The method will be also further continuously developed and improved within the
H2020 project ASTONISH funded by the European Union ECSEL framework, in
which the RoScan has been included as one of its 6 main Use-Cases. The project is
focused on novel devices, bringing reduction of hospitalization time and shortening
the patient’s recovery time. There are 24 institutions from 6 countries involved in
ASTONISH.
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LIST OF SYMBOLS, PHYSICAL CONSTANTS
AND ABBREVIATIONS

c Vector of point colours in same ordering as v. The 𝑖-th value of c
corresponds to 𝑖-th vertex in v.

cH List of colour values belonging to each vertex of v. Number of values
in list is the number of images, on which the point is visible. The 𝑖-th
value of cH corresponds to 𝑖-th vertex in v.

C0,w Description of desired trajectory given as sequence of geometric
primitives (human-readable).

𝑑 Directional vector defining orientation or direction to another point.
dL Vector of distances between laser scanner and scanned object. Each

value corresponds to each point along scanning profile. This data are
provided by single snap of 2D laser scanner.

DL Sequence of profiles dL, captured at requested points of realized
trajectory PM,r.

ΔAB Difference between estimated value TAB and true value T*AB.
EC Set of intrinsic parameters of color camera.
ET Set of intrinsic parameters of thermal imager.
F The file in author’s own format, in which the M* is stored.
G Transformed sequence of profiles DL to the world coordinates 0. The

structure similar to point-cloud but not totally unordered.
g Single item of G, representing vector defining position in Cartesian

coordinate system.
HAB Transformation TAB expressed as homogeneous transformation matrix.
ℋ Operation of converting TAB to HAB.
IC Single image captured by RGB color camera.
{IC} Sequence of images captured by RGB color camera.
IR Single roughness image provided by laser scanner.
{IR} Sequence of roughness images captured by laser scanner.
IT Single image captured by thermal imager.
{IT} Sequence of images captured by thermal imager.
i Vector of indices, defining how the vertices v are connected to the

triangles. The values of i are indices pointing to v. Each 3 indices
define a single triangle.

M Single-layer shaded 3D model of surface in the form of mesh,
containing only spatial information.

M* Multi-layer shaded 3D model of surface in the form of mesh,
containing several additional informations per each point of surface.
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p Arbitrary point in Cartesian space. If coordinate system is not defined
by index, the world coordinate system 0 is expected.

pH Point p expressed in homogeneous coordinates. Since conversion
between homogeneous and Cartesian expression is trivial, is is not
described in text and both representations p and pH are freely mixed.

PM,w Description of desired trajectory given as sequence of points to be
visited using PTP motion (machine-readable).

pM,w Single point of sequence PM,w. The vector containing 6 coordinates
describing 6-DOF point in coordinate system 𝑀 .

PM,r Description of real trajectory given as sequence of points really visited
using point-to-point motion (PTP)

pM,r Single point of sequence PM,r. The vector containing 6 coordinates
describing 6-DOF point in coordinate system 𝑀 .

r Vector of roughness values in same ordering as v. The 𝑖-th value of r
corresponds to 𝑖-th vertex in v.

TAB Transformation from coordinate system 𝐴 to coordinate system 𝐵 in 6
coordinates notation – 3 Cartesian coordinates to define translation
and 3 coordinates in RPY notation to define rotation (estimated
value).

T*AB True value of TAB.
t Vector of temperature values in same ordering as v. The 𝑖-th value of

t corresponds to 𝑖-th vertex in v.
tH List of temperature values belonging to each vertex of v. Number of

values in list is the number of images, on which the point is visible.
The 𝑖-th value of tH corresponds to 𝑖-th vertex in v.

v Vector of all 3D points, which the model M is composed of.

6-DOF Six degrees of freedom. In context of points, it means that point in
space is described with 6 coordinates – 3 Cartesian coordinates to
define a spatial location and 3 rotational coordinates in RPY notation
to define the orientation of object in this location (e.g. manipulator
end-point pose, camera direction of view, etc.).

AD Atopic Dermatitis.
CCD Charge-coupled device. In this context, it means the technology for

conversion of light intensity reaching the matrix sensor to the matrix
of digital values.

CLE Confocal Laser Endomicroscopy.
CPU Central processing unit. The circuit processing instructions of a

computer program by performing the basic arithmetic, logical, control
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and input/output operations.
C# The high-level object oriented programming language used for

realization of software tools.
CT Computed Tomography.
DICOM Medical standard for saving and storing digital medical data.
DLP Digital Light Processing.
DM Disc Model (volumetric method).
DMTI Digital Medical Thermal Imaging.
ELM Epiluminescence Microscopy.
FSM Frustum Sign Model (volumetric method).
GPU Graphics processing unit. The circuit designed to accelerate the

creation of images intended for output to a display device.
GPGPU General-purpose computing on graphics processing units. Used for

speeding up the rendering process.
HFUS High-Frequency Ultrasound.
HLSL The High-Level Shader Language, proprietary shading language

developed by Microsoft allowing programming GPU pipeline.
ICP Iterative Closest Point.
LDI Laser Doppler Imaging.
MRI Magnetic Resonance Imaging.
.NET .NET Framework, the software framework developed by Microsoft.
OCT Optical Coherence Tomography.
OCWE Open-Chamber Water Evaporation Method.
OVM Optoelectronic Volume Measurement (volumetric method).
PFM Partial Frustum Model (volumetric method).
PTP Point-to-Point movement. Defined as the movement from one point to

another point. The path on which the robot moves depends on the
robot posture and is not always a straight line.

RCM Reflectance Confocal Microscopy.
RGB Red-green-blue, the additive color model. In this context, it means the

technology for color imaging providing the output in such color model.
ROI Region of interest. Spatial or surface area, or single point, within

particular value is measured.
RPY Roll-pitch-yaw, using the rotation around Z axis, then around new Y

axis and finally around new Z axis.
TOF Time-of-flight laser scanners.
WD Water Displacement Volumetry (volumetric method).
XNA The freeware set of tools with a managed runtime environment

provided by Microsoft for computer game development.
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A SCORING SYSTEMS FOR DERMATOLOGY

Scoring of Skin Allergy Tests

Tab. A.1: Recording of patch test reactions according to the International Contact
Dermatitis Research Group (ICDRG) [88]

- Negative reaction
?+ Doubtful reaction; faint erythema only
+ Weak positive reaction; erythema, infiltration, possibly papules
++ Strong positive reaction; erythema, infiltration, papules, vesicles
+++ Extreme positive reaction; intense erythema and infiltration and coalescing

vesicles

Fig. A.1: Allergic patch test reactions in day 3: (a) ?+ Reaction to nickel sulfate;
(b) + reaction to paraphenylenediamine (PPDA); (c) ++ reaction to PPDA; (d)
+++ reaction to PPDA. (Courtesy of P.J. Frosch) [86].
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SCORing Atopic Dermatitis (SCORAD)

Total SCORAD score for individual is given as [254]:

𝑋SCORAD = 1
5𝐴 + 7

2𝐵 + 𝐶 (A.1)

where 𝐴 is area of body affected by eczema [%], 𝐵 is sum of Intensity scores given
below (max. 18) and 𝐶 is subjective assessment of itching and sleeping, when 0 is
no itch (or no sleeplessness) and 10 is the worst imaginable itch (or sleeplessness).
These scores are added to give 𝐶 (maximum 20).

Fig. A.2: Reference scale for evaluating SCORAD value for visual symptoms [254].
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Eczema Area and Severity Index (EASI)

Total EASI score for individual is given as [254]:

𝑋EASI =
∑︁

𝐴 · 𝐵 (A.2)

where 𝐴 is area score (Head and neck: 0.1 in children 0–7 years 0.2, Trunk: 0.3,
Upper limbs: 0.2, Lower limbs: 0.4 in children 0–7 years 0.3, 𝐵 is sum of Intensity
scores given below. 𝐴 · 𝐵 is evaluated for each of 4 areas separately and finally
summed together.

Fig. A.3: Reference scale for evaluating EASI value for visual symptoms [254].

Six area, six sign atopic dermatitis (SASSAD)

Total SASSAD score for individual is given as [94]:

𝑋SASSAD =
∑︁

𝐵 (A.3)

where 𝐵 is sum of Intensity scores grading six signs (erythema, exudation, ex-
coriation, dryness, cracking and lichenification) in particular area on the scale of 0
(absent), 1 (mild), 2 (moderate), or 3 (severe). 𝐵 can be maximum 18 and is eval-
uated for each of 6 sites (arms, hands, legs, feet, head and neck, trunk) separately
and finally summed together.
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B LIST OF COMMANDS FOR TRAJECTORY
DESCRIPTION

The Trajectory Description module accepts following commands for definition of
desired trajectory:

• BEGIN – each file must begin with this command, what ensures begining of
manipulator’s movement in initial position.

• END – each file must be terminated with this command, what ensures re-
turning of manipulator’s end-point back to the initial position.

• HOTEND – in some very specific cases, it could be necessary to leave the
manipulator in other position than initial. If HOTEND command is used, ma-
nipulator’s end-point is not returned to the initial position. It is recommended
to use in every case END command instead of this one.

• DEFINE – This command defines a point, which is labelled with unique
name and described by 6 coordinates. Such points could be used in following
commands. The reason is to limit repeated writing of coordinates as function
parameters. For example, the ARCSCAN function receives 3 points instead
of 3 × 6 coordinate parameters.

• GO – Moves robotic end-point to position described by 6 absolute coordinates.
Optionally, saves actual profile to the memory before moving.

• GODIFF – Moves robotic end-point to position described by 6 coordinates
relative to actual position of end-point. Optionally, saves actual profile to the
memory before moving.

• GOPOINT – Moves robotic end-point to position described by point, de-
fined by DEFINE function in advance. Optionally, saves actual profile to the
memory before moving.

• LINESCAN – Moves from start point to the ending point using linear tra-
jectory, and during this movement saves a mesured profile each x millimetres
(x can be defined).

• ARCSCAN – Moves from start point to the ending point using arc-shaped
trajectory, which is described by third point laying on this arc. This movement
is realized in x steps, where x can be defined.

More detailed description of each command syntax and it’s function is shown di-
rectly in the window of Trajectory Manager tool. It provides fast access to reference
guide for trajectory programmers.

Besides these commands, also comments in C++ style code (two slashes) are
allowed to make a trajectory recipe comprehensible.
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C STANDARDIZATION OF INPUTS FOR IM-
AGE MAPPING ALGORITHM

Various 3D scanners provide output data in various, less or more standardized,
digital formats. Even though its protocol, structure and data type differs among
different forms, they have a common feature — the data can be considered as triangle
mesh, what is a set of triangles, defined by three points, when each of them is defined
by three coordinates in Cartesian space. Sometimes, the data are provided in form
of another polygon mesh (e.g. quadrilateral mesh – the set of quadrilaterals) or
in form of unordered set of points (point cloud) [255]. The first type can be easily
transferred to triangle mesh, since every convex polygon can be divided to number of
triangles [68]. Second type can be converted to triangle mesh using any triangulation
algorithm [256], e.g. Delaunay triangulation [209].

Cameras has also different file formats, but in all cases, data can be taken as 2D
matrix of values.

In case of thermal imagers, the matrix of temperatures is required. Some cameras
provide such matrices directly, some supply coloured images in bitmap form. If such
output is available only, transformation scale between colour and temperature value
is provided whereby colours can be translated to scalars [257].

Proper image alignment of 2D image on the 3D surface can be achieved when
following parameters are properly known1:

• Location of camera origin in space (vector pfrom)
• Direction of camera view (unit vector 𝑑to)
• Direction defining “up” in camera image (unit vector 𝑑up , perpendicular to

𝑑to)
• Camera angle of view in horizontal (𝛿𝐻) and vertical (𝛿𝑉 ) dimension (in radi-

ans)
• Focal distance of camera optics (scalar 𝑓c)
• Number of values (resolution) in output thermal image in horizontal (𝑤I) and

vertical (ℎI) dimension
First three parameters are usually directly measured using various tracking sys-

tems [31] or they are estimated from changes of scene (e.g. by ICP based methods
[21]). Last parameters are usually known from technical documentation of camera,
or can be evaluated using Mutual Calibration of Cameras provided here.

1precision of image mapping will be influenced by precision, which these parameters are known
with
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D RESULTS OF ROSCAN VALIDATION AS VOL-
UMETRIC METHOD
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Fig. D.1: Overview of defining parameters of compared methods and their recom-
mended usage.
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Fig. D.2: Overview of result values and their standard deviations measured using
different methods.
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