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Abstract

After the moiré fringes of two overlapping grids were studied by Lord Rayleigh it was
concluded that the phenomenon could be useful as a test. Further research proposed moiré
topography (MT) for the measurement of the human body. The main benefits of MT are that it
is fast, non-invasive, non-ionizing and cost-effective. An algorithm, based on MT that is proved
suitable for calculating the curvature angle of the spine, may also complement or substitute
ionizing X-ray images. Since the processing of moiré images (MIs), however, requires several
unique solutions, implementing a fully automated image analysis is challenging. The basic
purpose of the research is to provide feasible and realistic answers for challenges indicated in
Theses (1-5): (1) the reduction of the need for engineering in medical work and research
applying MT, (2) providing a software-based framework for producing, segmenting and
analysing Mls of scoliotic spine in diagnostic exploratory research, (3) identifying postural
optima and (4) uniform surface topographic parameters in moiré imaging based on exploratory
mathematical-geometric operations performed on Mls, (5) adaptive or empirical segmentation
of MlIs produced by XOR logic based on filtering and morphological operations. To address
these challenges (1-5), the concept of Moiré Imaging Tool for Scoliosis (MITS) was designed
as a user-friendly, software-based and exploratory research framework adapted to moiré
research to generate, process and evaluate Mls of scoliotic spines. The viability of the
segmenting function of the concept was illustrated with a prototype developed in MATLAB®
environment. For the segmentation of MIs generated by XOR logic, two algorithms of
empirically established filtering and morphological operations with static and adaptive function
parameters are also proposed. The steps of the static algorithm include (1) enhancing contrast,
(2) increasing brightness, (3) refining contrast, applying (4) 2-D Gaussian filter and (5) dilation,
(6) thresholding and (7) skeletonization. The sequence of the adaptive algorithm follows (1)
enhancing contrast based on root mean square (RMS) values, (2) applying 2D-Gaussian filter
based on RMS values, (3) applying histogram equalization, (4) applying 2D-Gaussian filter
based on peak signal-to-noise ratio, (5) calculating global image threshold using Otsu's method
and (6) applying skeletonization. The segmenting methods are simple and, for the most part
of the image, follow the moiré stripes accurately. Further research and development can make
both algorithmic solutions suitable to replace time demanding and complex segmenting

methods.

Keywords: moiré topography, computer-assisted image processing, research framework, software,

scoliosis
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1 Introduction

The diagnostics of spinal deformities has long been in the focus of medicine. Postural
deviations of children and adolescents are an important medical and social issue, where
research indicates a disturbing phenomenon of the frequent appearance and progression of
irregularities [1, 2, 3, 4, 5]. These postural or spinal disorders initially develop asymptomatically
with consequences that can be felt over the following years of life, and are able to significantly
change the quality of life by causing pain, serious deformations in the osteoarticular system
and disorders of the internal organs [1, 6, 7]. Consequently, screening is considered as the
most important factor preventing deformity from progressing [1]. For diagnosing body posture,
objective methods are required. Today the gold standard for identifying changes in the spine
position is the radiographic examination [8, 9, 10]. Having an increased sensitivity, children
and adolescents are the most susceptible to radiation effects that can cause modification of
genetic material [1, 11, 12, 13]. Disadvantages of X-ray imaging such as ionizing radiation,
costs, time and repetition demands, the required tools and environmental conditions justify
methodological research that can lead to fast, cost-effective and non-ionizing diagnostic
imaging of the spine. As a method of school screening for scoliosis, several hon-radiographic
and non-invasive methods have been proposed [1] that include moiré topography (MT), raster
stereography (Diers Formetric) [14, 15], 3D ultrasound imaging (the Scolioscan system) [16,

17], and Infrared Thermography (IR thermography) [18].

In 1970, as one of the first techniques applied in clinical diagnosis in topographic analysis,
MT was proposed for examining the shape of objects in three dimensions [19]. MT is based
on optical phenomena by which moiré images (MIs) are created, comprising alternating bright
and dark fringes. The pattern formed by moiré fringes (MFs) on the surface of an object is then
applied for subsequent analysis. The primary advantages of MT are that it is non-invasive, fast,
free of harmful radiation, portable and cost-effective. In addition, the technique does not require
specially trained personnel. MT is used for the detection of early stages of scoliosis and
different deformities of the spine [1]. However, further research is required to improve the
analysis of the topograms. An algorithm based on MT that is proved suitable for calculating the
curvature angle of the spine may also complement or substitute harmful X-ray imaging [1, 20].
The workload required for evaluation of Mls is, however, not inconsiderable; some researchers
see the best solution for that in an automatic system [21, 22, 23, 24, 25, 26]. Processing of MIs
requires several unique solutions that are influenced by the optical arrangement, nature of
noise and detection, and applied illumination that has an especially significant effect on
intensity distribution. Therefore, implementing a fully automated image analysis and evaluating
solution is a challenging, nevertheless desired objective in the field [27, 28, 29]. These

1



conditions induced this PhD research that aims (1) to summarize the theory of the moiré method
(MM), and (Il) to develop a research framework concept and fringe segmenting methods
adapted to moiré imaging in scoliosis as a manual/semi-automatic tool for MF detection and

mathematical-geometric calculations.

1.1 Outline of Dissertation

Section 1 includes the introduction, the theses, and aims and methods of the PhD
dissertation. Sections 2-3 are theoretical sections. In section 2, the phenomenon of moiré is
introduced, and a historical overview of moiré research from the 18" century to the present is
provided. The introduction of the two main moiré techniques—the shadow and projection
moiré—and a summary of advantages and disadvantages of MT are also dedicated parts of
section 2. In section 3, MT and its medical technical applications are reviewed, first in general
and then in the diagnostics of scoliosis. As part of the latter, a possible process of digital
projection moiré imaging is also presented. Sections 4-5 are practical sections. In section 4,
based on gaps in exploratory analysis identified in moiré research, a software-based research
framework concept for producing, processing and analysing Mls of scoliotic spines is
proposed. For reducing uncertainties in moiré pattern analysis, section 5 proposes two
algorithms for segmenting digital (projection) Mis generated by XOR logic. Summary and final
conclusions are drawn in section 6. Atthe end of sections 2-5, a brief summary and directions

for further considerations are given.



1.2 Theses

This research follows a deficit-based but solution-focused approach—ie. it aims to provide
solution-oriented answers based on gaps and challenging conditions identified in moiré
research in scoliosis. In establishing my theses, | aimed for a simple and consistent conclusion

in the light of the identified gaps and research hindering factors.

1.2.1 Thesis 1

The MM and its medical technical research, being an interdisciplinary field, typically require
the expertise of several professions and disciplines including (biomedical) engineers, doctors
and other health professionals such as physiotherapists and corset makers, ideally. In these
research, the metrological implementation of the MM is tied to engineering design that includes
instrument setup and calibration, execution of measurements, error correction and image
processing. As the work of medical personnel highly depends on the engineering work that
provides the technical conditions of MT, incomplete work organization and communication
between engineers and medical professionals may lead to inaccurate calibrations, incorrect
analysis of moiré patterns, and thus untapped potential of moiré research—as we can already

read in early reports [30].

Multifunctional (i.e. multidisciplinary and interdisciplinary) workgroups covering both health
and engineering disciplines, however, are not always available, and the complex knowledge
required for imaging, image processing and image analysis becomes difficult to obtain.
Although the concept of interdisciplinarity is frequently used as a magic word, it is something
to be learned and acquired [31]. That means that inter- and, also, transdisciplinary processes
need to be continuously challenged and questioned—especially with regard to unavoidable
frictional losses that derive from translation between disciplines, languages and cultures [31].
This circumstance induced another research in which the author of this dissertation attempted
to create a model of an ideal collaborative prototyping environment tailored to a wide variety
of disciplines, including medicine and engineering. This work is published as a separate book
[32]. On the other hand, reevaluating and, where possible, replacing the need for direct
interdisciplinary interactions can also be an efficiency-enhancing solution for work

organization—for example, by using automated software workflows.
By partial or complete replacement of the engineering presence in moiré research, the
dependence of the medical team on direct engineering work may be significantly reduced and,

thereby, the scope for independent work and the efficiency of the team may be increased.



Engineering work in moiré research can be divided into three main activity areas: (1)
ensuring basic measurement technical conditions such as design, operation, maintenance and
calibration of moiré equipment; (2) carrying out the measurements in cooperation with the
medical staff, including the production of moiré images and optimization of methods and
processes; and (3) meeting challenges in image processing, and image evaluation—i.e.
segmenting MFs and analyzing segmented contour lines (for these challenges, see sec. 3.2

and sec. 5.). Table 1 summarizes the main tasks of engineering in moiré research.

Table 1: Main tasks of engineering in moiré research

MAIN TASKS OF ENGINEERING IN MOIRE RESEARCH

Task Required expertise

Moiré equipment

Design technical

Calibration technical

Operation technical / procedural

Maintenance technical
Measurement

ilr:ncigse::aatf))rt]uvzi(tah the medical staff technical

Moiré production technical / software

Optimization procedural / technical

Image processing

Segmenting moiré fringes software
Image evaluation medical-methodological / software
Optimization procedural / software

To replace functions of the engineering work in imaging, image processing and image

evaluation, my first thesis emphasizes the need and potential of a software-based solution:

Thesis 1

Medical work using the moiré measurement technique can be significantly
decoupled from the engineering presence by using a user-friendly software
environment adapted to moiré research, covering imaging, image processing, and

image evaluation functions.

1.2.2 Theses 2-4

The MT is a sensitive method that depends on the position of the subject to be examined—

ideally, a position that conforms to a certain measurement standard. In surface topographic
4



examinations of the spine, however, we cannot speak about a generally accepted standardized
posture and measurement parameters [23]. Therefore, although MT provides significant pieces
of information about the subject, it is a serious drawback that conclusions may easily be drawn
with ambiguity [33, 34, 35]. The lack of standardisation in surface topographical methods of
the spine also leads to the fact that such techniques—for example, as MT itself, Scoliometer®
and BCD ‘back-contour device’—cannot be used interchangeably in clinical recording [36]. The
standardised posture and the determination of gold standard parameters in relation to surface
topographic examinations of spinal deformities are problems that need to be addressed and
resolved [23, 24, 37, 38, 39]. The unification of surface topography parameters remains also
an additional challenge—mainly for producers of surface topography equipment [39]. For MT
applied in scoliosis, in this PhD research, only a need for standardisation was identified in the
study of scientific literature but not a serious effort to invest. From 2012, in their literature review
on the main characteristics of the MT, PORTO et al. also point out that there are more studies
related to the application of MT than those that put a focus on the accuracy of the method itself
and the standardisation of the measurements obtained [23]. In order to use the MT as an
accurate screening tool, LABECKA and PLANDOWSKA in their more recent (2021) systematic
review also emphasizes the need of a methodological standardization [1]. In other words, in
order to take a rather comprehensive advantage of surface topography in service of patients,
additional effort to standardise the MT in spinal examinations is required [39]. To the problem

of standardization, see sec. 3.2.2.

Although the scope of this research does not cover the identification of methods for
standardizing MT in scoliosis, it is directed to support efforts aiming at possible
recommendations for standardized moiré topographic solutions. The problems of MT caused
by the lack of standardization and the challenges in processing and evaluating Mls inspired
the idea of a convenient software-based research framework that makes flexible exploratory
investigation possible in moiré imaging and fringe analysis. As a potential benefit of conducting
exploratory studies, researchers may be pointed to new directions and ideas to understand
existing and/or recognize further research problems at hand. Especially in directing
subsequent research, exploratory studies may also be useful for identifying beneficial
approaches to research objectives. By recognizing scientific dead ends early, exploratory
investigations also have the potential to save time, costs and unnecessary repetitions.
Performing this type of research, however, has also risks by definition, since it is not possible
to know in advance if something novel will come out of the whole study—this answer requires

a certain depth of the research process [40].

In order to identify software-based research framework solutions adapted to moiré imaging
in the diagnostics of scoliosis covering the functions of moiré production, fringe segmentation
5



and fringe analysis, a systematic literature review was carried out on PubMed, Science Direct
and |IEEE electronic databases. The studies included if they: (1) were related to R&D in MT
applied in scoliosis, (2) referred to software-based diagnostics solutions (imaging and
evaluation), (3) were published in English, (4) were published in the last 31 years (between
January 1990 and 30 April 2022). The search strategy was developed using a Boolean
combination of the keywords summarized in Table 2-3.

The literature search yielded 402 articles. After removing duplicates and elements from
before 1990, 353 studies remained. Based on the analysis of the titles and abstracts, 6 studies
were eligible for assessment by full paper, and 7 further studies were added from citations.
Following the full-text review, 1 paper fulfilled the inclusion criteria for further analysis. The
number of articles included and excluded at different phases is presented in a PRISMA
flowchart (Fig. 1). The findings with abstracts and the phases of the literature review are written
on DVD, as Digital Appendix A and B of the PhD dissertation.



Table 2: Applied method in advanced search of IEEE Xplore and PubMed

APPLIED METHOD IN ADVANCED SEARCH OF IEEE XPLORE AND PUBMED

IEEE XPLORE: “Document Title” OR “Abstract”
PubMed: [Title/Abstract]

"moiré", "moire", "moiré topography", "moiré method", "shadow moiré", "moiré technique",

"photogrammetry”, "photogrammetric method", "moiré phenomenon", "projection moiré",
"surface topography"

1 IEEE XPLORE: “Full Text .AND. Metadata”
PubMed: [All fields]

"fringe analysis”, "fringe detection”, "fringe segmentation”, "contour analysis", "contour
detection”

Intra-block operator: Inter-block operator:
OR AND

IEEE XPLORE: “Full Text .AND. Metadata”
PubMed: [All fields]

“scoliosis”

IEEE XPLORE: “Document Title” OR “Abstract”:
PubMed: [Title/Abstract]

2
"scoliosis", "spine", "body posture”, "spine curvature”, "column”, "trunk”, "trunk asymmetry",
"anterior-posterior", "anteroposterior”, "frontal plane”, "sagittal plane”, "transversal plane”,
"transverse plane”, "adolescent idiopathic scoliosis”, "idiopathic scoliosis”, "screening
scoliosis", "scoliosis evaluation"
Intra-block operator: Inter-block operator:
OR AND
IEEE XPLORE: “Full Text . AND. Metadata”
PubMed: [All fields]
3 "software", "instrument", "computer vision", "computer software", "tool"
intra-block operator: Inter-block operator:
OR -

Table 3: Applied method in advanced search of ScienceDirect

APPLIED METHOD IN ADVANCED SEARCH OF SCIENCEDIRECT ‘

Search in “Title, abstract or author-specified keywords”:

(moiré OR "moiré topography" OR photogrammetry OR "shadow moiré" OR "projection moiré")
AND (scoliosis OR spine OR "body posture"” OR "spine curvature")

Search in “Terms” (searching in all parts of the document for instances excluding references):

"fringe analysis" OR "fringe detection" OR "fringe segmentation" OR "contour analysis" OR
"contour detection" OR software OR "computer software" OR "computer vision" OR tool




(‘_\ Records identified through searching PubMed, IEEE and Science Direct
=z (n=402)
E Duplicates removed Papers written before 1990
= < >
E (n=28) removed (n=21)
Records screened based on their title
(n=353)
Non-English papers were
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Fig. 1: The PRISMA flowchart of the literature review

Although structured light techniques and raster stereography systems—such as ISIS
(Integrated Shape Imaging System) [35, 41], ISIS2 [42], Quantec [43, 44, 45], Jenoptik
Formetric [46, 47, 48], DIERS Formetric 4D [49]—had been developed for assessing the



degree of deformity in scoliosis based on the surface of the back, none of them?! is adapted to
the processes of producing, segmenting and evaluating Mls of scoliotic spines. The eligibility
criteria of the review were fulfilled by a single study from 1996, where a computer vision system
was proposed with segmenting and evaluating functions written in C programming language
[51]. This software, however, is not available today, and there have also been significant
advances in computer technology since this rather old system was developed.

Based on the literature reviewed—and, also, informal and formal professional consultations
conducted during the research period—, it can be stated that there is no recommendation for
and implementation of a widely available and operable software-based research environment
or its operating model adapted to moiré imaging in scoliosis. Considering this, | formulated my
second thesis:

Thesis 2

Diagnostic research conducted by exploratory mathematical-geometric operations
requires a user-friendly software-based research framework covering functions for

producing, segmenting and analysing moiré images of scoliotic spine.

And the information content obtained in an environment conducive to exploratory
mathematics-geometric based research by evaluation of Mls taken in different postural states
of scoliotic spines, is suitable for comparing and evaluating the reliability of (1) postural settings
and (2) parameters applied in various phases of moiré imaging and image analysis. Based on

this, my third and fourth theses are:

Thesis 3

Using a software environment that allows exploratory mathematics-geometric-
based surface topographical studies on moiré fringes of the human spine is suitable
for identifying postural optima for the diagnostics of scoliosis via moiré imaging,

and, thus, recommending a globally standardizable postural setting.

Thesis 4

Using a software environment that allows exploratory mathematics-geometric-
based surface topographical studies on moiré fringes of the human spine is suitable

for identifying uniform surface topographic parameters in the diagnhostics of

1 The physical principle of MT is also used in DIERS’ formetric measurement technology in

combination with video-raster-stereography—as it is written in its product-portfolio brochure [50].



scoliosis via moiré imaging, and, thus, recommending globally applicable gold

standard parameters.

1.2.3 Thesis 5

The workload required for segmentation and evaluation of Mls is not inconsiderable; some
researchers see the best solution for that in an automatic system [21, 22, 23, 24, 25, 26]. And
yet, processing of Mis requires several unique solutions that are especially influenced by
optical arrangement, applied illumination, and nature of noise and detection [27, 28, 29]. For
reducing uncertainties in moiré pattern analysis, an accurate segmentation of MFs is vital. For
the development of mathematical-geometric algorithms for evaluating MFs, an accurate

segmentation is a basic condition.

This doctoral study also aims to contribute to the segmenting phase of Ml analysis of
scoliotic spines by providing algorithmic solutions of filtering and morphological operations. My
fifth thesis describes an image processing solution that applies filtering and morphological
operations for segmenting digital (projection) Mls generated by XOR logic.?

Thesis 5

The segmentation of digital projection moiré images produced by XOR logic can be
accomplished with an image processing algorithm using adaptive or empirical
parameters based on filtering and morphological operations that includes (1)
contrast and (2) brightness correction, (3) 2-D Gaussian filter, (4) dilatation, (5)

histogram equalization, (6) thresholding, and (7) skeletonization.

1.3 Aims and Methods

The basic purpose of the research is to provide feasible and realistic answers for challenges
introduced in Theses 1-5. This dissertation is also meant to elaborate on certain work packages
of the proposed research framework concept adapted to scoliosis, to be developed in
postdoctoral research. The aims and methods of the research are summarized as listed below
(a-f).

2 In image processing, the logical operation XOR (exclusive OR) is suitable for highlighting the
difference between two images or image segments. The XOR logical relationship is true if the values of
the pixels in the two input images are different. By displaying differences and contrasts, this principle is
particularly suitable for generating moiré images, if the two input images contain a base grid (reference)
and its distorted state projected onto a surface.
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(a) To present the theory, history and medical technical application of MM describing

the two main moiré techniques, the shadow and projection moiré in detail—sec. 2-3.

Method: Reviewing literature selected in different databases, such as Scopus, PubMed,

Science Direct and IEEE Xplore®.

(b) To provide a step-by-step guide for performing moiré imaging in scoliosis using
digital projection MM for supporting future measurements—sec. 3.2.1

Method: Reviewing, generalizing and completing the process of a digital (projection) moiré

technique presented by BALLA et al. [33].

(c) To address challenges introduced in theses (1-5) by designing (a) features with key
functions and (b) summarizing guiding aspects of user interface (Ul) design for the
concept of Moiré Imaging Tool for Scoliosis (MITS) as a proposed research framework
for generating, processing and evaluating Mls of scoliotic spines—sec. 4-5.

Method: (1) Features and key functions are defined based on image processing and image
evaluating problems of Mls of scoliotic patients. Selection of base functions (i.e. its filtering and
morphological operations) for MITS is based on resulting observations and conclusions as aim
(d) is realised. (2) The summary of guiding aspects for designing Ul and arrangement of MITS
follows functional and comfort considerations, focusing on a simple and user-friendly solution

as proposed by WIKLUND [52].

(d) To develop segmenting algorithms based on morphological operations for
delineating MFs of scoliotic spines in MATLAB® environment—sec. 5.

Method: Applying various morphological operations with static and adaptive function
parameters based on exploratory sequences and observations on 11 Mis created by digital
(projection) moiré and XOR logic, made available by SALUS Ortopédtechnika Kft.2

(e) To conduct a SWOT analysis on MITS and MM used in scoliosis for exploring their

viability for medical research—sec. 4.1.5.

Method: Summarizing strengths, weaknesses, opportunities and threats of the MITS concept

and MM applied in scoliosis in scientific, financial and technical aspects.

(f) To lay down solid foundations of a startup for full development and release of MITS

after the PhD graduation by implementing aims (a-e)

3 SALUS Ortopédtechnika Kft. is a Hungarian manufacturer and distributor of medical devices.
11



Method: see methods at aims (a-e).

This research is a continuation and closure of a moiré study started in 2018. Therefore, the
implementation of aims (a-d) is based mainly on the author’s previous theses submitted (1) at
the University of Pannonia for receiving an academic degree in Mechatronic Engineering (BSc,
2018), and (2) at the Fachhochschule Wiener Neustadt for receiving an academic degree in
MedTech (MSc in Medical Engineering, 2020) [53, 54].

Fig. 2 shows the content of the dissertation in the context of aims (a-f).
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2 Moiré: Phenomenon, Research and Techniques

The moiré phenomenon or moiré effect has long been known by the mankind. In ancient
China, it was used to visualise a dynamic pattern as a decorative effect on watered silk [55].
The word moiré [mwasx €] can be traced back to the Arabic mukhayyar ‘cloth made from the
wool of the Angora goat’ < lit. ‘select, chose’ which the English mohair derives from [55, 56].
Mohair was pronounced moiré by French silk weavers in the 17" century but instead of the
name of the fabric it was understood as the wavy stripes (i.e. the moiré phenomenon) produced
by glossy fabric fibres [55, 56, 57, 58, 59]. Therefore, moiré refers to an irregular wavy surface
the pattern of which changes in accordance with its movement [55, 60]. Note that the word
moiré does not refer to a person’s name as it is sometimes mistakenly assumed [60]. This is
also indicated by writing the word moiré in lowercase letters—primarily in scientific literature

written in English.

We can see the phenomenon of moiré, if two or more structures with similar geometry
(nearly identical arrays of lines or dots) overlap. Then, due to mechanical interferences, a
resultant pattern of light and dark fringes can be observed (Fig. 3). In general, the dark fringes
are called moiré stripes [23, 61]. We can also observe moiré stripes if two (or more) structures
with different geometry overlap (Fig. 3d). The resultant fringes of original overlapping
structures are not physical patterns, but rather optical illusions in the observer’s point of view.
Classic everyday examples of moiré are the wavy folds of lace curtains and pictures about
people wearing striped patterned clothes. In the first case, the small net structures are the ones
that overlap, while in the second case, stripes and camera sensors or screen pixels interfere
with each other. To generate mechanical interference of light by a superimposed network of
lines, it is required that the angular deviation between the overlapping base lines is less than
45 degrees. The interference is formed by the intersection of base lines and determines the

quality of the resulted moiré effect [23].

14
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Fig. 3: Moiré patterns of geometric shapes
(a, b) identical, (c) identical but angle different, (d) different [11, 24]

c)

2.1 Moiré Research: A Historical Review

In the historical review, an overview of the fundamental works leading to the current state
of moiré research are presented. The two main sources of the review are the basic work of
THEOCARIS [62] and the more recent work of PATORSKI [63] that also provides a detailed

historical account.

In 1859, one of the three methods proposed by FOuCAULT for testing lenses and optical
systems by using low-frequency type gratings was MT. However, as he considered this method
to be less sensitive than the knife-edge method,* he did not develop it further [62, 65]. This
erroneous conclusion stemmed from the fact that he studied the moiré phenomenon

exclusively in the light of geometric optics, and used only very low-frequency gratings [62].

4 The knife-edge test was proposed as a simple method to evaluate the shape of concave optical
surfaces. In the test, a point light source is located slightly off axis, near the center of curvature. If the
optical surface is perfectly spherical, near the center of curvature, the reflected light forms a point image.
A knife edge cutting the converging reflected beam of light casts a shadow on the surface. The surface
is then evaluated according to the characteristics of the shadow that appears [64].
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MFs were elevated to scientific status, first, by LORD RAYLEIGH dealing with diffraction
gratings® in The Philosophical Magazine in 1874 [62, 67, 68]. He describes, that if two gratings
containing the same number of lines to the inch be placed in overlap in such a manner that the
lines are nearly parallel in the two gratings (minimal angular deviation), then (in the resultant
pattern of the two gratings) a system of parallel bars develops itself, whose direction bisects
the external angle between the directions of the original lines [67]. The distance between these
parallel bars increases as the angle of inclination diminishes (Fig. 4). Due to the imperfection
of the rulings, if the parallelism is closely approached, the bars become irregular. LORD

RAYLEIGH concluded this phenomenon might be made useful as a test [62, 65, 67].

In 1887, RIGHI extensively dealt with the light distribution of resulting patterns of superposed
bars. He also extended his study to variable cases of bar width as well as grating transmittance.
He also studied the MF formation by combinations of overlapping circular and radial gratings
with different centre-to-centre distances of the grating. Moreover, RIGHI produced MF patterns
by parallel line gratings and applied them to the measurement of the relative displacement of
the gratings [62, 65, 69].

-
i
(i

Fig. 4: Moiré fringes of identical grids with different angle deviations
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As the angles enclosed by the overlapping grids decrease, the number of moiré
patterns’ parallel bright and dark fringes reduces. The directions of the fringe systems
are indicated by guiding lines marked in blue the distance of which increases as the
angles decrease [53, 70].

In 1922, the idea of FOuCAULT's method was used by RONCHI for the optical testing of lenses
and mirrors (Ronchi test). To generate MFs, RONCHI illuminated the optical system under test
by a point source, and placed a low-frequency grating at the vicinity of the image of the light
source. This pattern, as it is affected by any aberration of the optical system, is suitable for

localizing defects. Thus, this equipment is considered essentially as a sensitive achromatic

5 The diffraction grating is a collection of periodic light reflecting or transmitting optical elements that
split light into rays and scatter it in different directions. The fundamental physical characteristic of a
diffraction grating is the spatial modulation of the refractive index [66].

6 The Ronchi test is seen by some as an extension of RITCHEY’s wire test which extends the knife
edge method of Foucault to aspherical surfaces [71].
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interferometer [62]. Later (1925) RONCHI also studied the moiré pattern formed by the overlap
of a line and a circular grating. It was shown that the MFs of the superimposed gratings
depended on the grating pitch, and they show hyperbolic, parabolic and elliptic patterns [62].
The geometrical pattern used for quantitative measurement can be regular or random. This
technique, when a regular pattern in the form of a grid is used, is called the moiré method;

other names are deflection mapping or the RONCHI method (with a Ronchi grid) [72].

RAMAN and DATTA applied’ parametric equations at describing moiré patterns—comprised
parallel line fringes (Brewster bands) or families of circles—generated by the overlap of two
zone gratings with different centre-to-centre distances [62, 75]. The description is parametric
because, when writing equations, they switched from a MF to the adjacent one by applying
parameters [27, 63].

Until the middle of the 19" century, the metrological benefits of the observations of
FoucauLT, RAYLEIGH, RIGHI, RONCHI, RAMAN, and DATTA did not enjoy the scientific attention
that they deserved. This was because several problems were encountered in the reproduction
of satisfactory gratings required for the production of moiré patterns and in the application of
(test) methods. In 1945, TOLLENAAR gave an interpretation of the moiré phenomenon based
on geometric optics [76]. He described the characteristic properties of MFs produced by coarse
gratings of equal or just slightly different pitch in terms of their relative rigid-body translation,
angular displacement or deformation [62, 76]. By applying the properties of MFs, KACZER and
KROUPA determined (1952) the strain components in a 2D strain field [62]. Meanwhile, the
problem of producing quality gratings for metrological application at a moderate cost was
resolved by a novel principle introduced by SIR THOMAS MERTON [77]. This gave a significant
boost for efficient measurements and created new fields of application of MFs in measurement

processes [27].

For almost a full century following the observations of LORD RAYLEIGH and RIGHI, the
theoretical analysis of moiré phenomena has been based on purely geometric or algebraic
methodologies. Based on these approaches, many special purpose mathematical
developments have been elaborated for the needs of specific applications such as strain
analysis and metrology [60]. The classical geometric approach considers geometric properties
of the superposed layers, their periods and their angles. By considering relations between
geometric entities such as triangles, parallelograms generated between the superposed

layers, this method—under certain limitation—allows the development of formulas that can

7In 1925, DATTA published with RAMAN [73]. The next phase of their work was published exclusively
by DATTA in 1927 [74].
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predict the geometric properties of the moiré patterns [60]. Notable representatives of the

classical geometric approach are NISHIJIMA [78], TOLLENAAR [79] and YULE [80].

Another widely used classical approach is the pure algebraic indicial equations method that
is based on the equations of each family of lines in the superposition, which also yields the
same basic formulas [60, 81]. A more recent approach uses the theory of non-standard
analysis for examining the moiré phenomenon [82]. This approach, in addition to the basic
geometric properties, can also provide the intensity levels of moiré patterns. However, the best
adapted approach for investigating phenomena in the superposition of periodic structures is

considered to be the spectral approach that is based on the Fourier theory [60].

The Fourier theory in the study of moiré phenomena was first applied in the 1960s and
1970s. This approach, unlike the previous methods, enables analyses of moiré properties not
exclusively in the original layers and in their superposition, but also in their spectral
representations, and thus—as AMIDROR says—“offers a more profound insight into the
problem and provides indispensable tools for exploring it” [60]. The Fourier theory can be
divided into two distinct stages [60]: The first is the use of Fourier series decompositions purely
in the image domain for representing the original repetitive structures, their superposition and
their moiré patterns [83]. In the second stage, further elements of Fourier theory were
introduced such as the dual role of the image and the spectral domains [84, 85], and, also, the
interpretation of MFs in spectral terms as an aliasing phenomenon [86]. Since then, however,
the Fourier approach has been used only adapted to some particular applications [87, 88, 89],
and no systematic effort has been made to explore full possibilities it offers [60]. As a possible
reason for this, AMIDROR stresses some branches of mathematics that are not very widespread
(i.e. the theory of almost-periodic functions and geometry of numbers), and that are inevitable
to face in any systematic attempt [60]. The reason for the stagnation of moiré-related
publications in the second half of the 1970s is attributed to problems—mainly in image
evaluation—that due to a lack of adequate computing capacity, could not yet be addressed
[27]. With the development and spread of computer technology, the amount of scientific
research and publications related to moiré has started to increase again. Among others,
research on metrology and optics have a significant impact on the moiré technique—but this
is also true backwards as the moiré technique solved several measurement technical tasks
that had not been possible before [27]. Research on moiré patterns is also considered
extremely useful to help understand basic interferometry and interferometric test results [55].
Problems in the analysis of moiré phenomena have also had a positive effect on the
development of other disciplines such as signal processing, digital image processing, artificial
intelligence, etc [27]. The present work, also, aims to contribute to solving problems in digital

processing and evaluation of MIs.
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In the 1970s, beyond industrial applications, further research proposed the MT for
measurement of the human body, and subsequent medical technical research proved how
many potential fields of applications the MT has—especially in Japan where pioneering works
were performed [19, 24, 30, 90, 91]. From the 1980s till present, depending on the moiré
technique applied, body surface analysis can be performed from the soles of the feet to the
mapping of the legs, the trunk, the spine and the oral cavity. The list of applications can be
continued by revealing changes in bones and teeth and the skeletal system. Even by lining up
the analysis of facial profile, nasal symmetry and forensic dental samples (sex identification)
do not provide a complete picture on the potentials of the moiré technique. The medical

technical applications of the MM will be discussed in detail in sec. 3.

2.2 The Shadow and Projection Moiré Techniques

Based on the physical phenomenon of moiré, moiré techniques are defined as a group of
methods usually used for surface mapping and shape or deformation measurement [23, 92].
The concept of measurement technical application of the moiré phenomenon is based on the
idea that while one of the base structures is associated with the surface characteristics
(projection grating), the other is used as a reference for the measured object (reference
grating) [93]. From the resultant moiré pattern of these two structures we can conclude the
deviation between the two states of the object examined. In other words, if we know one state
of the surface, we can conclude from the resultant moiré phenomenon another state [27]. The
formation of the moiré phenomenon can be interpreted as a sampling process, where the
association of the projection grid and another (reference) grid with the same spatial frequency

means essentially equidistant sampling [93].

Moiré techniques are stereometric methods of 3D analysis of an object from a 2D
image [22, 23, 37, 94]. They differ in regards to the different ways the moiré patterns are
created and processed in the topographical analysis [23]. MT is a simple method that requires
only a camera (detector), a light source and a grid, and is used to measure and display the
surface of 3D bodies. The formation of depth contours by arranging the light source and
viewing point at the same distance from the (projection) grid is a key feature of MT [95]. This
concept was formulated independently by MEADOWS et al. and TAKASAKI in 1970 [27, 63, 95].
MIs comprise alternating bright and dark fringes [21, 22, 37, 51]. Usually, as already mentioned
above, dark fringes are called moiré stripes but we can also consider bright ones as moiré

surfaces when examining Mis—it is only a matter of agreement [27].

Moiré effect can be produced by several techniques; even by such base grids that are not

necessarily physical objects as in case of the shadow moiré and projection moiré techniques
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(SMT and PMT, respectively). SMT uses a single physical grid and its own shadow projected
onto the examined surface to generate interference and moiré pattern. In PMT a base grid is
projected onto the surface, but the moiré pattern is generated afterwards by applying virtual
grids via software post-processing [20, 23, 96]. In the scientific literature, SMT and PMT seem
to be the two primary methods of MT used for measurement of the human body [23, 97].

2.2.1 Shadow Moiré Technique

The SMT was presented by Takasaki [19, 90] in the early 1970s. Takasaki’s work is known
as the first example of a successful study of the moiré phenomenon applied for 3D
measurements [23, 28]. In the SMT, the moiré phenomenon is created by the overlapping of

a single reference grating and its shadow projected on the surface (Fig. 5).
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Fig. 5: Optical arrangement of the shadow moiré technique [53, 70].
(A) Point where source light (S) passes through the reference grating
(B) Point where source light (S) reflected passes through the reference grating

© Origin

(O) Observer

(p) Grating pitch (or period of the grating)

(P) Measured point

(S) Light source

(a) Incidence angle (of incoming light)

(B) Viewing angle

(hn) Depth of nt-order moiré pattern measured from the reference grating

0] Distance of S and O from the reference grating surface
(n) Order of the moiré pattern
(s) Interseparation of S and O
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(Xa) X component of SA
(Xs) X component of SB
(Xp) X component of SP
x) X component of P and B

The reference grating positioned in front of the examined surface area is illuminated with a
perpendicular point light source (S). Therefore, a shadow grating is produced that becomes
distorted in correspondence with the surface characteristics [98]. For the observer (0) that is
s distance from, and parallel to, the light source, the moiré phenomenon which results from the
grid and its own shadow on the surface, becomes visible. Fig. 6 shows an example of SMT
applied on the human back. As it follows from its concept, SMT requires a master grating that

is as large as the object being studied [99].

Fig. 6: Shadow Moiré Technique applied on the human back [23]

2.2.1.1 Relations of surface identification in shadow moiré

The third (z-axis) coordinate of a surface point (h,) can be calculated on a Ml by following
Equations 1-21. Fig. 5 and derived mathematical relations are based on the contracted

interpretation of ANTAL’s [93] and Yoshizawa’s [100] illustrations and inferences.

Supposing that distance 0A and OB contain i and j number of grating elements

0A = ip, 1)

21



and

OB = jp,

the AB distance is

AB = 0B — 0A = jp—ip =np,

where

(2)

(3)

= n=0,1,2,3,..is the MF order that is equal to the position in the order of successive

moiré surfaces [27].

= pis the grating pitch of the reference grid.

Based on the similarity of the triangles SOP and ABP, we can write

where

np = h, +tana + h,, + tan § = h,(tana + tan B).

Substituting Equation (5) into (4) we get

ho+1 h,,
s  hytana +h,tanp’

and dividing by h,, on the right-hand side we obtain

ho+l 1
s  tana+tanf’

where we express tan a + tan 8 by taking the reciprocal of both sides

tana +tanf =

hp+1°

Considering the triangle ABP, we can segment the distance AB = np as

(4)

(5)

(6)

(7)

(8)
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hptana =np—x and

h,tanf = x,

from which the tangents of the two angles are

np —x
tana = and
hn
¢ _ X
anf = e
Adding up Equations (11) and (12) gives
XY ana+t
h o ana + tan S.

Simplifying the left-hand side we get
P _ tana + tan S,

hn

from which expressing h,, gives

_ np
" tana +tanf’
Since, according to Equation (7),
hy+1 1
s  tana+tanf’
therefore,
_np(h, +1)

hy, S

Splitting Equation (16) into two halves on the right side

nph npl
ot

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)



and multiplying both sides by s

sh, = nph, + npl, (18)
then subtracting nph,,

sh, —nph, =npl, (19)
and multiplying out h,, we get

h,(s —np) = npl. (20)

Finally, dividing by s — np we express h,,—the depth coordinate of the moiré surface

npl
hy=—F_ (21)
s—np

We can see by Equation (21) that the moiré stripes are contour lines at given depths measured
from the reference grid. The width of the reference grid must not be less than 1.0 mm,
otherwise diffraction effect appears in the image [98]. The sensitivity of SMT depends on the
angle of illumination and that of the observer’s view. In general, the larger the angle between
the illumination and the observer’s view, the more sensitive the measurement [101]. Since in
practice the distance between illumination and observer is not infinite, the mathematical
relations for surface identification outlined above may become more complex depending on
the design of the moiré equipment. The interpretation becomes difficult by the condition that
the contour interval is dependent partially on the actual height of the surface. This difficulty can
be avoided by positioning the reference grid as close as possible to the surface to be
examined, so that the height h,, is small compared with the illumination and viewing distances
[101]. Besides these contours, the study of intensity distribution of MFs can also lead to
interesting results. We can approximately identify the points of the surface by knowing the
order number (or fringe order) n of a contour line (e.g. Fig. 7). If we know further details about

the intensity distribution of that MF, we can exactly plot the measurement point [100].
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F

ig. 7: An illustration of moiré fringe orders on the human back.

Yellow—0t order, green—1st order, blue—2n order, red-3 order [102].

2.2.2 Projection Moiré Technique

For producing th
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(Fig. 8).

e moiré phenomenon, the PMT [103, 104] uses two gratings with the same

projection and another for reference required for detecting moiré patterns
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SURFACE

Point where source light passes through the reference plane

Point where source light reflected through the reference plane
Projection optics on the detector’s side

Depth of nt-order moiré pattern measured from the reference plane

25



(ka) Distance between (A) and projection optics on the illumination’s side
(ks) Distance between the reference grating and optics on the detector’s side

0] Distance of projection and reference grating measured from the reference
plane
(n) Order of the moiré pattern

(Na)  Linear magnification of the projection unit
(O) Projection optics

(P) Measured point

(p») pitch of projection grating

(pe) pitch of reference grating

(s) Distance between the projection optics (O) and (D)
(ta) Distance between the projection grating and optics on the illumination’s side
(a) Incidence angle (of incoming light)

B) Viewing angle at (A)
(B')  Viewing angle at (P)

By the optical system, the projection grid is projected to the examined surface, creating a linear
base grid. Then the detector takes a picture through the reference grating of the object’s
surface and the base grid on it. To the observer, the moiré phenomenon becomes visible as
the resultant pattern of the reference grid and the distorted base grid on the object’s surface
[93, 100]. These grids can be physical materials (e.g. plates made of liquid crystal) or software-
generated. For in the latter case, a software-generated base grid is projected onto the surface
using a projector. Then, a photograph is taken of the distorted grid having information on the
surface characteristics. To that photograph, the reference grid is applied by software as an
additional layer as a result of which the moiré phenomenon is produced [100]. Fig. 9 shows

the concept of PM for human back examinations.

Digital Camera

Pr

= .Oj SCtor

Fig. 9: Classical moiré projection layout for human back examinations [105].
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The parameters of software-generated MIs, such as measuring range and resolution, can
flexibly be changed according to given surface properties. It is also possible to generate moiré
phenomenon by modelling the object to be measured, and to use it as a reference in
comparison with results obtained when measuring real surfaces [65]. Here, we note that
phase-shift and frequency sweeping methods can facilitate fine-tuning and analysis of moiré
patterns produced by SMT [106, 107, 108] and PMT [109, 110]. For this, in case of projection
technique, one of the two grids is rotated or moved to the desired distance from the surface.

Then, resulting moiré patterns can be evaluated using appropriate algorithms [100].

2.2.2.1 Relations of surface identification in projection moiré

The determination of depth coordinates of a PMT-generated Ml is presented below based on
ANTAL'’s guidance [93]. For the calculation, similar to SMT, geometric relations of triangles are
used. Highlighting the shapes enclosed by the points 0,D, P and A, B, P in Fig. 8, the following
triangles are obtained, shown in Fig. 10.

Fig. 10: Geometric points of the projection moiré model: the triangles ODP and ABP [53].

Based on trigonometric functions related to the triangle ABP, the tangent of the two angles
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Npsn—x'
tana = "aPaR T X and (22)
hy

!

tanp’ = ;— (23)
n

Adding up Equations (22) and (23) gives

Nypgn—x'"  x

=+ — 24
tana + tan f ™ + ™ (24)
Simplifying the right side we get
N
tana + tan B’ = ﬂ. (25)
hy
Expressing h,, from (25) the depth is
Nypan
=24 26
" tana +tanp’ (26)

The procedure is similar for a triangle formed by the points 0, D, P, where the tangents of the

two angles are

tana = hotl and (27)
tanp’ = ad 28
M= (28)

Adding up Equations (27) and (28) we get
tana +tan B’ = noTl (29)

Expressing h,, + [ the depth is

B+ 1= — 30
"' tana +tan B’ (30)

The linear magnification of the projection unit is
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Ny=—2 (31)

Based on the Gaussian lens formula (also known as the thin lens equation) the relationship

between focal length f, image distance i and object distance o is

1 1 1
—=—— (32)
fa ia o4
The trigonometric function related to i, is
= (33)
ta = cosa
Expressing o, based on Equations (32) and (33)
l
0 = —JAL (34)

A7 ficosa —1

Substituting Equation (33) and (34) into (31) then simplifying, the linear magnification Ny is

l — facosa
N, =—%2 " 35
A facosa (35)
Let h,, < | be and assume similar focal lengths and grating pitches.
l+h, ~1 (36)
fa=fr=f (37)
Pa=Pp =P (38)
So Equation (26) can be given as
Nypn
_ 39
" tana +tanp’ (39)
Substituting Equation (29) into (39), we get
hn — NApn(l + hn) . (40)

S
Considering Equation (36), the depth coordinate is
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The mathematical relations show that the depth analysis of images produced by using PMT
is similar to that of the shadow technique. One distinct advantage of PMT is that it requires
only a small transparency of the reference grating. Furthermore, when a physical reference
grid is used in PMT, it is not required to be as large as the object being studied (as for the
shadow method). Using PMT, if the surface is not initially flat, its out-of-plane displacement
can be measured from only one double-exposure photograph. With SMT, to calculate contour
differences, two separate fringe photographs are required. With PMT, contour differences of
two entirely distinct objects are easily determined [99].

2.3 General Statements on Advantages and Disadvantages of the Moiré

Topography

General considerations on the advantages of MT are reviewed based on the nine-point
summary of PATORSKI [63]. As disadvantages of MT are not specifically addressed by
PATORSKI, they are presented considering ANTAL's [27]—partly experience and partly
literature-based—summary. Based on PATORSKI, advantages of MT are also summarized by
PAVELYEVA [111] and PAAKKARI [95].

The main advantages of MT are as listed below (1-9) [63]:

(1) Measurements are whole-field, an advantage over point-by-point or line methods.
Total surface deformations and local occurrences can be studied, also under transient

experimental conditions. These have an advantage over discrete point sampling methods.

(2) Due to the relatively fast data acquisition and processing, investigations can be done in

guasi-real-time (QRT) and automated.
(3) Profiles are given in the form of 2D contours.
(4) Contouring of specularly reflecting and light scattering surfaces is possible.
(5) The effect of local surface abnormalities may be eliminated by averaging.
(6) The resolution may be varied.

(7) Both differential and absolute measurements are possible, thus, the effect of system

geometry and optical aberrations can be eliminated

(8) Both static and dynamic events can be studied.
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(9) The method is simple and fast to operate.

Disadvantages of MT are summarized (1-5) [27]:

(1) The variable resolution mentioned in the advantages is problematic for the application. This
means that reducing the resolution is rarely necessary, but increasing it encounters
technological limitations, or can only be achieved at the expense of other metrologically

relevant features.
(2) Thorough surface analysis requires very serious considerations and post-processing.

(3) Despite the principle and layout simplicity of the measurement, it is not simple to achieve
high contrast.

(4) The layout and the geometry of the measurement have a decisive effect on the moiré
phenomenon. Therefore, their anomalies require thorough analysis in terms of

measurement applicability and error correction.

(5) Examination of high-slope surfaces is problematic.

2.4 Conclusion and Further Thoughts

Although the phenomenon of moiré has been known since ancient times, its measurement
technical potential only became clear in the 19" century. From this time, MFs were elevated to
scientific status and became the subject of research by many researchers. Until the middle of
the 20" century, though, the metrological benefits of scientific observations on moiré did not
enjoy the attention that they deserved. After the problem of producing quality gratings for
metrological application at a moderate cost was resolved, a significant boost in moiré research,
followed by new fields of application, occurred. The development and spread of computer
technology had another substantial effect on the increase in moiré research and related
publications. From the 1970s, beyond industrial applications, MT has been used for
measurement of the human body. Although MT provides a non-invasive and non-ionizing
method for analysis of 3D profiles in the form of 2D contours with relatively fast data acquisition
in quasi-real-time and at low-costs, comprehensive surface analyses require serious
considerations and labour-intensive post-processing. This requirement for evaluating and
segmenting MFs includes methods that are suitable for drawing unambiguous conclusions on
the subject of the study—and this becomes especially important in medical examinations.
Successful development of any healthcare technology is a complex process that requires

contributions from different disciplines, such as medicine and engineering. In the development
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of software-based segmenting and evaluating methods, although not in equal proportions, a
focused medical and engineering knowledge is substantial in cooperation. Insufficient work
organization and communication between engineers and medical specialists may lead to faulty
calibrations of moiré equipment and inadequate analysis of moiré patterns, and thereby, to
underutilized potential of MT—as TAKASAKI reports in the early 1980s [30]. Ensuring the
conditions for successful cooperation though, is a fundamental task of any interdisciplinary
research team, but smart, practical and convenient software-based solutions may significantly
reduce interdependencies between disciplines, and thereby, increase the efficiency of

research.
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3 The Moiré Method and its Medical Technical Applications

Beyond industrial measurements, the MT also allows the topographical analysis of the
human body. The application of MT in antropomorphology was first reported by TAKASAKI in
1970 [19, 90, 91]. MT allows non-invasive, non-ionizing and cost-effective measurements with
an unlimited number of repetitions [33, 102, 112]. Using MT in the topographical analysis of
the human body can indirectly identify areas with structural deformities under the skin through
the form of the body surface [23, 113]. This makes the importance of R&D of MT in a clinical
setting particularly justified.

3.1 Moiré Topography for the Measurement of the Human Body

It appears in the scientific literature that in the measurement of the human body some MTs
are more commonly used [23]. In the topographical examination of the spine and trunk, the
SMT appears to be the most effective. This can also be explained by the fact that this was the
first moiré technique applied to the human body [19, 23]. However, in 1983, NAGASHIMA et al.
used PMT to generate a surface model of the human trunk [114]. In their 1991 study, MOGA
and CLouD also used PMT to measure the motion of the scapular mechanism as a function of
upper arm adduction [115]. Their study differs from other biomechanical applications of MT in
that the visualization and evaluation of moiré contours—being a motion study—was not only
bound to a single state of the body, but images of multiple positions were analyzed. From the
2000s, PMT has been increasingly used in research—especially in the study of postural
defects. This is best explained by the development of image processing [23], which makes the
application of MT even on surfaces of fine and more complex topography successful.
Examples of such areas are bones and teeth, for which Woob et al. used moiré interferometry®
analysis [117, 118, 119].

Medical applications of MT include the early detection of scoliosis [36, 120, 121] and the
examination of other spinal deformities (hyperkyphosis, hyperlordosis, planar back, gibbosity)
in different planes (sagittal, frontal, transverse) from only a single image obtained [21, 23, 122,
123, 124]. Non-invasive reconstruction of the vertebral column based on the generated moiré
topograms have also been studied using classical 2D sequential digital filter and cellular neural
networks [125].

8 In moiré interferometry, the concepts of geometrical moiré technique and optical interferometry is
combined. Moiré interferometry allows the measurement of in-plane displacements with very high
sensitivity [116].
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In spinal examination, further applications of MT are aimed at mapping postural defects,
where SMT [123, 126] and PMT are also used [127]. UETAKE et al. [126] used an SM device
developed by TAKASAKI [19] to study and compare spinal curvature characteristics of Japanese
sportsmen. They found that the posture was specific to the sport. PORTO et al. also used SMT
in a population study of postural evaluation of individuals of over 60 years of age [128].

Remaining on the subject of the human back, there is no generally accepted convention in
clinical practice to describe the position and movement of the scapula relative to the thorax
[113]. To clearly determine the position of the scapula, it is sufficient to identify three points of
its coordinates in 3D space. Since MT allows to indirectly identify places of structural
deformities under the skin [23] and also skeletal structures, CHALUPOVA used SMT to describe
the scapular region and symmetry relative to the spine [23, 113]. In their experimental
biomechanical study, JELEN and KUSOVA aimed at semi-automatic and automatic evaluation
of moiré contour lines to monitor the dynamics of a woman'’s axial skeletal system during and

after pregnancy [129].

ASUNDI has demonstrated the use of a SM device to measure the foot pressure distribution
[130]. The foot pressure distribution has a significant importance in orthopaedics: this provides
information not only on the structure and function of the foot, but also the posture regulation.
Thus, medical professionals—especially orthopaedist, physiotherapists and orthopaedic
footwear designers—may be in possession of useful information acquired by MT. To measure
the longitudinal vault of soles, MROzKOWIAK used a device based on PMT (Posturometer M)
[131]. In addition to the spine and soles, YERAS et al. examined adolescents aged 12—15 years
and further shape characteristics and disorders of legs [23, 121]. As for the face, LAY et al.
proposed SMT in face profile measurements for 3D face recognition purposes [98]. KATSUKI
et al. attempted to quantify the state of symmetry of the nose for cleft lip operation using the
SMT [132, 133].

Another example of the widespread use of MT for topographic and biomechanical
measurements is in the fields of dental research and forensic odontology. Research by TAKEI
et al [134] examined the characteristics of palatal growth and development of Japanese
children and adolescents aged 3-17 years by taking head, face, bone, palate and tooth
measurements using 3D measuring methods for a spatial system of coordinates and SMT.
Sex identification by oral cavity and dental arch was another object of this study, where the
specimens consisted of 200 maxillary plaster casts of Japanese males and females aged 15-
49 years. Based on the applied mathematical analysis of Mls of the plaster casts, the gender
was correctly identified with a rate of 93% accuracy. Based on SMT, Sex identification was
also performed on maxillary canines of 52 Japanese males and females taken from four

directions (labial, palatal, mesial, distal). Correct identification of the sex was accounted with
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an accuracy of 84.6%. In their conclusion, TAKEI et al also introduce other possibilities for the
applications of the MT such as age estimation, paternity tests, preparation of restored facial
images and classification of facial forms from an anthropological standpoint.

KANAZAWA et al [73] applied moiré contourography for three-dimensional measurements of
the occlusal surfaces of upper molars. It was observed that the MT is suitable for analyzing
small amounts of wear that was difficult to quantify. MT was, however, not recommended when

the wear pattern included greater convexity of the tooth crown or the central fossa [71, 73].

In biomechanical studies, moire interferometry was used to understand the mechanical and
temperature change induced stresses and strains in tooth structure [74, 135, 136, 137]. By
using moiré interferometry, WooD et al evaluated the effects of changes in humidity on the
dimensional changes in dentin disks constrained by enamel land in unconstrained dentin [118].
They concluded that moiré interferometry is a powerful tool to study the deformation of
materials that are not isotropic and are not linearly elastic. Deformations observed in their study
indicated that the zone of dentin-enamel junction is a uniqgue material interface that needs to

be better understood in terms of normal tooth function.

WANG and WEINER used MT with higher-density gratings to study strain-structure
relationship in enamel and dentine [138]. Their study was consistent with the hypothesis that
within the dentin there are structural adaptations for transferring and minimizing stress as they
concluded that the strain exhibited in the enamel is significantly lower than that in the dentine
[71, 138]. Based on moiré interferometry, WOUTERS et al. developed a sensitive measuring
method for direct evaluation of gingival swelling [139]. They concluded that the method applied,
although warrants further evaluation, has potential application in clinical experimental

research.

3.2 Moiré Topography in the Diagnostics of Scoliosis

The different spinal deformities have been in the focus of medical attention for thousands
of years. We can find references and medical advice to the treatment of scoliosis in ancient
Hindu religious texts (3500-3000 BC) and Egyptian injury care guides (2600-2200 BC) [140].
The Hippocratic Corpus (lat. Corpus Hippocraticum) mentions the lateral curvature of the
spine, and terms like scoliosis, kyphosis, lordosis created by GALEN (129-2167) show the all-
time validity of our topic. Referring to the importance of the treatment in scoliosis, the French
physician NICOLAS ANDRY (1658-1742) on a title page of his famous work Orthopaedia: or the
Art of Correcting and Preventing Deformities in Children proposed a picture of a crooked tree

tied to a stake as the symbol of the orthopaedic profession [141].
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The traditional diagnostics of scoliosis is performed by orthopaedists in a painless
examination called the forward bending test [94]. This method, however, beyond the fact that
it may produce too subjective results, is not reproducible and time-consuming [94]. It is also
common that physicians perform examinations manually based on radiographs, but these
evaluations are still time-consuming and, in the case of larger groups (e.g. in school
screenings) they may be inaccurate [142]. Depending on the medical practice of the region,
for an accurate diagnosis, it is important to provide X-ray images with front and back views of
the spine in standing and in forward bending position and with a lateral view [33, 142]. In the
diagnostics of scoliosis, the so-called Cobb angle, measured on radiographs (Fig. 11), is

considered the gold standard [34].

Most tilted
vertebra
above apex

Most tilted
vertebra
below apex

P

Fig. 11: Measurement of Cobb angle [143]

To the Cobb angle, the angle value of spinal curvature measured in MIs can be approximated.
Fig. 12 shows the moiré and X-ray images of the same patient.

Fig. 12: Moiré and X-ray images of the same person [22]

For the evaluation of Mis, different measurement approaches can be used. To measure the
2D curve angle of a single-curve scoliotic spine, KAMAL’'s approach [112, 144], for example,
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considers points describing the most asymmetries on the back (Fig. 13). In the Ml of a healthy
back, the number of moiré stripes on the two sides of the spine within the same distance
measured from the midline of the back are equal. The scoliotic spine does not have this

symmetry [144].

_y (141 —dy| 1 [1dy — ds]
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Fig. 13: Measuring points and mathematical relations of Kamal’'s method [112]
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3.2.1 Digital projection moiré imaging applied in scoliosis

Long-term aim of this research covers a detailed process description with adequate
evaluating algorithm to bring the medical and engineering knowledge closer and encouraging
moiré research in medical (orthopaedic) circles. As a basis for this, a process overview is given
as a possible way of applying moiré imaging in scoliosis. lllustration and step sketch are based
on digital PMT presented by BALLA et al. [33] in generalized and to some extent completed

form—especially by adding additional steps 1, 7, 8 and 9 (Fig. 14).

PREPARATIONS (1) CONCLUSION (9)

setting vp work ond reference area, drawing conclusions and documenting results,

cofibrotion of equipment defining quality assurance measures

COMPARISON (8)

eatmparing measurement results of

REFERENCE AREA (2)

taking normal phate of the reference

surface and the prajeciion grafing on it mairé imaging and rediegraphs

EVALUATION (7)

applying algorithmis) chosen for

PATIENT (3)

taking normel photo of the patient's

back evaluation

BASE GRID (4)

projecting o base grid anfo the

MOIRE IMAGE (¢)
generating moiré images by using

pahent’s back software

DISTORTED GRID (5)

taking narmal photo of the distarted

grid on the patients back

Fig. 14: Process of digital moiré imaging and examination [54].

The set of tools used for measurements is basically a classic PM equipment with the
difference that the projection of the base grid is carried out with a video projector instead of a
traditional one. The moiré equipment and its arrangement applied by BALLA et al. is shown in
Fig.15.
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reference
surface

Fig. 15: Digital moiré equipment: scheme and realization (transl. by auth) [33]

The process of digital moiré imaging and examination can be summarized in 9 steps, as

follows:
(1) Preparations...

...that includes:

- setting up the work area and reference surface
- setting up and calibrating the moiré equipment and its optical arrangement
The camera and light source are to be positioned perpendicular to the patient’s back—

to avoid bias, the light source should not be placed in a peripheral area.
(2) Taking a normal photo of the reference surface and a base structure on it

The image of a base structure (projection grating) on the reference surface plays a role in
step (6) when the moiré phenomenon is generated. To achieve the moiré phenomenon,
custom image processing methods can be developed. In the moiré generation procedure,
BALLA et al., for example, used XOR logic® (logical moiré) based on images of gratings
projected onto the reference surface and the spine.

9 XOR is a logical operation that outputs true only when inputs differ. XOR is also called exclusive or
or exclusive disjunction.
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(3) Taking a normal digital photograph of the patient’s back

While taking the photograph the patient is in natural exhalation state topless in front of the
reference surface (Fig. 16). The outcome of this step strongly depends on the posture

setting applied that may easily lead to different moiré contours in MlIs of the same patient
(for further explanation on posture setting, see sec. 3.2.2).

Fig. 16: Normal picture of the patient in front of the reference surface (L) [33]
Fig. 17: Linear base grid and its distortion on the human back (R) [33]

(4) Projecting a base grid onto the patient’s back...

...as a result of which the grid is distorted in accordance with the surface characteristics of
the back (Fig. 17).

(5) Taking a normal digital photograph of the distorted grid on the patient’s back

It is to be noted that the picture thus obtained is not a M, since it shows only a distorted
linear base grid. However, moiré phenomenon may be detected in similar images when
linear stripes interfere e.g. with pixels of a computer display. To overcome this effect, Fig.

17 is shown in a slightly larger size (Fig. 16 is also enlarged due to symmetrical
considerations).
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(6) Generating moiré on images using software (Fig. 18).

Let us recall what was discussed in sec. 2.2 on PMT. By using software, a reference grid
can be added afterwards to an image that comprises only a base grid. In that case moiré
phenomenon is produced due to the interference between the lines of software-generated
and base grids. The Mls obtained that way provide valuable information about the unique
topographic characteristics of the back. Examples of image processing software
environments include MATLAB (Matrix Laboratory, MathWorks®) or LabVIEW (Laboratory Virtual

Instrumentation Engineering Workbench, National InstrumentsTM).

Fig. 18: Software-generated moiré image [33]

(7) Evaluating the moiré image

Using appropriate algorithms adapted to the measurement is a key factor in evaluating Mis.
BALLA et al. followed Kamal’'s mathematical-geometric approach for measuring the 2D
curve angle of single-curve scoliotic spines. In the evaluation procedure, it is vital to
consider the same contour lines and heights so that the results of the image series of the

patient are comparable.

(8) Comparing spinal curvature angle values obtained by moiré technique with Cobb values

measured on radiographs of the same patient.

(9) Drawing conclusions and documenting results and experiences to improve the quality

of subsequent measurements and (algorithmic) research.
Step 9 can be a conclusion of quality assurance measures to refine further measurements.
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3.2.2 Considerations on Moiré Topography in Relation to the Diagnostics of
Scoliosis

In relation to diagnostics of scoliosis, the significant advantages of the MM are that it is fast,
non-invasive, portable, cost-effective, has no harmful radiation, and it does not require highly
skilled professionals to be used [20, 33, 121]. The moiré technique makes it possible to study
large target groups in a fast, reproducible and cost-effective way [20, 21, 121]. A moiré
technique chosen and algorithmized well can be convenient for substitution or as a
complement of X-ray images in scoliosis [20, 121, 122]. The listed features above should be
taken seriously, also in estimating its social benefits. In terms of cost-effectiveness, for
example, the MM could be a feasible alternative in third world countries. However, when
developing novel methods for medical diagnostics with reduced costs in mind, it is
indispensable that they are proved adequate alternatives to the existing ones. For this,

precision and accuracy are essential factors.

The determination of precision is based on the comparison of results from repeated
measurements, while accuracy—in the design of clinical trials—is proposed to be established
in relation to a “gold standard” [145]. The gold standard is a reference measurement that is
carried out by a technique believed to best represent the true value of the measured property.
From this already, we can presume that choosing a measurement approach designated as the
gold standard can be a difficult judgement that the investigator needs to make, drawing on
previous work in the field [145]. In the diagnosis of scoliosis, Cobb angle is considered as the
gold standard [23, 34, 39].

The lack of methodological standardisation is another problem in the application of MT in
scoliosis. Although we know a few body posture protocols [23, 33, 146] applied during moiré
examinations, we cannot speak about a concrete methodology that could lead to generally
reliable results. ADAIR et al. [146], for example, suggest that the patients stand erect with feet
together, buttocks placed close to the screen (i.e. grid) and with shoulders parallel to it. This
practice, however, may result that patient's posture is "arranged" by the evaluator—although
ADAIR et al.'s results confirmed scoliotic cases in 94 percent in children aged 10-12 years [23,
146]. PORTO et al. refer to other studies that propose that patients should be in the standing
position, feet apart naturally, and body as close to the grid as possible without touching it [23].
In BALLA et al. [33], we may also find indications on the importance of a standardised body
posture while performing moiré imaging. They emphasised that attention must be paid to the
position of the pelvic bone and to the measurement and equalization of limb length—if
necessary. In these operations, they enlisted the help of physiotherapists. A methodological

standard could help the better evaluation of Mls of scoliotic patients with distorted trunks where
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results can be misinterpreted [23, 33, 34]. For this reason, Cobb angle is still the gold standard
in the diagnosis of scoliosis [39]. In general, if we want to draw conclusions about the shape
of a surface from its moiré patterns, it is important that the surface be analyzed in a position
that conforms to the measurement standard. This is crucial when performing medical
examinations, especially in case of trunk deformations [37]. Therefore, although MT provides
information about the shape of the surface examined, it is a major drawback that the conclusion
drawn will not be without ambiguity [33, 34, 35]. In other respects, as well, we can find hints to
the lack of standardisation when three surface topographical methods (MT, Scoliometer® and
BCD) are compared. PEARSALL et al. [36] concluded that these three techniques could not be
used interchangeably in clinical recording if the posture is not standardised. Therefore, the

standardised posture is a problem that needs to be resolved [23, 24].

In their recent systematic review on MT, LABECKA et PLANDOWSKA [1] concluded that there
is only moderate evidence for the reliability and validity of the method as a screening and
diagnostic tool. Although they consider MT as an alternative method of examining the deformity
of the spine and trunk but as for the accuracy of MT they identified no strong evidence. In order
to use MT as an accurate screening tool—they say—the methodology of MT should be

standardized.

In relation to surface topographic examinations used in the diagnostics of scoliosis and
other spinal deformities, we can say that the determination of gold standard parameters still
waits to be named [39]. To let the users speak the same language, the unification of surface
topography parameters is an additional challenge—mainly for producers of surface topography
equipment [39]. According to KOTwICKI et al. surface topography still would have a chance to

work in service of patients, if additional effort to standardise the examination is made [39].

Based on the study of collected literature, however, only a need for standardisation but not
a serious effort to invest can be seen. PORTO et al. point out that it is easy to notice in the
scientific literature that there are more studies relating to the application of MT than those that
focus on the accuracy of the method itself and the standardisation of the measurements
obtained [23]. They note that there was no standardisation in this aspect found in the literature.
Considering this methodological deficit—as LABECKA et PLANDOWSKA warn [1]—researchers

should be careful in drawing conclusions from studies using the MT measurement.

The amount of labour required for the evaluation of MIs is not inconsiderable [23, 27]. Some
researchers see the best solution for that in an automatic system [21, 22, 23, 24, 25, 26]. Due
to the complexity of MFs and various optical-geometrical parameters that require unigque

solutions, implementing a fully automated image analysis and evaluation is challenging.

For the successful development and application of the moiré technique, it is vital to have

unambiguous communication processes within interdisciplinary research groups. There have
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been cases where the careless use of the moiré technique resulted in false calibrations and
interpretations [30]. Beyond, but in parallel to the technical-biomedical and medical knowledge,
the continuous and conscious presence of the human factor plays a key role that has a
significant influence on communication processes among interdisciplinary research groups
[53].

3.3 Conclusion and Further Thoughts

In the topographical analysis of the human body, MT is able to indirectly identify areas with
structural deformities under the skin through the form of the body surface. This makes the
importance of R&D of MT in a clinical setting particularly justified. MT allows non-invasive, non-
ionizing and cost-effective measurements with an unlimited number of repetitions. From the
1980s, moiré surface analyses were conducted on the whole human body, including the oral
cavity, bones, teeth and the skeletal system. In medical technical applications, for the
visualization of moiré contours, both the SMT and PMT are used. With the development of
image processing, however, from the 2000s, the latter appears more common in postural
topographies. The general characteristicsof MT, that the contours on the same patient strongly
depend on the posture setting applied, despite all its advantages, may easily bias the outcome
of medical evaluations. The lack of methodological standardisation in body posture is another
problem not just in MT, but in other surface topographical methods in scoliosis. This
circumstance must be borne in mind in considering MT as an adequate alternative to existing
diagnostics methods. An even more significant problem than the previous ones is that only a
need for standardisation but not a serious effort to invest can be seen in research studies. In
the light of these problems, the high amount of labour required for the evaluation of Mis
becomes especially important to be resolved. To achieve this, a user-friendly system, where
image processing challenges can be handled and diagnostic methodologies can be flexibly

tested, may be suitable.
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4 A Research Framework Concept for Producing, Processing and
Analysing Moiré Images of Scoliotic Spines Based on

Manual/Semi-automated Solutions

Disadvantages of MM, such as the high amount of labour intensity in evaluating procedures
and possible ambiguous conclusions in determination of spinal curvature angle values, require
valid solutions. An automatic system is considered as a solution in compensating labour
intensity [21, 22, 23, 24, 25, 26]—especially for examinations of large patient populations in
short periods of time. Nevertheless, even with automatic detection of moiré stripes, problems
like ambiguous fringe patterns and non-continuous fringes remain existing [23]. Non-
continuous fringes are generated by non-continuous surfaces that make subjective analysis
very difficult [147]. In these cases, errors of evaluation also occur when software is used to
analyse moiré topograms [23]. Thus, implementing a fully automated image analysis is
challenging. Another reason for this is down to the complexity of fringe patterns and the
condition that processing of Mls require several unique solutions that are influenced by the
given optical arrangement, intensity distribution resulting from illumination applied, nature of
noise and detection [27, 28, 29]. For reducing uncertainties in moiré pattern analysis, an

accurate segmentation of MFs is needed [148].

Keeping in mind the circumstances described above, the concept and idea of the Moiré
Imaging Tool for Scoliosis (MITS) was induced by the author's personal demand on having
opportunities for exploratory mathematical-geometric calculations performed on Mis of
scoliotic spines, and the condition that no tool with similar features and complexity—as
described in sec. 4.1—was identified during the study (also remember sec. 1.2.2 Theses 2-4).
The base functions of MITS can be divided into three parts: (a) Fringe Segmentation Tool, (b)
Contour Analysis Tool, (c) Moiré Production Tool. Guiding aspects to be considered in

developing Ul incorporating (a-c) are also summarized.

The concept of base functions, Ul and SWOT-analysis of MITS is introduced in sec. 4.1,
while MF segmenting algorithms using filtering and morphological operations as a possible

feature of (a) is presented in sec. 5.

Please note that the concept of MITS and its Ul illustrations does not represent the final version
of the targeted solution. The project/concept is under development. Ul illustrations for each

sub-tool of MITS are drawn in WireframeSketcher.
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4.1 The concept of Moiré Imaging Tool for Scoliosis (MITS)

MITS is meant to be a software-based research framework for producing, processing and
evaluating Mis of scoliotic spines based on manual and semi-automated solutions in a user-
friendly environment. The essence of the concept is to stimulate practice- and exploratory-
based moiré research in scoliosis by both medical and biomedical professionals—in such a
manner that it aims to find feasible and realistic answers to challenges caused by problems of

manual and automated MI processing and evaluating.

Specific aims of MITS with respect to generating, processing and analysing Mls of scoliotic

spines are as follows:

(1) To segment MFs in QRT by applying manual adjustable morphological operations and

built-in algorithms to support moiré pattern evaluation—Fringe Segmentation Tool.

(2) To analyse segmented moiré contour lines and their mathematical-geometric relations
to identify methods for calculating spinal curvature angle values approximated to Cobb

angles— Contour Analysis Tool.

(3) To support moiré pattern production on input images containing projection grid only
produced by digital projection moiré technique—Moiré Production Tool.

The implementation of MITS with all of its planned features and functions is to be carried
out in cooperation with a software developer company. The final functions of the proposed
research framework will be designed based on collected end-user (i.e. physicians and
(bio)medical professionals) feedbacks in the beta release of the software. In sec. 4.1.1.2, a
solution of the Fringe Segmentation Tool of MITS will be presented as a prototype developed
by the author in MATLAB environment.

4.1.1 Fringe Segmentation Tool

The planned function of the Fringe Segmentation Tool (FST) is meant to support delineation
and contouring of MFs in QRT by applying manual adjustable morphological operations and
built-in algorithms based on pre-defined sequences. Beyond conceptualization, for prototyping
purposes, FST of MITS has been programmed by the author in MATLAB environment. In the
following subsections, the concept (sec. 4.1.1.1) and the prototype (sec. 4.1.1.2) of FST are

separately introduced.
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4.1.1.1 The Concept of Fringe Segmentation Tool

The key elements of FST are (1) field of morphological operations, (2) panel for previewing

processing phases and (3) standard buttons (Fig. 19, enlarged in Appendix A).

(1) Field of morphological operations

Field of morphological operations comprises labels and settings for morphological image
processing adapted to QRT adjustments on images loaded in the program. Base package of
morphological operations is to be implemented to adjust brightness, contrast, thresholding,
and to apply filters as dilation, 2-D Gaussian blur and skeletonization. Most of the field is
covered by adjustable parameters related to and defined by morphological operations. The

field contains a dedicated button for transferring settings to other images.

(2) Button bar for activating built-in contouring algorithms

The aim of built-in contouring algorithms is to support manual image processing by providing
pre-defined automated sequences of morphological operations for segmenting the MFs of
scoliotic spines. These algorithms are to be developed by studying and applying segmentation
methods adapted to Mls from various sources. In sec. 5, practical examples of MF segmenting

algorithms using only filtering and morphological operations are presented.

For that purpose, a database of MIs is to be built up. For the time being, SALUS
Ortopédtechnika Kft. is the only partner contacted to support this research by providing Mis.

The involvement of other research institutes is under planning.

(3) Panel for previewing processing phases

The panel for previewing serves as a detachable frame for QRT visualisation of MIs being
processed. Preview includes five phases of image processing that results (a) original Ml in
grayscale, (b) pre-filtered (i.e. thresholded) image with thick fringe contours, (c) skeletonized
moiré contours and its overlays with both (d) pre-filtered and (e) original’'s grayscale images.
The panel also supports full-screen mode of selected images and includes buttons for both
Moiré Production Tool (MPT) and Contour Analysis Tool (CAT).

(4) Standard buttons

Standard buttons are present in all sub-tools of MITS for executing tasks, such as

loading/unloading/exporting images, resetting parameters and closing program.

47



W rk inag g Too for soess

Fringe Segmentation Tool

F=7 Load Image

Brightness T e

L Contour Analyss Tool D Detach Canvas

g

AL

|

Contrast

) }/A
t;((_(f-

«

3

Gaussian Blur S0 Value

Dilation iSE'_EL'l Structuring Ei-eml:‘nt|'| Repetition * Export Images

[ 1
Thrasholding r— Adaptive Thresholding

Skeletonizing elect Operation l Repetition:

i_1_ﬂ[we|f T“I';'ri c:miu:WIM:hT ] {(‘) Reset Settings l *JUnload Image [*] Close Program

Fig. 19: Concept preview of Fringe Segmentation Tool.
(Enlarged in Appendix A)

4.1.1.2 The Prototype of Fringe Segmentation Tool

For a practical illustration of the proposed FST, an application is developed in MATLAB App
Designer (R2018B) [149]. The logical layout and the structure of the application is designed by
following the image processing steps with the exclusion of dilation® of the proposed
segmenting algorithm introduced in sec. 5.1. For the design of the graphic user interface (GUI),

guiding aspects summarized in sec. 4.1.4 were considered.

4.1.1.2.1 The Graphic User Interface

The GUI of the FST consists of four main areas: (1) image canvases for original reference
and processed image, (2) image processing toolbar, (3) toolbar for displaying skeletonized

results and (4) built-in automatic segmenting algorithms (Fig. 20).

10 Dilation is not a requirement for a simple illustration of FST. However, for a precise segmentation,
dilation may represent an important factor in image processing—as it is introduced in sec. 5.1—by
gradually enlarging the boundaries of regions of foreground pixels.
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Fig. 20: The main screen of the prototype of the Fringe Segmenting Tool

(1) Image canvases

On the right side of the application GUI two image canvases are positioned: one for reference
(“Original Image” on the right side) and another for displaying the results of QRT image
processing (“Processed Image” in the middle). During manipulations via the image processing
toolbar (to the left of the canvases), the canvas “Processed Image” supporting an accurate
segmentation of the original’s grayscale shows the processing phases in QRT. In order to
minimize data loss during image manipulations, the canvas “Original Image” shows the original

input image during the whole processing phase constantly. By using the dedicated crop button

= below the middle of the canvases, rectangular selection of region of interest (ROI) on input

images can be performed.

(2) Image processing toolbar

The image processing toolbar of the prototype provides QRT filtering and morphological
adjustments on images loaded in the program (“‘Load Image” button in the upper left corner).
In the FST demo, seven image processing operations are implemented: (1) brightness, (2)
contrast, (3) 2-D Gaussian filter, (4) thresholding, (5) histogram equalization, (6) image
inversion, and (7) skeletonization. Adjustable horizontal scales with reset button 2! for
operations (1-4) and dedicated buttons for operations (5-7) are implemented. Both solutions
provide QRT visualization on the canvas “Processed Image”. For resetting all image
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modifications, reset all button “* s also implemented. Since there are more options
implemented for visualizing skeletonization that is the last step in the proposed segmenting
solution, buttons for skeletonization are displayed under the image processing toolbar
separately. These buttons display results by visualizing skeletonized MFs in the context of (a)
skeleton only, (b) original's grayscale image, (c) original image. Image processing results can
be exported via the button “Save Image” in the following formats: (1) Windows Bitmap (.bmp),
(2) JPEG 2000 (raw codestream, .j2c, .j2Kk), (3) JPEG 2000 (Part 1, .jp2), (4) Joint Photographic
Experts Group (.jpg, .jpeg), (5) Portable Bitmap (.pbm), (6) Portable Graymap (.pgm), (7)
Portable Network Graphics (.png), (8) Portable Pixmap (.ppm), (9) Sun Raster (.ras), (10)
Tagged Image File Format (.tif, .tiff).

(3) Built-in automatic segmenting algorithms

Built-in contouring algorithms are meant to support manual image segmentation by predefined
automated sequences of morphological operations. In the FST demo, three algorithms are
implemented (button “Algorithm 1-3”) that automatically follow the segmenting procedure
introduced in sec. 5.1. (“Algorithm 1”), sec. 5.2 (“Algorithm 3”). Button for “Algorithm 2” follows
a segmenting method that is currently being under development. Buttons for “Algorithm 4-5”
are placeholders for further automatic algorithms to be developed in future research. For fine-

tuning the results of automatic algorithms, manual adjustments can be performed up to the

thresholding phase of image processing by using the button “Adjust” | = Adist |

The operation of the prototype of the FST is demonstrated in Digital Appendix C.

4.1.1.2.2 Conclusion

The prototype application for fringe segmentation allows a dynamically changeable and user-
friendly processing configuration on Mis created with XOR logic. The application-supported
segmenting method is simple, fast to process and, for the most part of the images follows the
moiré stripes accurately. Although the solution used in the prototype includes a relatively
narrow set of image filtering and processing operations, it still allows for a visually traceable
and relatively accurate segmentation that may even be used for specific measurements. Due
to its simplicity and fast operation, an improved solution to the segmenting tool could also
replace time demanding and complex segmentation methods. Filtering and morphological
operations built into the application, although they make adaptive and flexible segmenting
process possible, can lead to data loss, and thereby to sporadic segmentation. A possible way
for improving the fringe segmenting application is to extend its functions with further operations

such as (1) dilation for gradually enlarging the boundaries of regions of foreground pixels, (2)
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high-pass filters for image sharpening, (3) adaptive thresholding with local mean and global
mean values, (4) bit-wise XOR for values of low contrasted and over contrasted copies of
images, (5) fuzzy inference system [148] for combining the manual and pre-defined automatic
algorithms, (6) deep learning algorithms for automatic segmenting algorithms (a high amount
of sample data required).

4.1.2 Contour Analysis Tool

CAT is to be implemented in FST as a measurement function for analysing moiré contours
and their mathematical-geometric relations in order to identify methods for calculating spinal
curvature angle values approximated to Cobb angles. In terms of measurement, the concept
of CAT supports both concrete preliminary ideas and exploratory approaches. The key
elements of CAT are (1) measuring functions, (2) button bar for automated calculations, (3)
panel for image and object selection, (4) Cobb angle calculator, and (5) standard buttons (Fig.

21, enlarged in Appendix B).

(1) Measuring functions

The base measuring functions cover calculations on Mis such as area and circumference of
MFs and its largest asymmetries relative to the midline of the back, and angle values between
its arbitrarily selected points. The aim of these measurement parameters is to identify relations
between MIs and spinal curvature values—Iet it be an exploratory or pre-defined method-

based approach (for example, KAMAL'S method).

(2) Button bar for automated calculations

The button bar for automated calculations is meant to execute built-in algorithms for calculating
spinal curvature angle values based on different methods. Current plans include the
incorporation of KAMAL'S method discussed above. Further approaches for calculating spinal
angle values on Mis are to be systematically explored and evaluated in terms of feasibility in

a later, postdoctoral phase of the research.

(3) Panel for image and object selection

The panel for image and object selection similar to FST(3) works as a detachable frame for
selecting and measuring objects and points on (a) skeletonized moiré contours and its overlays
with both (b) pre-filtered and (c) original’'s grayscale images, and optionally for (d) radiographs.
Latter serves as a reference in measurements performed on Mlis. Panel options cover full-

screen mode of selected images.
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(4) Cobb angle calculator

For an evidence-based research, a manual Cobb angle calculator provides a possibility of
determining Cobb values on radiographs and comparing their results to values measured on
Mis.

(5) Standard buttons

The same as in point (4) in the concept of FST (sec. 4.1.1.1).
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Fig. 21: Concept preview of Contour Analysis Tool
(Enlarged in Appendix B)

4.1.3 Moiré Production Tool

The concept of MPT is to support research applying digital PMT in scoliotic cases by
providing customizable overlaying geometries for generating moiré patterns on input images
containing projection grid only. The key elements of MPT are (1) selectable geometries and
their transformation options, (2) panel for image and overlaying geometry, and (3) standard

buttons (Fig. 22, enlarged in Appendix C).

(1) Field of selectable geometries and their transformation options

With selectable geometries and their transformation options users can generate moiré

phenomenon on input images made by (digital) projection technique. Following the concept of
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PMT applied in scoliosis, the base geometry consists of equidistant lines only. For supporting
research experiments, further geometries such as triangles, circles, random pixels and
checkerboard patterns are to be implemented in MPT. Transformations for conforming
geometries to input images are planned to be applied so that rotation, translation and scaling
of overlaying structures is adapted to input images. By providing the possibility of exporting
custom geometries only, users can use the same pattern for projection grid and reference grid

while performing moiré imaging.

(2) Panel for image and overlaying geometry

The detachable panel gives the frame for previewing input images and geometries selected to
be overlaid. Full-screen mode of preview is supported.

(3) Standard buttons.

The same as in point (4) in the concept of FST (sec. 4.1.1.1).
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Fig. 22: Concept preview of Moiré Production Tool
(Enlarged in Appendix C)

4.1.4 Guiding Aspects for User Interface Design of MITS

Healthcare and medical research related information and data can be complex to understand
and communicate. User interfaces often have superficial design problems that have negative
effects on product usability and appeal [52]. One of the most critical aspects of a well-designed

application is how the data are displayed and accessed [150]. Displaying relevant information
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efficiently and comprehensively is a challenge, also for the most experienced (G)UI developer.
Companies dealing with medical devices often spend several months developing a preliminary
Ul design only.

The Ul concept of MITS is in the preparation phase. The ultimate goal of Ul development
for MITS is to create a well-structured, transparent and user-friendly software environment that
clearly visualizes information and actions available to and triggered by the user. Guiding
aspects to be considered in developing Ul design for medical/healthcare applications are
summarized below (1-11), based on practical suggestions for medical device interfaces [52]
and healthcare applications [150].

(1) Reducing screen density

Empty spaces of Ul play an important role in separating information into related groups and
providing a resting place for the user’s eye. Dense-looking interfaces make difficult to identify
specific information at a glance. Nonessential and extraneous information can be eliminated

by design considerations, as follows [52]:

« Applying pop-ups or relocation (to other screens) for secondary information

« Reducing graphic elements associated with brand identity, such as logos and brand
names

« Using simpler graphics, e.g. silhouette-styled icons instead of 3D illustrations

. Separating content by empty spaces instead of lines

« Reducing text by stating things more simply

(2) Providing navigation cues and options

Ambiguously designed navigation cues may cause users losing themselves in the Ul structure.
Placing meaningful titles on each screen and subcomponent by means of a contrasting
horizontal bar with text is helpful. Grouping navigation options and controls together in a single
consistent location without triggering users’ fear of getting lost or causing irreparable harm is
recommended [52]. Minimizing the load on users by providing informative feedback, memory
aids and other cognitive supports is considered as also essential. The latter requires making

real assumptions on the target user population based on preliminary user-related knowledge.

(3) Ascribing to a grid

Due to their less complexity, aligned on-screen elements can improve visual appeal and

perceived simplicity. Finding information by scanning a straight path is quicker for the human

eye than following irregular or discontinuous structures. The predictability of position of grid-

based visual elements makes the implementation of computer codes more efficient. Defining
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the dominant components of the screen and approximating space requirements is proposed
to be the first step in developing grid-based content. For example, space may be allotted for a
window title, title bar in the software, menu area, body of content and a prompt by dividing the
screen vertically into four bands that are 1/16, 2/16, 12/16 and 1/16 the height of the screen
(Fig. 23 and 24) [13]. Margins around the grid lines can support visual appeal by keeping on-
screen elements at a fixed distance from the grid lines. An effective GUI, beyond well-designed
graphics, represents a pleasing arrangement of graphical elements on the screen. For
understanding the users’ points of view better and developing a screen layout that guides the
user experience and promotes an intuitive usability, involvement of a dedicated GUI developer

is recommended [52].

Contour Analysis Tool

Menu option and content elements
Menu option and content elements
Menu option and content elements
Menu option and content elements
Menu option and content elements

Fig. 23: A possible solution of a grid-based screen (with grids drawn).

(4) Creating visual balance

By creating visual balance or symmetry, each side of the screen has about the same amount
of content as empty space so that elements neither appear askew, nor seem to be missing. It
is especially important about the vertical axis. Perfect symmetry, however, may appear tedious
for some users, so virtually inevitable and slight imbalances may also create a comfortable

visual effect [52].
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Contour Analysis Tool

Menu option and content elements
Menu option and content elements
Menu option and content elements
Menu option and content elements
Menu option and content elements

Fig. 24: A possible solution of a grid-based screen (without grids drawn)

(5) Limiting the number of colors

Experienced user designers suggest limiting the number of colours used in the Ul. Accordingly,

screen components should be kept to between 3 and 5 colours including the shades of gray.

Special and small-scale elements may be coloured by additional hues. In terms of medical

application colours are proposed to be selected in consistency with medical conventions (e.g.

using red refers to alarm information) [52].

(6) Simplifying typography

Typographical rules have significant influence on an easy-to-read screen by steering end users

toward prioritized content. For a harmonic visual contrast, Ul designers generally commit one

single font in just a few character sizes such as 12-, 18-, and 24-point type (Table 4).

Simplifying typography can be achieved by eliminating excessive highlighting such as

underlining, bolding and italicizing [52].

(7) Using hierarchical labels

Redundancy in labelling easily causes congested screens that requires longer time to read

through. Hierarchical labelling displays information more efficiently and can save space and

time at scanning screen content (Table 5 and 6).
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Table 4: Hierarchy of font sizes proposed by WIKLUND[52]

Font Size [points] Sample Content

24 Generate Moiré Pattern
18 Selected Geometry: line

12 Degree of rotation: 7°
Vertical translation: +150 px
Horizontal translation: -40 px
Horizontal scaling: +30 px
Vertical scaling: 0 px

Table 5: An example for redundant labelling in context of MPT

Rotation 7°
Horizontal Translation +150 px
Vertical Translation -30 px
Horizontal Scaling +30 px
Horizontal Scaling 0 px
Vertical Scaling 0 px

Table 6: An example for hierarchical labelling in context of MPT

Horizontal [px] Vertical [px] Degree [°]

Rotation - - 7
Translation +150 -30 -
Scaling +30 0 -

(8) Using simple language

Writing in a technical manner and using complex words and phrases in Ul can undermine a
user-friendly software environment. Finding solutions to word things simpler but without
oversimplifying the Ul is vital. Specific corrective measures include [52, 150]:

« writing shorter sentences (}2-2 lines) and paragraphs (2-3 sentences)

« breaking complex procedures into ordered steps

« using meaningful headings and subheadings

. following consistent syntax
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using clear and concise text in the user’s language

(9) Refining and harmonizing icons

Ideally, icons of any consumer, business and medical applications are highly refined and

tested. Even a limited investment in icon quality and comprehension by applying talented

designers may lead to a disproportionately large payoff. To design a uniform concept and

maximized comprehension to icons, we can take the following steps [52]:

Developing a limited set of icon elements that represent nouns, e.g. linear grating,
patient.

Accentuate the most significant aspects of the object or action by simplifying and
eliminating unnecessary and potentially confusing icon elements.

Designing similar-purpose icons to the same style, form and overall size, e.g. a 2D
rectangle icon with 64 x 64 px or a 3D circular icon with 32 x 32 px

Applying user testing to gain feedback on icon comprehension.

Reinforcing icons with text labels or hints that appear when the icon is selected or
highlighted.

(10) Eliminating inconsistencies

Inconsistencies in Ul have especially a negative effect on usability. Many factors are to be

preserved consistently in Ul such as labelling, terminology, graphic conventions, components,

layout. For example, using red colour to communicate both critical and noncritical information

or communicating basic functions with words like ‘enter’, ‘select’, ‘OK’, ‘continue’ may be

annoying and confusing [52, 150]. Such inconsistencies in design can be avoided by creating

and following a style guide. Following WIKLUND’s recommendation [52], in the MITS project an

organized collection of notes and rules will be created by Q1 2024 (exp).
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(11) Following common best-practice standards

There are many standards and guidelines for terminology, abbreviations, interactions etc.
Standards ensure professional quality while reducing the design effort; therefore, they are
essential for cross-application consistency and effective implementation. Galitz in his
exhaustive work on Uls provides a detailed guidance interface and screen design from the

user’s perspective [151].

4.1.5 SWOT analysis of MITS in the Context of the Moiré Method

In designing products and services, SWOT analysis is often used for measuring the vitality
of a product or project. The analysis is based on four success determinant factors: the internal
factors as strengths (S) and weaknesses (W) and the external circumstances as opportunities
(O) and threats (T). Strengths and weaknesses refer to elements being under control of the
project or are determined by the object’s nature. External forces influence and affect every

organization or working group and their members.

In the current phase of research, the strategic planning tool SWOT analysis is considered
as a reasonable technique to use. The aim of the SWOT analysis is to have a summarized
overview of the viability of MM and the concept of MITS for medical research in terms of
scientific, financial and technical aspects (Table 7-10).

The basic strengths of the MM are that it is simple, fast to operate, and it makes data
acquisition in QRT possible. MT is flexible, and it allows the study of both static and dynamic
events repeatedly with adaptable parameters and variable resolution. MT exerts no pressure
on the body, and it is non-invasive and uses no harmful ionizing radiation that may violate
political, religious and other beliefs or ethical issues while imaging. The equipment required to

MT is easily accessible, relatively inexpensive and portable.

As for the strengths of MITS—after implementing its concept along with FST, CAT and
MPT—multifunctional (3 in 1) experimental moiré research adapted to scoliosis becomes
possible in QRT. In MITS, the study of Mis of the human spine can be supported by automatic
fringe segmenting and evaluating algorithms. The location- and time-independent and flexible
experimental research in MITS can play an accelerating role in defining standardized body
posture for moiré imaging. Also, working hours of medical professionals can be reduced by the
fast operating research tool of MITS. The use of the software requires no special training—it
is to be designed for intuitive experimental research. The software is to be released as an
inexpensive and widely accessible tool with low system requirements (business model is under

development).
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Table 7: SWOT analysis of MITS in context of the moiré method: STRENGTHS

STRENGTHS

Moiré method

«  The method is simple and fast to operate

« Fast data acquisition in quasi-real-time

«  Flexibility: both static and dynamic events can be studied

«  Repeatability

» Easy availability of equipment

= No pressure exerted on the body
Non-invasive, non-ionizing examinations: may violate neither political, religious and other beliefs
nor ethical issues
Portable equipment

Moiré Imaging Tool for Scoliosis (MITS)

Adaptable parameters, variable resolution
(Quasi-)real-time experimental research becomes possible by FST, CAT, MPT
Multifunctionality (3 in 1)
Supporting automatic algorithms (fringe segmenting and evaluation)
« No special training required
« Possible accelerator role in defining standardized body posture
« Low system requirements of the software (pc and storage)

SCIENTIFIC ASPECTS TECHNICAL ASPECTS

A rather general weakening factor in surface topographic examinations of the human spine
is the lack of standard in body posture and gold standard parameters that may lead to false or
inconsequent results. Likewise, the sensitivity of MT to layout and geometry of the
measurement can also be classified as a weakness of the method. Moreover, for properly
produced Mis, a thorough surface analysis necessitates serious considerations and post-
processing. Especially when it comes to increased resolution that may encounter technological
limitations, or can only be achieved at the expense of other metrologically relevant features.
The achievement of high contrast in MT and examination of high-slope surfaces are also
problematic. These weaknesses, of course, affect the concept of MITS, especially in the areas

of post-processing, segmentation and evaluation of Mls.
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Table 8: SWOT analysis of MITS in context of the moiré method: WEAKNESSES

WEAKNESSES

Moiré method

« Lack of standard in body posture may lead to false or inconsequent results

= Moiré topography is sensitive to layout and geometry

»  Thorough surface analysis requires very serious considerations and post-processing

= Increased resolution may encounter technological limitations, or can only be achieved at the
expense of other metrologically relevant features
Achievement of high contrast is challenging
Examination of high-slope surfaces is problematic

Moiré Imaging Tool for Scoliosis (MITS)

« Lack of reliable algorithms for evaluation
Accurate segmentation of moiré stripes is problematic
Thorough surface analysis requires serious post-processing

SCIENTIFIC ASPECTS TECHNICAL ASPECTS -

In the diagnostics of scoliosis, it is a serious threat for the general applicability of MT that
only a need for a standardised body posture but not a widely targeted effort to invest could be
identified. Communication problems between medical and engineering professionals, as we
already referred to, may lead to mis-calibrations of moiré equipment and false and/or
misinterpreted results. Geographical distances between researchers carry the danger of
logistic and communication issues. The lack of knowledge and misuse of collaboration tools
and methods in research groups may also lead to incorrect assessment of MT to the detriment
of those who intend to initiate moiré research. Therefore, an incomplete or insufficient manual
for the use of MT itself may cause serious damages to research. The absence or delay of

investors and financial support jeopardizes moiré research.

As for the threats on MITS, no extensive testing before release and incomplete or
insufficient implementation can also undermine the success of the software and the interest in
moiré research. These threats include non-intuitive, complicated and user-unfriendly factors
and insufficient manuals that lead to slow and inconvenient operation, and therefore, to a
hindered research. Problems of reaching the target audience are also a barrier to moiré
research, and need to be prevented by adequate communication strategy based on thorough
research of the target group(s). Adequate data protection is also an important factor when it
comes to threats—and to be addressed by targeted security features in the product

development.
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Table 9: SWOT analysis of MITS in context of the moiré method: THREATS

THREATS

Moiré method

«  Only a need for a standardised body posture but not a serious effort to invest can be identified
« Communication problems may lead to miss-calibrations of the moiré equipment

= Collaboration tools and methods are not known or used appropriate in the research group

»  Geographical distances may cause logistic and communication issues

« Insufficient manual/instructions for use of method

Moiré Imaging Tool for Scoliosis (MITS)

« No extensive testing before release
« Target audience is not reached
Insufficient or incomplete implementation (complicated use, user-unfriendliness, slow operation
etc.)
Insufficient manual/instructions for use of method and software
Data protection issues

SCIENTIFIC ASPECTS TECHNICAL ASPECTS

A significant opportunity of the MT applied in scoliosis is that it may be suitable to
complement or at least substitute X-ray imaging. In achieving this, experimental research
provided by the implemented concept of MITS carries the scientific and innovation potential
that may be required to standard body posture protocols. By building digital databases (big
data) from the results in combination with machine learning, improved or newly developed
evaluating algorithms can foster biomedical research. Since MT and MITS do not depend on
local technologies, the method and software can be used anywhere in the world for research.

Table 10: SWOT analysis of MITS in context of the moiré method: OPPORTUNITIES

OPPORTUNITIES ‘

Moiré method

Moiré Imaging Tool for Scoliosis (MITS)

Experimental research carries scientific and innovation potential—e.g. standard body posture
protocols may be identified by using the software

Improved or newly developed evaluating algorithms by building digital databases from the
results (big data, machine learning)

Moiré method and MITS

Method and software can be used anywhere in the world, since it does not depend on local
technologies

SCIENTIFIC ASPECTS TECHNICAL ASPECTS
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4.2 Conclusions and Further Plans

In MT, the high amount of labour intensity in evaluating procedures and possible ambiguous
conclusions in the determination of spinal curvature angle values require valid answers.
Although a fully automated image analysis is considered as a possible solution in
compensating labour intensity, its implementation is rather a challenging task. In this study—
partially addressing this challenge—the concept of MITS is introduced as a software-based
research framework for producing, processing and evaluating Mis of scoliotic spines based on
manual and semi-automated solutions in a user-friendly environment. The intent behind the
concept is to stimulate practice- and exploratory-based moiré research in scoliosis by both
medical and biomedical professionals—in such a manner that it aims to find workable and
realistic answers to before mentioned image processing and evaluating challenges. For
practical illustration of the fringe segmenting function of the MITS concept, an application is
developed in MATLAB environment. The prototype allows for a relatively accurate manual and
automatic segmentation with visually traceable results that may even be used for specific
measurements. An improved solution to the software could also replace time demanding and
complex segmentation methods. Although the exact business model for MITS is under
development, the concept is meant to be released as an inexpensive and widely accessible
tool with low system requirements. In order to summarize the viability of the MM and MITS for
medical research, a SWOT analysis is conducted in scientific, financial, and technical aspects.
Depending on the progress of the MITS project, at a later stage of the research SOAR analysis
is planned to be conducted for evaluating the product (i.e. moiré equipment!! and software
with image evaluation algorithms) and its innovation potential with well-defined KPIs by

eliminating the deficit-based approach of the SWOT analysis [152].

The proposed concept is meant to be a tool for moiré research adapted to scoliosis, so its
potential users are primarily medical and biomedical professionals who can provide useful
input for R&D. An effective and innovative way of improving the concept is the inclusion of the
citizen science (CS) methodology. The essence of CS is that people without specialized
scientific background carry out data collection in support of scientific projects, typically with the
orientation of institutions intrested in R&D [153]. In recent decades, CS has gained the
legitimacy of the scientific community as a data collection methodology, and it also provided
valid results in the field of medicine [154]. In addition to data collection, CS enables citizens to
formulate scientific questions and even answers, and to share their data with the scientific

community. In the case of MITS, the target population of citizens is expected to be made up of

11 Depending on the development possibilities, the MITS concept is open to develop a projection
moiré equipment (hardware) in addition to the software.
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those interested in locomotor diseases (trainers, nurses, school health professionals) and
people affected by spinal deformities. On the other hand, citizens who are interested in IT and
have above average ICT competencies with ‘willing to experiment’ attitude can be involved in
the fine-tuning of the proposed manual MF segmentation process. An analytical system that is
embedded in a beta release can easily collect user data that provides valuable contribution to
the future development of the software. The extracted data make it possible to trace the
methods and preferences of the users—especially with regard to the sequence of the
segmentation processes, mouse movements and the times allocated for each operation. In
this way, a considerable amount of data can also be collected on the user experience and
possible operational abnormalities (software bugs). As part of a separate research, the author
also developed a CS mentoring program that proposes a framework for involving and
supporting committed citizens in scientific research [155]. The long-term goal is for MITS to
become capable of collecting and utilizing analytical data of independent discoveries of millions

of citizens for development of spinal diagnostic solutions.

The final functions of the proposed research framework will be designed based on collected

end-user feedback in the beta release of the software.
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5 Segmenting Moiré Fringes of Scoliotic Spines

For reducing uncertainties in moiré pattern analysis, an accurate segmentation of MFs is vital.
The segmenting algorithms introduced in this section were developed in MATLAB version
9.5.0.944444 (R2018b)[149] based on exploratory sequences and observations performed on
11 Mls made available by SALUS Ortopédtechnika Kft. Original Mls were software-generated
applying digital PMT, and have a resolution of 2448 x 3264 px in 10 cases and 2736 x 3648
px in 1 single case with a bit depth of 24 and DPI of 96. MIs show patients in standing position
facing the reference wall, and non-ROI areas that typically contain irrelevant image content of
residual grating and non-moiré parts outside the back region. The procedure of image
processing involves two main phases: (1) preprocessing Mis, (2) segmenting MFs using a
sequence of filtering and morphological operations with static (sec. 5.1) and adaptive (sec. 5.2)

function parameters.

The static segmentation algorithm was published as the first phase of this research [156].

5.1 Moiré Fringe Segmentation by Static Function Parameters

Based on the operation parameters applied in phase (2), two MI groups (G1, G2) are
distinguished. For Mis in G1, identical parameters of processing phases result the similar
outcome. For G2, different parameters are required for similar results, even in the group itself
(Table 11). The reason for this is to be found in different image characteristics in terms of
contrast, noise and moiré blur/confluence that are likely to result from dissimilar measurement
setups. The phases of the code are illustrated in Ml no. 2 of G1 (Figs. 25-35). For the other
images, only the result of the segmentation is given in the overlap with grayscale ROIs (Figs.
44, 46, 48, 50, 52, 54).

5.1.1 Preprocessing Moiré Images

In the first phase of image processing, original Mls are prepared for further processing by
(a) manual selection of ROIs and (b) conversion into grayscale. As a result of these steps,
input images for phase 2 are obtained. Selection of ROIs is performed by rectangular cropping
using imcrop function. Original images are reduced in size based on selected ROI area with
boundaries from the neck to the hip; and from the left upper arm to the right one (Fig. 25).
Cropped images vary in size according to the size of specific ROI area and patient setup
(distance from the camera). The resolutions of cropped images are between the range of
784x1044 px and 1136x1406 px.
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Fig. 25: Original (L) and ROI-cropped (R) moiré image

Function rgb2gray is applied in order to convert cropped RGB images into grayscale (Fig.
26). For morphological operations discussed in phase (2), grayscale images contain all the

relevant information of moiré stripes. Colour intensity values do not carry additional information
here, and their conversion to grayscale does not induce data loss.

Fig. 26: Grayscale moiré image with ROI
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5.1.2 Steps of Moiré Fringe Segmentation

For segmenting MFs, a possible algorithmic approach is introduced. In the segmentation
procedure, an empirically established sequence of filtering and morphological operations is
used: (1) enhancing contrast, (2) increasing brightness, (3) refining contrast, applying (4) 2-D

Gaussian filter and (5) dilation, (6) thresholding and (7) skeletonization.

Table 11: Summary of function parameters applied to moiré image (MI) groups G1 and G2

PHASES Gl G2

(Mino. 1,2, 3,5,6,7,9,10) (MI no. 4, 8, 11)

Enhancing contrast

[imadjust by def.] 3x 3x
Increasing brightness 120 100 for MI no. 4 and 8
[increase in pixel value] 110 for Ml no. 11
Refining contrast
[range of intensity values] [0.7°1] [0.7/1]
2-D Gaussian filter 6 6 for Ml no. 4 and 11
[standard deviation] 8 for Ml no. 8
Dilation
[structuring element, pixel square, 3, 3 square, 3, 3
width, repetition]
Threshold value 0.41 0.35 for MIno. 4 and 11

0.38 for Ml no. 8

5.1.2.1 Enhancing contrast

For mapping the intensity values to new values and thereby enhancing contrast, imadjust
function was applied in 2 steps. In the first step a slight contrast correction is performed via
saturating the bottom 1% and the top 1% of all pixel values three times by the default operation
of imadjust (Fig. 27).
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Fig. 27: Result of contrast enhancement applied on grayscale moiré

5.1.2.2 Increasing brightness

Before further contrast enhancement, brightness is increased by increasing pixel values of
Mis of G1 by 120 and G2 by 100 and 110, respectively (Fig. 28).

Fig. 28: Result of brightness increase
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5.1.2.3 Refining contrast

As the second step in contrast adjustment, intensity values are mapped to new values
between 0.7 and 1, by re-applying the function imadjust. The result is a stronger contrast of

moiré stripes (Fig. 29).

Fig. 29: Result of contrast refinement

5.1.2.4 Applying 2-D Gaussian filter

Image is filtered with a 2-D Gaussian smoothing kernel (imgaussfilt) with image specific SD
values 6 or 8 (Fig. 30).

Fig. 30: Result of 2-D Gaussian filtering
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5.1.2.5 Applying dilation

Blurred grayscale image is dilated by using imdilate and morphological structuring element
strel. Dilation is applied three times in combination of square structuring element with a width
of 3 pixels. In Fig. 31, resulting differences from the previous step (2-D Gaussian filter) may
not be obvious, however, dilation supports the results of thresholding and skeletonizing
operations by gradually enlarging the boundaries of regions of foreground pixels.

Fig. 31: Result of dilation

5.1.2.6 Applying thresholding

Function imbinarize is used to convert the image to a binary image, based on a threshold
value: all pixel values above a globally determined threshold are replaced with ones and all
other values with zeros. The threshold value applied is covered in the range between 0.35 and
0.41 (Fig. 32).
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Fig. 32: Result of thresholding

5.1.2.7 Applying skeletonization

Skeletonization was performed by using bwmorph function for morphological operations,
specified as 'thin'. The operation 'thin' is applied for thinning binarized images to single lines,
and repeated until the image no longer changes (i.e. parameter 'Inf' in the function input). The
inputs of bwmorph are provided by complements of binarized images generated with the
function imcomplement. For a better visualization of the results, lines of skeletonized images
are fattened by applying the operation ‘fatten’ once. The result is shown enlarged as re-
complemented image (Fig. 33) and as overlay on binarized (Fig. 34) and colour ROl images
(Fig. 35).
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Fig. 35: Overlay of segmented moiré fringes (orange) on colour ROI

5.2 Moiré Fringe Segmentation by Adaptive Function Parameters

In the second phase of the research on MF segmentation, a fully automated segmenting
algorithm has also been developed. Adaptive function parameters were applied on the same
Mis and under the same condition as presented in sec 6.1.

5.2.1 Steps of Adaptive Moiré Fringe Segmentation

In the segmenting procedure, the previously introduced, empirically established sequence
of filtering and morphological operations are modified and completed by (1) enhancing contrast
based on root mean square (RMS) values, (2) applying 2D-Gaussian filter based on RMS
values, (3) applying histogram equalization, (4) applying 2D-Gaussian filter based on peak
signal-to-noise ratio (PSNR), (5) calculating global image threshold using Otsu's method and
(6) applying skeletonization.

5.2.1.1 Enhancing contrast based on RMS values

Contrast enhancement applied is similar to the static solution of research phase 1 (see sec.
5.1) where the intensity values in the original’s grayscale are mapped to new values between
0 and 1. In the adaptive method, the only difference is the upper limit of the intensity value that

is calculated by 1 minus the RMS levels computed along the first array dimension (rows) of the
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image. Since Mls are N-by-M matrices with N > 1, the calculated RMSs represent 1-by-M row
vectors containing the RMS levels of the columns of the images. Contrast enhancement is
performed on MIs by using the imadjust function for each column based on their RMS levels
(Fig. 36).

Fig. 36: Result of adaptive contrast enhancement (R) applied on original’s grayscale (L)

5.2.1.2 Applying 2-D Gaussian filter based on RMS values

Contrast enhanced image is filtered by 2-D Gaussian padding (imgaussfilt) with an
experimental number of 10xRMS value calculated from RMS levels of image columns of pixels
gx,y—4) and g(x,y +4) horizontally, and g(x —4,y) and g(x +4,y) vertically. The
smoothing kernel is applied in a loop on the image with a step size of 4. Pixels to be processed
are defined by a maximum horizontal and vertical four-pixel distance from the current pixel of
the loop. In the adaptive 2-D Gaussian filter, the RMS value, the step size and the maximum
horizontal and vertical distance from the current pixel of the loop are all experimental numbers
that proved to be suitable in the research for an adaptive solution. The result of the 2D-

Gaussian filter based on RMS values is shown in Fig.37.
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Fig. 37: Result of 2-D Gaussian filtering based on root mean square values

5.2.1.3 Applying histogram equalization

Contrast enhancement is applied by using histogram equalization function (histeq) that
outputs an approximately flat image with 64 bins by default. As a result of this, a significant
contrast enhancement and a still acceptable increase in image noise—mainly caused by
residual grating—can be observed on 2-D Gaussian-padded images (Fig. 38).

75



Fig. 38: Contrast enhancement by histogram equalization

5.2.1.4 Applying 2-D Gaussian filter based on PSNR

For reducing image noise amplified by histogram equalization, an additional 2-D Gaussian
filter (imgaussfilt) is applied with PSNR-based SD values (Fig. 39). Standard deviation value
is defined experimentally by calculating the absolute value of the peak signal-to-noise ratio for

the histogram equalized image, with the original's grayscale image as the reference.

Fig. 39: 2-D Gaussian filtered image based on PSNR
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5.2.1.5 Calculating global image threshold using Otsu's method

For automatic image thresholding, function imbinarize is used with value ‘global’ to convert
the image to a binary image by calculating global image threshold using Otsu’s method [157]
(Fig. 40).

Fig. 40: The result of automatic image thresholding by using Otsu's method

5.2.1.6 Applying skeletonization

The process of skeletonization follows the same concept introduced in sec. 5.1.2.7. Fig. 41
shows the skeletonized image—the result of the adaptive fringe segmentation. The result is

shown enlarged and as overlay on binarized (Fig. 42) and colour ROl images (Fig. 43).
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Fig. 42: Overlay of adaptive segmented moiré fringes (green) on thresholded image (black)
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Fig. 43: Overlay of adaptive segmented moiré fringes on colour ROI

5.3 Results and discussion

Results show that the static segmenting method is simple, fast to process and, for the most
part of the image, follows the moiré stripes accurately. The adaptive algorithm provides a
similar segmentation with a significantly slower performance caused by the process of the
RMS-based 2-D Gaussian filter. Figs. 44-65 show the static and adaptive segmented MFs
side-by-side on the grayscale and superimposed on the original image. The average elapsed
time from grayscale conversion to skeletonization per image is 0.485s for the static, and
390.921s for the adaptive algorithm. In Table 12 and 13, the time courses of the static and
adaptive algorithms, with exclusion of manual ROI selection, are summarized in average

elapsed and processing time. A summary of the steps of both algorithms is given in Table 14.

In both solutions, the segmenting algorithm leads to a partial or sporadic segmentation
of moiré stripes. Image details (i.e. parts of moiré stripes) and segmenting accuracy are lost
mainly due to original fringe quality and characteristics such as (a) pale—mostly around the
shoulders and the waist—, (b) convergent, (c) wider/blurred MFs, (d) image noise caused
mostly by residual grating, and (e) unwanted branches generated by skeletonizing operation
(Fig. 66). For removing unwanted branches and specifying the minimum branch length of the
segmented skeleton, bwskel function with operation 'MinBranchLength' seems to be an
adequate solution.
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In terms of general usability, despite the fast execution speed of the static algorithm, the
necessity of re-adjusting static function parameters is a challenging and—especially in higher
patient populations—time-consuming process. To get similar results on Mls other than the 11
sample images applied in this study, function parameters need to be empirically determined
and implemented in the code. Therefore, static function parameters are desired to be
eliminated by automatic adaptive and dynamic parameterization. This elimination was fulfilled
by adaptive function parameters. The adaptive algorithm, while successfully eliminates the
need for manual re-adjustment of parameters, its execution speed at applying 2-D Gaussian

filter based on RMS values remains to be optimized.

For problems (a-e), a more sensible solution is required. A possible way for further research
might be to improve the algorithm with adaptive and dynamic function parameters based on
values of low contrasted and over contrasted images in combination with adaptive thresholds.
Another possible direction of research is to combine the algorithm with segmentation
approaches based on a fuzzy inference system [148].

The full codes for static and adaptive algorithms are given in Appendix E and F.

Table 12: Time course of the segmenting algorithm with static parameters

AVERAGE TIME [sec]*

STEPS PROCESS Elapsed Processing

1 Manual selection of ROI excl. excl.

2 Determining object class 0.02567 0.02567
3 Duplicating image for reference 0.02593 0.00026
4 Converting in grayscale 0.02717 0.00124
5 Enhancing contrast 0.03990 0.01272
6 Increasing brightness 0.04036 0.00046
7 Refining contrast 0.04348 0.00312
8 2-D Gaussian filter 0.05781 0.01433
9 Dilation 0.06195 0.00414
10 Thresholding 0.06901 0.00705
11 Skeletonization 0.17165 0.10264
12 Saving images in .png files 0.61555 0.44390
13 Visualizing results 0.73376 0.11821

*System used: CPU: Intel® Core™ i5-8300H @ 2.30 GHz, GPU: NVIDIA GeForce GTX 1050 (4 GB
VRAM), RAM: 8 GB.

Output images are saved as skeletonized moiré contours (transparent and white-backgrounded) and their
overlays on binarized and input images.
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Table 13: Time course of the segmenting algorithm with adaptive parameters

%
STEPS PROCESS AVERAGE TIME [sec]

Elapsed Processing
1 Reading image and grayscale conversion 0.02655 0.02655
2 Contrast enhancement 0.08345 0.05690
3 2D-Gaussian filter [based on RMS] 390.76934 390.68588
4 Histogram equalization 390.78183 0.01249
5 2D-Gaussian filter [based on PSNR] 390.80406 0.02224
6 Thresholding 390.80862 0.00455
7 Skeletonizing 390.92148 0.11286
8 Saving image 391.23279 0.31131

*System used: CPU: Intel® Core™ i5-8300H @ 2.30 GHz, GPU: NVIDIA GeForce GTX 1050 (4 GB
VRAM), RAM: 8 GB.

Output images are saved as skeletonized moiré contours (transparent and white-backgrounded) and their
overlays on binarized and input images.

Table 14: Summary of steps in static and adaptive segmenting algorithms

STEPS STATIC ALGORITHM ADAPTIVE ALGORITHM
1 Contrast enhancement Contrast enhancement
by default value of imadjust function based on root mean square values
2 Brightness increase 2-D Gaussian filter
by predefined values based on root mean square values
3 Contrast refinement Histogram equalization
by predefined values by using function histeq
4 2-D Gaussian filter 2-D Gaussian filter
by predefined standard deviation based on PSNR
5 Dilation Thresholding
applied by predefined values 3x applied globally based on Otsu's method
6 Thresholding Skeletonization
by predefined values by using bwmorph function

Skeletonization
by using bwmorph function




Fig. 45: Static (orange) and adaptive (green) segmented moiré fringes on image no. 1.
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Fig. 47: Static (orange) and adaptive (green) segmented moiré fringes on image no. 2.
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Fig. 49: Static (orange) and adaptive (green) segmented moiré fringes on image no
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Fig. 51: Static (orange) and adaptive (green) segmented moiré fringes on image no. 4
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Fig. 53: Static (orange) and adaptive (green) segmented moiré fringes on image no. 5.
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Fig. 55: Static (orange) and adaptive (green) segmented moiré fringes on image no. 6.
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Fig. 57: Static (orange) and adaptive (green) segmented moiré fringes on image no. 7.
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Fig. 58: Static (L) and adaptive (R) segmented moiré fringes of image no. 8.

h

|

A
\
\

|

J
{
[
|

|

\

§
”~
N

“\H-\H'\'\i‘..‘

f

Wil
1L

111
e

[

—

o —
. N

Fig. 59: Static (orange) and adaptive (green) segmented moiré fringes on image no. 8.
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Fig. 61: Static (orange) and adaptive (green) segmented moiré fringes on image no. 9.
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Fig. 63: Static (orange) and adaptive (green) segmented moiré fringes on image no. 10.
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Fig. 64: Static (L) and adaptive (R) segmented moiré fringes of image no. 11.

Fig. 65: Static (orange) and adaptive (green) segmented moiré fringes on image no. 10.
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Fig. 66: Problems to be handled in moiré fringe segmenting algorithms

(lllustrated on static segmented Ml no. 2)

(a-c) pale, convergent, and wider/blurred moiré fringes
(d) noise of residual grating
(e) unwanted branches

5.4 Conclusion

In sec. 5.1, the initial phase of research on MF segmentation of scoliotic spines is
introduced, presenting an algorithmic sequence of filtering and morphological operations with
static function parameters in MATLAB environment. The applicability of the algorithm is
confirmed by a simple, fast to process and, for the most part of sample images, accurate MF
segmentation. The results indicated that the static algorithm constitutes a suitable base for
further research on segmenting MFs with adaptive and dynamic function parameters and
adaptive image processing solutions, and replacing time demanding and complex image

processing techniques.

In sec. 5.2, based on the static algorithm, a fully automated adaptive segmenting solution
was introduced. Similar to the results of the static algorithm, the applicability of the adaptive
method is also confirmed by a simple and, for the most part of sample images, accurate MF
segmentation. The adaptive algorithm, although it eliminates the need for manual re-
adjustment of function parameters, its execution speed at applying 2-D Gaussian filter based
on RMS values remains to be optimized.
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In light of their results, by further R&D, both algorithmic solutions are suitable to replace

time demanding and complex segmentation methods.
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6 Summary and final thoughts

This dissertation focuses on an interdisciplinary field that belongs to the category of R&D with
innovation potential rather than traditional research. The thesis focuses on the concept of a
software-based research framework aimed at creating, segmenting and analyzing moiré
patterns. Although the nature of the topic of the thesis concerns both medical and technical
aspects, its language predominantly reflects the latter perspective, as the author himself is an
engineer. Accordingly, in understanding the occasionally complex content of this dissertation,
he relies on the reader's openness and receptiveness. The complexity of the topic and the rich
potential of R&D are highlighted by the fact that the implementation of the concept presented
goes beyond the work of one person, since in order to achieve its goal, i.e. the medical
application of moiré-based imaging and analysis, an interdisciplinary team of medical
professionals and engineers is needed. The approach required for this is therefore an exciting
intersection of medical research and technical development, where the collaboration of experts
with medical and engineering background is indispensable to achieve successful results.

Below, | summarize how the targeted challenges were addressed and what results were

achieved, as well as the directions | plan to take in advancing the interdisciplinary project.

This research attempted to provide feasible and realistic answers for challenges indicated in

Theses 1-5. These challenges include:

(1) The decoupling of engineering presence required for MT in medical work and research

(challenge introduced in Thesis 1)

(2) Providing a software-based framework for diagnostic research by producing, segmenting
and analysing Mls of scoliotic spine based on exploratory mathematical-geometric

operations (challenge introduced in Thesis 2)

(3) Identifying postural optima in moiré imaging based on exploratory mathematical-geometric

operations performed on Mis (challenge introduced in Thesis 3)

(4) ldentifying uniform surface topographic parameters in moiré imaging based on exploratory

mathematical-geometric operations on Mls (challenge introduced in Thesis 4)

(5) Adaptive or empirical segmentation of MIs produced by PMT and XOR logic based on

filtering and morphological operations (challenge introduced in Thesis 5)

To address the challenges (1-5), the concept of MITS was proposed as a user-friendly,
software-based and exploratory research framework adapted to moiré research in terms of

generating, processing and evaluating Mls of scoliotic spines. The proposed concept is meant
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to be an easy-to-use tool for moiré research in scoliosis with potential users of medical and

biomedical professionals.

The concept of the research framework, after producing a base grid on the patient’s back by
using PMT, (see step 4 in sec. 3.2.1), allows medical professionals to independently generate,
segment, and evaluate Mls, regardless of location and time, and without the need of severe
computing power (challenge 1-2).

The concept of MITS frames exploratory research with mathematical-geometric methods
that are suitable for proposing postural optima and / or uniform surface topographic parameters

by comparing and evaluating Mis taken in different body postures (challenge 3-4).

In the concept of MITS, exploratory research is provided by flexible image processing and
image evaluating operations, the final functions of which will be incorporated into the beta
version of the planned software development based on end-user feedback. The functionality
of the segmenting function (FST) of the concept was illustrated with a program developed in
MATLAB environment. The segmentation of MIs produced by digital PMT and XOR logic was
realized by a sequence of filtering and morphological operations with static (sec. 5.1) and
adaptive (sec. 5.2) function parameters (challenge 5). Further R&D can make both algorithmic
solutions suitable for replacing time demanding and complex segmentation methods.

On the viability of the MM and MITS for medical research, a SWOT analysis provides
scientific, financial and technical levels (sec. 4.1.5). In a later stage of the MITS project, a
SOAR analysis is planned to be conducted for evaluating the product and its innovation
potential with well-defined KPIs.

Depending on the development possibilities, the MITS concept is also open for the
development of an easy-to-use projection moiré equipment in addition to the software product.
Thereby, a complete replacement of engineering presence, which is currently a requirement

for any medical research that applies MT, can be implemented.

The next phase of the MITS project includes (a) the development of business model and
advertising campaign, (b) the development and release a beta version of MITS for collecting
practical end-user feedbacks, (c) the improvement and test of the software in accordance with
the collected data, and (d) the release of alpha version of MITS. An effective and innovative
way of fine-tuning the software is the inclusion of the citizen science (CS) methodology,
which—as an additional benefit—also serves the purposes of health awareness and scientific

communication.

With all this, the aim of the PhD thesis, the preparation of selected work packages of MITS

for professional software development, has been successfully realized.
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Finally, | hope | will soon be able to report on the MITS project, which includes both realized
software and hardware. However, these would only offer frames for further moiré research.
For the success, though, more is needed—the determination of health professionals, their
desire to discover and explore and, not least, their persistent professional humility.

I hope to wish you a good job with my fully implemented software soon!
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Appendices

Appendix A: Concept Preview of Moiré Segmentation Tool

Screenshot captured in WireframeSketcher (14-day trial of v6.2.3)
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Appendix B: Concept Preview of Contour Analysis Tool

Screenshot captured in WireframeSketcher (14-day trial of v6.2.3)
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Appendix C: Concept Preview of Moiré Production Tool

Screenshot captured in WireframeSketcher (14-day trial of v6.2.3)
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Appendix D: Letter of Permission for Using Moiré Images

Issued by SALUS Orthopedtechnikai Kft.

Letter of Permission

SALUS Orthopedtechnikai Kft.
Dombévari Ut 1, 1117 Budapest, Hungary

Recipient

Mr Csaba Bogdan

University of Pécs Medical School
Institute of Transdisciplinary Discoveries
Ifjusdg Gtja 11

7624 Pécs, Hungary

This letter serves as a formal permission provided to the recipient (Csaba Bogdan) for using
11 (eleven) pieces of moiré images of scoliotic patients, made available by SALUS
Orthopedtechnikai Kft., in Master and/or PhD research.

Mr Istvan Joé Csaba 1 August 2020
Managing director of SALUS
Orthopedtechnikai Kft.

Engedélyezési levél

SALUS Crthopedtechnikai Kft.
1117 Budapest, Dombdvari it 1. Magyarorszag

Cimzett

Bogdan Csaba

Pécsi Tudoményegyetem Altaldnos Orvostudomanyi Kar
Transzdiszciplinaris Kutatasok Intézete

7624 Pécs, Ifjusag Gtja 11.

Magyarorszag

Ez a levél hivatalos engedélyként szolgal a cimzett (Bogdan Csaba) szamara a SALUS
Orthopedtechnikai Kft. ltal rendelkezésre bocsatott 11 (azaz tizenegy) darab scolioticus
péciensrl késziilt kép felhasznaldsara mester és/vagy PhD kutatasokban.

agyvezets igazgatd, SALUS
Orthopediechnikai Kft.
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Appendix E: Code of Static Moiré Fringe Segmenting Algorithm

Developed in MATLAB®. version 9.5.0.944444 (R2018b). Natick, Massachusetts: The MathWorks Inc.;
2018. (available via academic license, Fachhochschule Wiener Neustadt)

% Reading grayscale image for further processing and reference
img = imread('image.jpg’);
imgoriginal = img;

% Enhancing contrast |
img = imadjust(imadjust(imadjust(img)));

% Increasing brightness
img = img + 120;

% Enhancing contrast I
img = imadjust(img,[0.7 1]);

% Applying 2-D Gaussian filter
img = imgaussfilt(img,6);

% Applying repeated dilation
se = strel('square’, 3); % defining structuring element
img = imdilate(img,se);
img = imdilate(img,se);
img = imdilate(img,se);

% Applying thresholding
img = imbinarize(img,0.41);

% Skeletonizing
imgcompl = imcomplement(img);
imgthin = bwmorph(imgcompl,'thin’, Inf);
imgthin = bwmorph(imgthin, 'fatten’, 1);
imgskel = im2uint8(imgthin);

% Visualizing
figure(1)
% Overlaying skeletonized image on thresholded one
img = im2uint8(img); % for 'labeloverlay' that handles no logical types)
imshow(labeloverlay(img,imgskel, Transparency',0))
figure(2)
% Overlaying skeletonized image on original's grayscale
imshow(labeloverlay(imgoriginal,imgskel, Transparency',0))

% Saving figures in scalable .svg format

saveas(figure(1),'contour_on_tresholded.svg’)
saveas(figure(2),'contour_on_grayscaled.svg’)
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Appendix F: Code of Adaptive Moiré Fringe Segmenting Algorithm

Developed in MATLAB®. version 9.5.0.944444 (R2018b). Natick, Massachusetts: The MathWorks Inc.;
2018. (available via academic license, Fachhochschule Wiener Neustadt)

% Reading image for further processing and reference

imgoriginal = imread('image.jpg";
img = im2double(rgb2gray(imgoriginal));
[m n] = size(img); % Calculating image dimensions

% Enhancing contrast based on root mean square values

contrastvalue = rms(img);
imgcontrast = img;
fori=1:n
imgcontrast(1:end, i) = imadjust(img(1:end, i),[0 (1-(contrastvalue(1,i)))]);
end

% Applying 2D-Gaussian filter based on root mean square values

imggauss = imgcontrast;
st=4; % Step in the loop
h=4; % Maximum horizontal and vertical distance from the current pixel of the loop

for i = (st+1):(m-st)
for j = (st+1):(n-st)
% Experimental number for 2D-Gaussian filtering
gaussvalue = 10*rms(rms(img((i-h):(i+h),(j-h):(j+h))));
imggauss((i-h):(i+h),(j-h):(j+h)) = imgaussfilt(imgcontrast((i-h):(i+h),(j-h):(j+h)),
'Padding’, gaussvalue);
end
end
% Histogram equalization

imghisteq = histeq(imggauss);

% Applying 2D-Gaussian filter based on peak signal-to-noise ratio
imgpsnr = abs(psnr(imghisteq, img));
imggauss2 = imgaussfilt(imghisteq, imgpsnr);

% Calculating global image threshold using Otsu's method

imgtresh = imbinarize(imggauss2, 'global’);

% Skeletonizing

imgcompl = imcomplement(imgtresh);
imgthin = bwmorph(imgcompl, 'thin’, Inf);
imgthin = bwmorph(imgthin, ‘fatten’, 1);
imgskel = im2uint8(imgthin);
% Saving results by overlaying skeletonized and original images

imgskelonoriginal = labeloverlay(imgoriginal, imgskel, ‘'Transparency', 0);
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Digital Appendix
Digital Appendix written on DVD attached to this PhD dissertation
Also available in Google Drive until December 31, 2023: https://bit.ly/3ErXc99

Digital Appendix A: Results of Literature Review

Content:
Filename:
Format:
Size:

Results of literature review

DIGA_Results_of Literature_Review_Csaba_Bogdan_UoP_PhD_Thesis.zip

Compressed data types in a single .zip file: .txt, .ris, .nbib
72.9 KB

Compressed files:

IEEE_Xplore_Citation_Download 2022.04.30.ris
IEEE_Xplore_Citation_Download_2022.04.30.txt
PubMed_Citation_Download_2022.04.30.nbib
PubMed_Citation_Download_2022.04.30.txt
ScienceDirect_Citation_Download_2022.04.30.ris
ScienceDirect_Citation_Download_2022.04.30.txt

Digital Appendix B: Phases of Literature Review

Content:
Filename:
Format:
Size:

Phases of literature review
DIGB_Phases_of_Literature_Review.zip
Compressed .txt data types in a single .zip file
40.8 KB

Compressed files:

Literature_Filter 1A Removed_by Duplicates.txt
Literature_Filter_1B_Removed_by Time_Range_(before_1990).txt
Literature_Filter 2_Removed_by Non-English_Titles.txt
Literature_Filter_3_Removed_by_Irrelevant_Titles.txt
Literature_Filter_4 Removed_by Screening_Abstracts.txt
Literature_Filter 5A Removed_by Screening_Full_Text Phase_1.txt
Literature_Filter_ 5B _Papers_Added_from_Citations.txt
Literature_Filter 5C_Removed_by Screening_Full_Text Phase_2.txt
Literature_Filter_6_Final_Papers_for_the_Review.txt

Digital Appendix C: Demo for the Prototype of Fringe Segmentation Tool

Content:
Filename:
Format:
Size:
Audio:
Length:

Resolution:
Frame rate:

Demo for the concept of Fringe Segmentation Tool

DIGC_Demo_of Fringe_Segmentation_Tool_Csaba_Bogdan_PTE_PhD_Thesis.mp4

.mp4 viedo file

35.7 MB

No

00:02:46 (HH:MM:SS.)
1368x800

30.00 FPS
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Abstract: For reducing uncertainties in moiré pattern analysis, an accurate segmentation
of moiré fringes (MF) is vital. In this study, an algorithm for segmenting MFs of scoliotic
spines was provided in MATLAB® environment by an empirically established sequence of
filtering and morphological operations defined by static function parameters: (1) contrast
enhancement, (2) brightness increase, (3) contrast refinement, (4) 2-D Gaussian filter, (5)
dilation, (6) thresholding, (7) skeletonization. The algorithm is simple, fast to process and,
for the most part of the images, follows the MFs correctly. Further research on segmenting
MFs is quite promising by improving the algorithm with adaptive and dynamic solutions,
and exploring ways to replace time demanding and complex image processing techniques.

Keywords: moiré fringe segmentation; moiré method; shadow moiré; projection moiré;
digital moiré; scoliosis

1 Introduction

Diagnosing spinal deformities has long been in the focus of medicine.
Measurement of bending disorders of the vertebral column, such as scoliosis, is
usually performed on radiographs by calculating the Cobb angle. Disadvantages of
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X-ray imaging such as cost, time and repetition demands, tools and environmental
conditions required and radiation exposure imparted to the patient, are not
negligible, and justify methodological research of such moiré technique or moiré
topography, that can lead to fast, cost-effective and non-ionizing diagnostic
imaging of the spine.

The phenomenon of moiré [mwake] or moiré effect was elevated to scientific
status, first, by Lord Rayleigh dealing with diffraction gratings in 1874 [1]. Lord
Rayleigh concluded that moiré might be made useful for measurement purposes.
About 100 years later, beyond industrial applications, further research proposed
moiré topography for measurement of the human body [2], [3]. From the 1980s,
MT is used on the whole human body, including oral cavity [4], bones [5], teeth
and the skeletal system [6].

Moiré refers to an irregular wavy surface the pattern of which changes in
accordance with its movement and can be observed, if two or more structures with
similar geometry (nearly identical arrays of lines or dots) overlap, producing
alternating bright and dark fringes (Fig. 1). Usually, dark fringes are called moiré
fringes (MFs) or moiré stripes, but we can also consider bright ones as moiré
surfaces when examining moiré images (MIs)—it is only a matter of agreement
[7]. Based on the physical phenomenon of moiré, moiré techniques are defined as
a group of methods usually used for surface mapping and shape or deformation
measurement. In the scientific literature, shadow moiré and projection moiré
techniques (SMT and PMT, respectively) seem to be the two primary methods of
MT used for measurement of the human body (Fig. 2-3) [8].

An algorithm based on MT that proved to be suitable for calculating the curvature
angle of the spine, may complement or substitute X-ray images—especially in
follow-up examinations. The workload required for segmentation and evaluation
of MlIs is, however, not inconsiderable; some researchers see the best solution for
that in an automatic system [8], [9], [10], [11], [12], [13]. And yet, processing of
MIs requires several unique solutions that are especially influenced by optical
arrangement, applied illumination (effect on intensity distribution), nature of noise
and detection. Therefore, implementing a fully automated image analysis is a
challenging, nevertheless desired objective in the field [7], [14]. For reducing
uncertainties in moiré pattern analysis, an accurate segmentation of MFs is vital.
The present study aims to contribute to the segmenting phase of MI analysis of
scoliotic spines by providing an algorithm of filtering and morphological
operations. This study presents the initial phase of the research, where static
function parameters were applied to identify a possible segmenting sequence for
MFs. Segmentation with adaptive and dynamic function parameters is not the
subject of the present study but can be expected in a later phase of the research.
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The base principle of shadow moiré technique
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(o)  Incidence angle (of incoming light)

(B) Viewing angle

(h,) Depth of n"-order moiré pattern measured from the reference grating
()  Distance of S and O from the reference grating surface

(n)  Order of the moiré pattern

(s)  Interseparation of S and O

(Xa) X component of SA distance

(Xg) X component of SB distance

(Xp) X component of SP distance

(x) X component of PB distance

LIGHT SOURCE DETECTOR UNIT
\(/ 5 L
PROJECTION — "?ZIJE"[T\J PROJECTION_ ™ REFERENCE
GRATI qr/ l‘e‘ ~ ) OPT PTICS L:\:x H S GRATING
T .

‘ i/ '
i 1

T

Mg Linene papeilicetlion o
the oo rction wnit

Figure 3
The base principle of projection moiré technique

(A) Point where source light passes through the reference plane

(B) Point where reflected source light passes through the reference plane
(D) Projection optics on the detector’s side

(hy) Depth of ny-order moiré pattern measured from the reference plane
(ka) Distance between A and projection optics on the illumination’s side
(kg) Distance between the reference grating and optics on the detector’s side
()  Distance of projection and reference grating measured from the reference plane
(n)  Order of the moiré pattern

(Na) Linear magnification of the projection unit

(O) Projection optics

(P)  Measured point

(pa) Pitch of projection grating
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(ps) Pitch of reference grating

(s)  Distance between the projection optics O and D

(ta) Distance between the projection grating and optics on the illumination’s side
(o)  Incidence angle (of incoming light)

(B) Viewing angle at A

(B Viewing angle at P

2 Materials and Methods

The segmenting algorithm was developed in MATLAB® version 9.5.0.944444
(R2018b) [15] based on exploratory sequences and observations performed on 11
MIs made available by SALUS Ortopédtechnika Kft. Original MIs were software-
generated applying digital PMT, and have a resolution of 2448 x 3264 px in 10
cases and 2736 x 3648 px in 1 single case with a bit depth of 24 and DPI of 96.
MIs show patients in standing position facing the reference wall, and non-ROI
areas that typically contain irrelevant image content of residual grating and non-
moiré parts outside the back region. The procedure of image processing involves
two main phases: (1) preprocessing Mls, (2) segmenting MFs using a sequence of
filtering and morphological operations. Based on operation parameters applied in
phase (2), two MI groups (G1, G2) are distinguished. For MIs in G1, identical
parameters of processing phases result the similar outcome. For G2, different
parameters are required for similar results, even in the group itself (Table 1).
The reason for this is to be found in different image characteristics in terms of
contrast, noise and moiré blur/confluence that are likely to result from dissimilar
measurement setups. The phases of the code are illustrated in MI no. 2 of G1 (Fig.
4-14). For the other images, only the result of the segmentation is given in the
overlap with grayscale ROIs (Fig. 15-20).

2.1 Preprocessing Moiré Images

In the first phase of image processing, original Mls are prepared for further
processing by (a) manual selection of region of interests (ROIs) and (b)
conversion into grayscale. As a result of these steps, input images for phase 2 are
obtained. Selection of ROIs is performed by rectangular cropping using imcrop
function. Original images are reduced in size based on selected ROI area with
boundaries from the neck to the hip; and from the left upper arm to the right one
(Fig. 4). Cropped images vary in size according to the size of specific ROI area
and patient setup (distance from the camera). The resolutions of cropped images
are between the range of 784x1044 px and 1136x1406 px.
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Figure 4
Original (L) and ROI-cropped (R) moiré image

Function rgb2gray is applied in order to convert cropped RGB images into
grayscale (Fig. 5). For morphological operations discussed in phase (2), grayscale
images contain all the relevant information of moiré stripes. Colour intensity
values do not carry additional information here, and their conversion to grayscale
does not induce data loss.

Figure 5
Grayscale moiré image with ROIL

2.2 Steps of Moiré Fringe Segmentation

For segmenting MFs, a possible algorithmic approach is introduced. In the
segmentation procedure, an empirically established sequence of filtering and
morphological operations is used: (1) enhancing contrast, (2) increasing
brightness, (3) refining contrast, applying (4) 2-D Gaussian filter and (5) dilation,
(6) thresholding and (7) skeletonization.
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Table 1

Summary of function parameters applied to moiré image (MI) groups G1 and G2

Gl G2
Phases
MIno. 1,2,3,5,6,7,9, 10) (MIno. 4,8, 11)
Enhancing contrast 3x 3x
[imadjust by def-]
Increasing brightness 120 100 for MIno. 4 and 8
[increase in pixel value] 110 for MI no. 11
Refining contrast
[range of intensity values] [0.7:1] [0.7:1]
2-D Gaussian filter 6 6 for MIno. 4 and 11
[standard deviation] 8 for MI no. 8
Dilation
[structuring element, pixel square, 3, 3 square, 3, 3
width, repetition]
0.35 for MI no. 4 and 11
Threshold value 0.41 0.38 for MIno. 8

221

Enhancing Contrast

For mapping the intensity values to new values and thereby enhancing contrast,
imadjust function was applied in 2 steps. In the first step a slight contrast
correction is performed via saturating the bottom 1% and the top 1% of all pixel
values three times by the default operation of imadjust (Fig. 6).

Figure 6

Result of contrast enhancement applied on grayscale moiré
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2.2.2  Increasing Brightness

Before further contrast enhancement, brightness is increased by increasing pixel
values of MIs of G1 by 120 and G2 by 100 and 110, respectively (Fig. 7).

Figure 7
Result of brightness increase

2.2.3 Refining Contrast

As the second step in contrast adjustment, intensity values are mapped to new
values between 0.7 and 1, by re-applying the function imadjust. The result is a
stronger contrast of moiré stripes (Fig. 8).

Figure 8

Result of contrast refinement
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2.2.4  Applying 2-D Gaussian Filter

Image is filtered with a 2-D Gaussian smoothing kernel (imgaussfilt) with image
specific standard deviation values 6 or 8 (Fig. 9).

Figure 9
Result of 2-D Gaussian filtering

2.2.5 Applying Dilation

Blurred grayscale image is dilated by using imdilate and morphological
structuring element strel. Dilation is applied three times in combination of square
structuring element with a width of 3 pixels (Fig. 10). In Fig. 10, resulting
differences from the previous step (2-D Gaussian filter) may not be obvious,
however, dilation supports the results of thresholding and skeletonizing operations
by gradually enlarging the boundaries of regions of foreground pixels.

Figure 10
Result of dilation
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2.2.6  Thresholding
Function imbinarize is used to convert the image to a binary image, based on a
threshold value: all pixel values above a globally determined threshold are

replaced with ones and all other values with zeros. The threshold value applied is
covered in the range between 0.35 and 0.41 (Fig. 11).

«

>

@
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2
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Figurer 11
Result of thresholding

2.2.7 Skeletonization

Skeletonization was performed by using bwmorph function for morphological
operations, specified as 'thin'. The operation 'thin' is applied for thinning binarized
images to single lines, and repeated until the image no longer changes (i.e.
parameter 'Inf' in the function input). The inputs of bwmorph are provided by
complements of binarized images generated with the function imcomplement. For
a better visualization of the results, lines of skeletonized images are fattened by
applying the operation 'fatten' once. The result is shown enlarged as re-
complemented image (Fig. 12) and as overlay on binarized (Fig. 13) and colour
ROI images (Fig. 14).
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Figure 13
Overlay of segmented moir¢ fringes (green) on thresholded image (black)
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Figure 14

Overlay of segmented moiré fringes on colour ROI

3 Results and Discussion

Results show that the segmenting method is simple, fast to process and, for the
most part of the image, follows the moiré stripes accurately (Fig 15-20).
The average processing time of the algorithm from grayscale conversion to
skeletonization is 0.146 s per image. In Table 2, the time course of the algorithm,
with exclusion of manual ROI selection, is summarized in average elapsed and
processing time.

The segmenting algorithm leads to a partial or sporadic segmentation of moiré
stripes. Image details (i.e. parts of moiré stripes) and accuracy are lost mainly due
to original fringe quality and characteristics such as (a) pale-mostly around the
shoulders and the waist—, (b) convergent, (¢) wider/blurred MFs, (d) image noise
caused mostly by residual grating, and (e) unwanted branches generated by
skeletonizing operation (Fig. 21). In terms of general usability of the code, the
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necessity of re-adjusting static function parameters is challenging and—especially
in higher patient populations—time consuming. To get similar results on MIs other
than the 11 sample images applied in this study, function parameters need to be
empirically determined and implemented in the code. Therefore, static function
parameters are desired to be eliminated with automatic adaptive and dynamic
parameterization. Also, for problems (a-e), a more sensible solution is required.
A possible way for further research might be to improve the algorithm with (1)
adaptive and dynamic function parameters based on values of low contrasted and
over contrasted images in combination with adaptive thresholds, (2) applying
high-pass filters for image sharpening. Another possible direction of research is
(3) to combine the algorithm with segmentation approaches based on a fuzzy
inference system [16]. Due to its simplicity and fast operation, an improved
solution of the algorithm could also replace time demanding and complex
segmentation methods.

Table 2
Time course of the segmenting algorithm

Proc. Process Average Time [sec]*

Nr. Elapsed  Processing
1 Manual selection of ROI excl. excl.
2 Determining object class 0.02567 0.02567
3 Duplicating image for reference 0.02593 0.00026
4 Converting in grayscale 0.02717 0.00124
5 Enhancing contrast 0.03990 0.01272
6 Increasing brightness 0.04036 0.00046
7 Refining contrast 0.04348 0.00312
8 2-D Gaussian filter 0.05781 0.01433
9 Dilation 0.06195 0.00414
10 Thresholding 0.06901 0.00705
11 Skeletonization 0.17165 0.10264
12 Saving images in .png files* 0.61555 0.44390
13 Visualizing results 0.73376 0.11821

*System used: CPU: Intel® Core™ i5-8300H @ 2.30 GHz,
GPU: NVIDIA GeForce GTX 1050 (4 GB), RAM: 8 GB
**Qutput images are saved as skeletonized moiré contours
(transparent and white-backgrounded) and its overlays on
binarized and input images.
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Figure 15
Segmented moiré fringes of image no. 1 (L) and 2 (R)

Figure 16
Segmented moiré fringes of image no. 3 (L) and 10 (R)

Figure 17
Segmented moiré fringes of image no. 5 (L) and 6 (R)
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Figure 18
Segmented moiré fringes of image no. 7 (L) and 9 (R)

Figure 19
Segmented moiré fringes of image no. 4 (L) and 8 (R)

Figure 20
Segmented moiré fringes of image no. 11
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Figure 21

Problems to be handled in moiré fringe segmenting algorithm
(a-c) pale, convergent, and wider/blurred moir¢ fringes
(d) noise of residual grating
(e) unwanted branches

Conclusion

In this study, an initial phase of research on MF segmentation of scoliotic spines is
conducted, presenting an algorithmic sequence of filtering and morphological
operations with static function parameters in MATLAB® environment.
The applicability of the algorithm is confirmed by a simple, fast to process and,
for the most part of sample images, accurate MF segmentation. The results
indicate that the algorithm introduced constitutes a suitable base for further
research on segmenting MFs with adaptive and dynamic function parameters and
adaptive image processing solutions and replacing time demanding and complex
image processing techniques.
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Absztrakt

A scolioticus gerinc vizsgdlatira a rontgenfelvételek részleges alternativdjat nydjtja a hétfel-
szin moiréfelvételeinek elemzése. A scoliosis moiréjelenségen alapulé diagnosztikdjdban a
moiréfelvételek dltalinosan megbizhatd, gyors és preciz szegmenticidja szignifikdns szerepet tolt
be, és még kidolgozasra vir. Ez a kutatds a moiréfelvételek szegmentaciéjdra kivin megolddsi
javaslatot tenni digitdlis (projekciés) moirétechnika és XOR-logika alkalmazasaval létrehozott
moiréfelvételek manudlis/félautomatikus szegmenticidjara Kkifejlesztett szoftveralapd megol-
déssal, a Moiré Fringe Segmentation Tool prototipusdval. A prototipus MATLAB App Designer
alkalmazdsban késziilt, és képszirési és morfolGgiai miveletekkel biztositja a moirésivok szeg-
mentécidjat (1) fényers- és (2) kontrasztjavitds, (3) 2-D Gauss-féle elmosds, (4) kiiszobolés, (5)
hisztogram kiegyenlités, (6) inverzi6, valamint a (7) szkeletoniz4ci6é implementdldsdval. A szoftver
a moirésdvok szegmentdciéjat kvizi valés idében, manudlisan 4llithat6 sz(rési és morfolégiai
képfeldolgozisi miveletekkel, valamint el6re meghatdrozott szekvencidn alapuld, beépitett algo-

.....

nagy részét pontosan lekovetd szegmentdlds igazolja. Az eredmények azt mutatjik, hogy a proto-
tipus koncepciéja megteleld alapot nytjt a moirésivok szegmentaciéjidhoz és tovabbi, kiterjesztett
képfeldolgozisi miveletekkel operilé kutatds-fejlesztéshez. Egyszeriségének és gyors miikodésé-
nek kovetkeztében a prototipus tovibbfejlesztett megolddsa helyettesitheti az id8igényes és komp-

lex szegmentdldsi médszereket is.

Kulcsszavak: moire topogrifia, moiremintdzat, szimitégéppel segitett képfeldolgozds, szoftver,
scoliosis
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SOFTWARE-BASED SEGMENTATION OF MOIRE IMAGES OF SCOLIOTIC SPINE
Abstract

The analysis of moiré images of the human back provides a partial alternative to radiographs at
examining the scoliotic spine. In moiré-based diagnosis of scoliosis, the generally reliable, fast and
precise segmentation of moiré images plays a significant role, and is still waiting to be developed.
For the segmentation of moiré images produced by (digital) projection moiré and XOR logic, this
study aims to propose a software-based solution, the Moiré Fringe Segmentation Tool developed
for manual/semi-automated detection of moiré fringes. The prototype was produced in MATLAB
App Designer and performs the segmentation of moiré fringes by implementing image filtering
and morphological operations for (1) brightness and (2) contrast enhancement, (3) 2-D Gaussian
filter, (4) thresholding, (5) skeletonization, (6) histogram equalization and (7) inversion. The
software allows the segmentation of moiré fringes in quasi-real-time, by manually adjustable fil-
tering and morphological operations and a built-in algorithm of predefined image processing
sequence. The applicability of the prototype is proven by a simple, fast to process and, for the most
part of the sample images, accurate segmentation in quasi-real-time. The results show that the
concept of the prototype provides a suitable base for the segmentation of moiré fringes and further
research and development aiming to extend image processing operations. Due to its simplicity and
fast operation, an improved solution of the prototype can replace time-consuming and complex
segmentation methods.

Keywords: moire topography, moire patterns, computer-assisted image processing, software, sco-
liosis
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BEVEZETES gen) vizsgdlat. Fokozott szenzitivitdsuk

kovetkeztében, a radiogrifiai vizsgdlatokbdl

A kiilonb6z8 gerincdeformitdsok diagnoszti-
kdja mdr régéta foglalkoztatja az orvostudo-
ményt. A gyermekek és serdiilk posturalis
elvdltozdsai fontos egészségiigyl és tdrsadal-
mi kockdzatokat hordoznak, gyakori megje-
lenésiik és progresszijuk pedig a kutatdsok
nyugtalanité kivetkeztetései.” A gerinc kéros
elvdltozdsai kezdetben aszimptomatikusan
alakulnak ki, és hatdsuk az élet késébbi
éveiben érezhetd. A kivéltott fijdalom, az
osteoarticularis rendszer stlyos deformdciéi és
belsd szervi rendellenességek jelentdsen ront-
hatjak az életmingséget.” " Kovetkezéskép-
pen a gerincdeformitds progresszidjanak pre-
vencibjiban a szlrés tekinthetd a legfontosabb
tényezdnek, amely sordn a testtartds megfelel§
diagnosztikdja objektiv médszereket igényel.
Napjainkban a gerincelviltozisok diagnoszti-
kdjdnak aranystandardja a radiogrdfiai (rént-

ered nem kivdnatos, akdr a genetikai anyag
médosuldsihoz vezet§ sugdrzdsi hatdsoknak
leginkdbb a gyermekek és serdiil6k vannak

kitéve. /-

A rontgen-képalkotds hitranyai, mint az io-
nizalé sugdrzds, az id6- és ismétlésigény, a
sziikséges eszkozi és kornyezeti feltételek,
valamint a felmeriil§ koltségek olyan méd-
szertani kutatdsokat indokolnak, amelyek le-
het6vé teszik a gerinc elvaltozdsainak gyors,
koltséghatékony és kiros sugaraktél mentes
diagnosztikdjat. A scolioticus gerinc szrésére
szamos nem-ionizal6 és non-invaziv médszert
javasoltak,’ kéztiik a moiré topografidt (MT),
a (video-) raszteres sztereogrifidt (Diers

415 3 3-D ultrahangos képalkotdst
16,17

Formetric),
(Scolioscan és az infravords termografidt
(IR termografia).’*
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1970-ben a MT-t mint a klinikai diagnosz-
tikdban alkalmazott topogrdfiai vizsgilatok
egyik elsé technikdjat emberi testfeliiletek
vizsgalatira javasoltik.”” A MT a moiré je-
lenségén alapul, amely akkor j6n létre, ha két
hasonld, ismétl6dé mintdzatbdl dll6 geomet-
riai struktira tokéletlen koézéppont-kozép-
pont beillitdssal egymdssal 4tfedésbe kertil.
Ekkor egy vildgos és sotét vonalakbdl 4ll6
eredd csikozat, a moiréjelenség figyelhetd meg
(I. dbra). Altalinossagban a sétét savokat ne-
vezzlik moirécsikoknak vagy moirésavoknak
(MS). Az alapstruktiardk (vagy ricsok) egy-
mdsra hatdsinak eredményeként megjelend
moiréjelenség méréstechnikai alkalmazdsa-
nak alapgondolata az, hogy ha a racsok koziil
az egyik a vizsgalando feliilet egy adott 4llapo-
taval van kapcsolatban, mig a masik egy ettdl
eltérd dllapottal, — amely akdr egy referencia
allapot is lehet — az eredé mintdzatokbdl ké-
vetkeztethetiink a két dllapot — adott esetben
az egyik 4llapot és a referencia — kozotti elté-
résre. Masképpen fogalmazva: az eredd jelen-
ségbdl visszafejthetd a feliilet egy adott dllapo-

z : : 4 2
ta a masik — vagy a rcferencm — ISIIICI'CthCIl.'U

A moiréjelenség létrehozdsa technikafiiggd,
és akdr olyan rdcsokbdl is elédllithat6, ame-
lyek nem tényleges fizikai objektumok. Ilyen
technikat val6sitanak meg az an. drnyék- és
projekciésmoiré-berendezésck. Arnyékmoiré-
technika (2. dbra) esetén a fizikai rdcs vizs-
gélandé feliiletre vetitett drnyéka jarul hozza
az interferencidhoz, és ezaltal a moirécsikok
megjelenéséhez sziikséges mésodik rdcsként.

a

Projekciés MT alkalmazdsakor a tirgy feliile-
tére szintén csak egy alapricsot vetitiink, 4m
itt szoftveres képfeldolgozds Gtjan hozzaadott
virtudlis rdccsal hozzuk létre a moiréjelenséget
(5. dbra). A projekciésmoiré-berendezéshez
csupdn egy digitélis fényképez8gép, egy szi-
mitégép, valamint egy (digitdlis vagy vided-)
projektor sziikséges. A 4. dbra az emberi gerinc
digitalis (projekcids) technikédval létrehozott
moirémintdzatit mutatja, amely a hatfeliilet
egyedi karakterisztikdjat jellemezve tovibbi
diagnosztikai célzatd elemzésekre alkalmaz-
haté.

FEMYFORRAS DETEKTALD EGYSEG
=

FELLRET

2. abra. Az arnyékmoiré-technika sematikus
abrja

Magyarorszagon az 1980-as években Gréczy
és mtsai’! a scoliosis szlirésére irdnyuld vizs-
gélataikra alapozva konkludaltik, hogy a
moirétechnika és az Adams-teszt egyiittes al-
kalmazédsa megfelel a modern szlrévizsgalat
kovetelményeinek, valamint megoldést kindl a

scoliosis tdmeges szirésére. Javasoltik tovdbba

1. dbra. Azonos (a) és (), valamint eltéré sz6gl azonos (b) geometriaju struktirak moirémintézatai
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a MT iskolaorvosi sziirévizsgalat-rendszerbe
val6 beépitését és moirékésziilékek az orszig
vezet$ és megyel ortopéd szakintézeteibe tor-
ténd telepitését, mivel dgy taldltdk, a MT és
a hagyominyos radiografiai vizsgdlat egymdst
hasznosan kiegészitd mdédszerek, és egyiittes
haszndlatuk lehet8vé teszi a scoliosis rotatios és
frontalis sikG komponensének feltérképezését.
Az el6z8ekhez hasonléan tovdbbi hazai és
nemzetkozi kutatdsok is kiemelik, hogy mivel
a MT segitségével a hat frontalis és saggitalis
sikban vett elvdltozdsai kimutathatdk, a tech-
nika ortopédiai sziirésekre és diagnosztiza-

lasra egyarant felhasznélhaté.”””

Az egykori
Egészségiligyi Minisztérium 2008-as szakmai
protokollja a scoliosis fizioterdpidjardl a diag-
nosztikai és képalkoté vizsgdlatok kozott a
kétirdnyu, 4llé helyzetben késziilt rontgenfel-
vétel és spirometrids / spiroergometrids vizsgé-
latok mellett a MT lehet8ség szerinti haszna-
latit ajanlotta.”

Az MT szignifikdns elénye, hogy nem-invaziv,
kéros sugaraktél mentes, tetszéleges ismét-
lésszdm, gyors, valamint témegméretekben
alkalmazhaté koltséghatékony mérést tesz
lehetévé konnyen mobilizdlhaté eszkozok-
kel. A gerinc gorbiileti sz6gének szamitdsa-
hoz megfelel8en kivalasztott és algoritmizile
moirétechnika alkalmas lehet a rontgenfel-

-\’;'J a3
BETERTALAS REFFELOOIGOTAS
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3. abra. A projekciésmoiré-technika sematikus
abréja

vételek helyettesitésére vagy kiegészitésére
scoliosisban.’»”’* Ugyanakkor komoly korlatot
jelent, hogy a feliilettopogrifiai vizsgilatok
scoliosisban torténd alkalmazdsakor iltaldno-
san megbizhaté eredményekhez vezet§ meto-
dolégiai standard nem keriilt kidolgoz4sra.’’
igy komoly hatrdnya a MT-nak, hogy bar a fe-
litlet alakjdra vonatkoz6 informaciét megadja,
nem feltétleniil vonhaték le egyértelm kovet-
keztetések. A moiréfelvételek feldolgozdsihoz
(sdvszegmentdci6 és —elemzés) és kiértékelés-
hez sziikséges munkaintenzitds ugyancsak je-
lentés, ennek legjobb megoldésat — kiilondsen
nagy betegpopuléciét feloleld, révid idén beliil
végrehajtandé vizsgilatok esetén — egy auto-

matikus rendszerben latjak.” -

4. dbra. Az emberi hatrél készitett digitalis
(projekcids) moiréfelvétel
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A moiréfelvételek feldolgozdsa szamos egyedi
megolddst igényel, amelyre kihat az optikai
elrendezés (ti. a referenciatertilet, a piciens, a
fényforrds/projektor és a detektor egymdashoz
viszonyitott tdvolsiga és térbeli pozicioni-
ldsa), az alkalmazott megvildgitdsb6l ad6dé
intenzitdseloszlds  (intensity  distribution),
valamint a zaj és a detektdlds jellege. Ennél-
fogva, egy teljesen automatizalt moirékép-
analizis megvaldsitdsa jelentds kihivast jelent,
ugyanakkor kivdnatos célt is a teriileten.”’>*/*
A moirémintizat-analizis bizonytalansdgi
faktorainak csokkentésében a MS-ok preciz
szegmentéciGja alapvetd jelentéséggel bir.””

Megjegyzends, hogy a gerinc moiré-
felvételeinek hatékonyabb elemzése még to-
vabbi kutatdsokat igényel, amelyben a mérno-
kok és orvosok elszdnt és érdemi 6sszefogésa,
a miiszaki-orvosbiolégiai tudds 6sszehangolt
alkalmazdsa alapvetd szerepet jitszik. Ennek
a multi- és interdiszciplindris tuddsnak az 6sz-
szehangoldsa e tanulmdnynak is a kozponti

torekvése.
CELKITUZESEK

A moirémintiazatok szegmenticiés kihivasaira
adott vdlasz gyandnt egy szoftver alapd MS-
szegmentdlé alkalmazds, angol munkacimén
Moiré Fringe Segmentation Tool (MFST) kon-
cepcidja és prototipusa kertlt kifejlesztésre.
Az MFST célja, hogy segitse a MS-ok de-
tektdldsat és kontarozdsit kvizi valés idében
(quasi-real-time, QRT), manudlisan illithaté
képteldolgozidsi miveletek és elére meghatiro-
zott szekvencidkon alapulé félautomata algo-
ritmusok alkalmazdsdval. A koncepcié lénye-
ge, hogy 6szténzi az orvosi és orvosbiolégiai
szakemberek gyakorlati és felfedezd jellegti
moirékutatdsait scoliosisban, oly médon, hogy
redlis és megvaldsithaté vilaszt ad a manu-
alis és automatizalt MS-szegmentacié kép-
feldolgozési problémdira. A javasolt szoftver
alapt prototipus célja, hogy moiréfelvételek

gyors és preciz szegmenticidja éltal beme-
netet biztositson a MS-ok és azok matemati-
kai-geometriai Osszefiiggéseinek elemzéséhez
gerincgorbiileti szogértékek szdmitdsira al-
kalmazhat6 mddszerek feltdrdsa érdekében.
Fontos kiemelni, hogy az alkalmazas haszna-
latdval nyerhet§ szegmentdlt moiréfelvételek
tovébbi, diagnosztikai célzatd kiértékelése e
kutatds késébbi fazisaiban, kiilon szoftverben
valésul meg.

ANYAG ES MODSZER

A MS-ok detektdldsira a szoftver mikodé-
si elve egy manudlis/félautomata megoldast
kovet. A szoftver jellemzdit és kulcsfontos-
sdgl funkcibit egy MS-szegmentdlé algorit-
mus kifejlesztésére irdnyuld el6zetes kutatds
megfigyelései és kovetkeztetései’! hatdroztik
meg. Ennek sordn 11 db, XOR (kiz4r6 vagy)
logikdval létrehozott (digitdlis) projekcids
moiréfelvételen képsziirési és morfolégiai
miiveleteket alkalmazé képfeldolgozési szek-
vencia keriilt bemutatdsra. Az MFST logikai
elrendezése és felépitése az elGzetes kutatds-
ban ajdnlott algoritmus dilatcién kivil esd
képfeldolgozasi 1épései alapjdn keriilt kialaki-
tasra. A felhaszndldi feliilet és a szoftver felépi-
tése egyardnt kovet funkcionidlis és kényelmi
szempontokat, figyelembe véve WIKLUND
felhasznalébarét orvosi interfészek tervezésé-
hez javasolt megoldésait.” Az MFST kédja és
grafikus felhaszndléi feliilete a MATLAB App
Designer (R2018B) programrendszerben® ke-
riile kifejlesztésre.

A felhasznidléi feliilet kidolgozidsa sordn el-
sédleges szempont volt a felhaszndlék dltal
potencidlisan haszndlt szoftverek vizudlis
clemeihez valé igazodds. Ennek érdekében
a gombok a legismertebb képszerkeszt§ és
-feldolgoz6 szoftverek dizdjnjat kévetik (pl.
Photoshop, GNU Image Manipulation Prog-
ram [GIMP]), és a felhaszndl6 szdméra meg-
nyil6 ablakok elrendezése is a megszokott
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irodai grafikus szoftverek arculatdhoz illesz-

kedik.

Az MFST felhaszndléi feliilletének kulcsele-
mei a kovetkezdk: (1) képfeldolgozasi mdvele-
tek mezgje, (2) beépitett algoritmusok gomb-
sora, (3) a képfeldolgozds fizisainak elénézeti
panclje és (4) a standard miveleteket el6hivé
gombok (5. dbra).

A (1) képfeldolgozisi miveletek mez8je szlré-
si és morfoldgiai képmanipuldciés funkcidival
a QRT-képfeldolgozashoz igazitott cimké-
ket és beallitidsokat tartalmazza. A sz(rési és
morfolégiai funkcidk 4ltal valésul meg a fény-
erd, a kontraszt, a kiiszobolés, a 2-D Gauss-
féle elmosds és a szkeletonizdcié manudlis
paraméterezhet8sége.

A (2) beépitett algoritmusok célja, hogy ti-
mogassik a manudlis MS-detektdldst aziltal,
hogy el6re meghatirozott, automatizalt mor-
folégiai képfeldolgozast biztositanak. Az auto-
matikus algoritmusok korét a legkiilonfélébb

forrdsokbdl szarmazé moiréfelvételekre adap-
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tilt szegmentdciés mdédszerek tanulmédnyo-
zdsdval kivdnjuk béviteni. Jelen tanulmany a
prototipusba az automatizalt MS-detekcid
szemléltetésére az elzetes kutatdsban alkal-
mazott statikus megoldést épitette be.

Az (3) elénézeti panel a képfeldolgozasi ered-
mények QRT vizualizdci6jaként szolgal. A (4)
standard mfveleteket el6hivé gombok célja
pedig alapvetd feladatok végrehajtdsa, mint
példdul a moiréfelvételek programba tsleése,
a szerkesztett képek exportdldsa és bedllitasok
visszadllitdsa (reset funkcié).

EREDMENYEK

Az MFST prototipusa lehetévé teszi az XOR
logikéval létrehozott moiréfelvételek dinami-
kusan viltoztathaté és felhasznilébarit szeg-
menticiés célzata képfeldolgozdsi konfigu-
rcibit. Az alkalmazds altal tdimogatott QRT
szegmentdldsi médszer egyszer(, gyors és a
képek moiréesikjainak nagy részét pontosan
lekdveti. A prototipus grafikus felhaszn4léi fe-
lillete (5. dbra) négy {6 teriiletre tagolddik: (1)

5. abra. A Moiré Fringe Segmenting Tool prototipusanak foéképernydje
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6. abra. A Moiré Fringe Segmentation Tool prototipusaban végrehajtott fényerd- és kontrasztjavitas,

valamint a 2-D Gauss-féle elmosas eredménye

7. abra. A Moiré Fringe Segmentation Tool
prototipusaban végrehajtott fényerd- és
kontrasztjavitas, valamint a 2-D Gauss-féle
elmosas eredménye nagyitva

a képvészonra, amely az eredeti (referencia) és
az éppen feldolgozott képet jeleniti meg, (2) a
képfeldolgozé eszkdztdrra, (3) a szkeletonizilt
eredmények megjelenitésére szolgilé eszkoz-
tdrra, valamint (4) a beépitett, automatikus
szegmentdciét kiszolgalé algoritmusokra.

A manuilis szegmentédldsi cljdrds f6 fizisa-
it a 6-11. dbra szemlélteti. Az ,Algorithm 1”
gombbal végzett automatizalt szegmentdlds
eredményét a /2. dbra mutatja. A szoftver md-
kodésének folyamatat pedig a /5. dbra szem-
lélteti. Bar a prototipusban hasznilt megoldas
viszonylag szik képsz{irési és képfeldolgozasi
miveleteket alkalmaz, mégis lehetvé tesz vi-
zudlisan kévethetd és viszonylag pontos, akar
diagnosztikihoz hasznilhaté MS-delinedciét.
Egyszertiségének és gyors mikodésének ko-
vetkeztében az MFST tovébbfejlesztett, kép-
feldolgozdsi funkcidira nézve kibgvitett meg-
olddsa pedig helyettesitheti az id8igényes és
komplex szegmentdldsi médszereket is. Az
automatikus algoritmusok végrehajtdsi se-
bessége a képfelbontistél és az alkalmazott

B
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8. abra. A Moiré Fringe Segmentation Tool prototipusaban végrehajtott kiiszobolés (thresholding)

eredménye

szegmenticiés metédus dsszetettségétdl és op-
timaliz4lesagatdl fiigg. Az illusztricidhoz fel-
hasznalt moiréfelvétel felbontdsa 1008 x 1304

9. abra. A Moiré Fringe Segmentation Tool
prototipusaban végrehajtott kiiszobolés
(thresholging) eredménye nagyitva

px, amit a statikus paramétereket alkalmazé
automatikus algoritmus mintegy egy masod-
percen beliil dolgoz fel. A képfeldolgozis alsé
kozépkategéridss Windows 10 PC-rendszer
konfigurdciéjan keriilt végrehajtdsra (CPU:
Intel® Core™ i5-8300H @ 2.30 GHz, GPU:
NVIDIA GeForce GTX 1050 4 GB, RAM:
8 GB).

Képvasznak

Az MFST grafikus felhaszniléi feliiletének
jobb oldaldn két képviszon taldlhaté: az egyik
az eredeti kép, amely referenciaként szolgél
(,Original Image”), a misik pedig a QRT-
képfeldolgozds eredményét jeleniti meg
(,, Processed Image”). Utébbi a képfeldolgozé
eszkoztdron (a vdsznaktdl balra) végzett be-
avatkozdsoknak megfelelen mutatja az ere-
deti moiréfelvétel sziirkedrnyalatos masolatin
végzett szegmentdcié aktudlis fizisait. A kép-
feldolgozdsbdl eredd adatvesztés minimaliza-
ldsa érdekében a felhasznil6 szdmdéra az ere-

deti moiréfelvétel (,Original Image”) mind-

14
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10. dbra. A Moiré Fringe Segmentation Tool prototipusaban végrehajtott szkeletonizacio
eredménye

11. dbra. A Moiré Fringe Segmentation Tool prototipusaban végrehajtott szkeletonizacié eredménye
nagyitva (a) és atfedésben az eredeti moiréfelvétellel (b)

5]

2

EREDETI KOZLEMENYEK



2

EREDETI KOZLEMENYEK

Biomechanica Hungarica 2022;15(2):7-21

12. bra. A Moiré Fringe Segmentation Tool
prototipusaba épitett szegmentald algoritmus
eredménye nagyitva (az “Algorithm 1” gomb
lenyomasat kévetden)

végig lathaté marad. A két vdszon alatt taldlha-
t6 kivagds gomb ® hasznélatival a bemeneti
teriiletének  (ROI,
region of interest) levigisa végezhet§ téglalap-

moiréfelvételek  figyelt
kijelsld segitségével.
Képfeldolgoz6 eszkoztar
Az MFST prototipusidnak képfeldolgozé esz-
koztdra biztositja a programba betoltott

(.Load Image* a bal felsg
moiréfelvételek QRT szirési és morfolégiai fi-

sarokban)

nomhangoldsait. A prototipusba hét kiilsnbé-
28 képfeldolgozdsi mivelet keriilt beépitésre:
(1) fényerdszabdlyzds, (2) kontrasztjavitds, (3)
2-D Gauss-féle elmosds, (4) kiiszobolés, (5)
hisztogram kiegyenlités, (6) inverzié és ( 7)
szkeletonizéci6. Az (1-4) mdveletekhez allit-
haté vizszintes skélak tartoznak reset funkci6-
val 2/, az (5-7) miveletckhez pedig dedikalt
gombok tartoznak. Minden mtvelet QRT vi-
zualizéciét biztosit a vasznon (,Processed
Image™). Az 6sszes képmédositds visszadllita-

1
Opeis A Op=id B

KEP BETOLTESE |— FIGYELT TERULET |

|| AUTOMATIKUS |eorpes  MANUALIS ||

Moiréfelvétel progruiba A képfeldolgozts  Bugele
e terilletének Mjcldléae 2 (B
haszaalataval. geemb haszaalatival

| Elire definiil képleldolgoedsi Aamfilisan
| szekvencidn alapads seicis s
| algoansmusokkal. miiveletekkel.

seegrenticed
minsfolégia

KOMBINALT |
5 anromaries

1 apyiitas
(kiepeszind] alkalmazisa

|

FOLYAMATOS VIZUALIZACIO

Y képteldolpozis bilénbaza timsanak kvaz valds sdejil vanalacstga @ beepitert képmasznakon

A seegmenticio sredményenek kilanbézd képlormammokban tortend sxpomia a moirssivek tovibhi elemadse eclibal

13. abra. A Moiré Fringe Segmentation Tool prototipusaban prototipusaban torténd szegmentacié

folyamata
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sdra szintén dedikdlt gomb 2* szolgil. Mivel
a javasolt szegmentéldsi médszer utolsé 1épé-
se, a szkeletonizdci6 megjelenitésére tobb
médszer is implementdldsra kertilt, a szkeleto-
niz4cié gombjai a képfeldolgoz6 eszkdztdr al-
jan, kiilon sorban jelennek meg. Ezek a gom-
bok a szkeletonizicidés folyamat eredményét
hdrom kontextusban jelenitik meg: (a) csak a
szkeletonizalt kép szerepel (,Skeleron Only”),
(b) a szkeletonizilt kép 4tfedésben az eredeti
moiréfelvétel  sziirkedrnyalatos mdsolatdval
(,, Skeleton on Gray”), (c) a szkeletonizilt kép
atfedésben az eredeti moiréfelvétellel (,Skele-
ton on Original®). A képfeldolgozis eredmé-
nyei a kévetkez8 formdtumokban exportilha-
tok ki ,Save Image” (,kép mentése®) gomb
haszndlatdval: (1) Windows Bitmap (.6mp), (2)
JPEG 2000 (raw codestream, .j2¢, .j2%), (3)
JPEG 2000 (Part1,.jp2), (4) Joint Photographic
Experts Group (jpg, jpeg), (5) Portable Bit-
map (.pbm), (6) Portable Graymap (.pgm), (7)
Portable Network Graphics (.png), (8) Portable
Pixmap (ppm), (9) Sun Raster (ras), (10)
Tagged Image File Format (.zif, .ziff).

Beépitett automata szegmentalé algoritmusok

A beépitett algoritmusok képfeldolgozdsi mi-
veletek elére definidlt szekvencidival végeznek
6n4ll6é vagy a manudlis szegmentdciét kiegé-
szit6 delinedciét. Az MFST prototipusiba
kertilt

(., Algorithm 17), amely az elézetes kutatdsban

egyetlen  algoritmus beépitésre
bevezetett automatikus szegmentaldsi eljardst
kéveti. Az , Algorithm 2-5” gombok a kutatds
késdbbi szakaszdig hely6rzé (placeholder)
szereppel birnak. Az , Adjust” ' = %=t | (| jgazi-
tds”) gomb megnyomdsival az automatikus
algoritmusok 4ltal adott eredmények finom-

hangoldsa végezhetd manudlisan.
MEGBESZELES

Az MFST prototipusa egy egyszer(, gyors, és
a felvételek MS-jainak nagy részét pontosan

lekovetd szegmenticidt tesz lehetévé. Ugyan-
akkor az eredményeket arnyalja, hogy a pro-
totipusba épitett szdrési és morfol6giai mive-
letek, amellett, hogy biztositjik az adaptiv és
rugalmas szegmentici6 feltételeit, jellegiikbdl
ad6ddéan adatvesztéshez, ezdltal pontatlan és/
vagy sporadikus delinedcidhoz vezethetnek. A
prototipus dltalinosan megbizhaté haszndlha-
tésdga érdekében az adatvesztést mérsékls és a
hatékonyabb adatkinyerést novel§ szegmen-
tdciés célzatd funkciébdvités sziikséges. Az
MFST tovébbfejlesztésének lehetséges médjai
(1) a dilatdcid, azaz az elStérben 1évd pixelek
koriili régidk fokozatos novelése; (2) a képéle-
sitéshez alkalmazhaté feliildtereszt8 szirdk;
(3) adaptiv kiiszbolés lokdlis és globdlis dtlag-
értékek alapjan; (4) bitenkénti XOR mdveletek
alul- és tdlkontrasztdlt moiréfelvételek alap-
jan; (5) fuzzy logikai rendszer’” a manuilis és
elére definiélt algoritmusok kombindl4siahoz;
(6) nagy mennyiségli mintaadat alapjan mély
gépi tanulds (deep learning) Gtjan fejlesztett
automatikusan szegmental6 algoritmusok; va-
lamint (7) komplex mintaclemzésre alkalmas
gyors Fourier-transzformdcié (Fast Fourier
Transform, FFT)."

Az MFST-on alapul6 képfeldolgozis termé-
szetesen nem véltja ki a rontgenfelvételek és
més bevett képalkoté eljardsok hasznilatit,
mivel kiillonosen a fejlesztés els@ fazisdban
nem a scoliosis diagnosztikdja, hanem a di-
agnosztikihoz megfeleld, szegmentdlt képi
bemenet [étrehozdsa a cél. Ez azt jelenti, hogy
a szoftver a mai formdjiban a kutatdsok esz-
koze, igy a potencidlis felhaszndléi elsGsorban
a kutatds-fejlesztés szdmdra hasznos beme-
netet nyyjtani képes egészségiigyi és misza-
ki szakemberek. Ugyanakkor a jévében, ele-
gendd mennyiségl képi adat birtokdban a
gépi tanulds eszkozével lehetség nyilik arra,
hogy az MS-ok szegmentéciéja automatiku-
san valésuljon meg. A megfeleld mennyiségd
moiréfelvétel begytjtésének és eziltal a szoft-
ver finomhangoldsdnak hatékony és innovativ
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médja, mely jarulékos haszonként az egész-
ségtudatossdg és a tudomdnykommunikicié
céljait is szolgdlja, az Gn. citizen science (CS)
médszertan bevondsa. A CS lényege, hogy
szakirdnyd tudomdinyos képzettséggel nem
rendelkezd8 személyek végeznek adatgy(jtést
tudominyos projekteket tdmogatva, jellem-
z8en kutaté-fejlesztd intézmények orientici-

1.7 A CS mint adatgyjtési médszertan

6jdva
az utébbi évtizedekben elnyerte a tudoma-
nyos kozosség legitimécidjat, és az orvostu-
domdny terén is szdmos valid eredmény ko-
szénhetd neki.” Az adatgydjtésen tdl a CS
képessé teszi az allampolgdrokat arra, hogy
tudomdnyos kérdéseket, st akdr vilaszokat
fogalmazzanak meg, és megosszdk adataikat
a tudomdnyos kozosséggel. A polgirok vi-
laszt adhatnak a betegeket és az egészségligyi
rendszert egyardnt érdekld népegészségligyi
kérdésekre, igy a CS az egészségiigyi kutata-
sok legitim médszere.”” Az MFST esetében
a célkozonség virhatéan a mozgésszervi be-
tegségek irdnt érdekl8dskbdl (testneveldk,
edz8k, védéndk, iskolai egészségvédelmi
szakemberek) és érintettekbdl tevédik dssze.
Misfeldl a szoftver 4ltal biztosftott manudlis
MS-szegmenticié finomhangoldsiba bevon-
haték informatika és képfeldolgozds irdnt
érdekléds, az 4tlagos felhaszndléi szintnél
némileg magasabb IKT-kompetencidkkal
rendelkezd, kisérletezésre hajlandé 4llam-
polgdrok. A prototipusba dgyazhaté ana-
litikai rendszer segitségével felhaszndléi
adatok gydjthetdk, amelyek hozzdjarulnak
a szoftver jov6beni fejlesztéséhez. A kinyert
adatok 4ltal lekdvethetévé vilnak a felhasz-

ndlék médszerei és preferencidi — kiiléndsen
a szegmentdlds folyamatainak sorrendisége,
az egérmozgds és a miveletekre szdnt id6k
tekintetében. A szoftver alkalmazéi részérdl
tekintélyes mennyiségi adat gyGjthetd a fel-
hasznil6i élményre vonatkozdan is, igy ez a
vetiilete (UX) is hatékonyan fejleszthetd, va-
lamint esctleges miikodési rendellenességei

(Gn. bugjai) is konnyen feltdrhaték.
KOVETKEZTETESEK

Ebben a tanulminyban a scolioticus gerinc
moirémintizatainak szegmentdldsira ira-
nyulé kutatds mdsodik fizisa valésult meg,
amelynek keretében bemutatdsra kertilt a
Moiré Fringe Segmentation Tool szoftver-ala-
pa alkalmazds prototipusa MS-ok detek-
tildsdra és kontdrozdsira. A prototipus a
MS-ok szegmenticiéjat kvdzi valés idGben
manudlisan 4llithat6 sz(rési és morfolégiai
képfeldolgozisi miveletekkel, valamint elGre
meghatdrozott szekvencidn alapuld, beépitett
algoritmussal timogatja. A kutatds elsé fazi-
sdhoz hasonldan a szoftver alkalmazhatésdgét
egy egyszer(, gyors és a felvételek MS-jainak
nagy részét pontosan lekovets szegmentdlds
igazolja. Az eredmények azt mutatjik, hogy
az MFST szoftver prototipusa megfeleld ala-
pot nydjt a MS-ok szegmenticidjira irdnyulé
tovabbi, kiterjesztett képfeldolgozasi mivele-
tekkel operdlé kutatis-fejlesztéshez. Egysze-
rliségének és gyors mtikodésének kovetkezté-
ben, a prototipus tovibbfejlesztett megolddsa
helyettesitheti az id8igényes és komplex szeg-
mentdldsi médszereket is.

A szerzGk részvétele: Kutatdsvezetd, kutatdsi célok meghatirozisa [Conceptualization]: B.CS.

Adatgazdész, adatok kezelése és metaadatoldsa [Data curation]: B. CS. Kisérletvezetd, adatgyj-

tés lebonyolitdsa [Investigation]: B.CS. Médszertani szakember, modellalkotds [Methodology]:
B.CS., H.E.G. Programozé, informatikai timogatés biztositdsa [Software|: B.CS., M.A.D. Ku-
tatdsi terv készitése és ellendrzése, mentorilds [Supervision]: M.A.D., HEE.G., AA. Eredmények
és médszertan ellen8rzése [Validation]: B.CS., HE.G., M.A.D., A.A., T-CS.M. Vizualizicié
és adatmegjelenités [Visualization]: B.CS. Eredeti kézirat megfogalmazdsa [Writing (original
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draft)]: B.CS., H.E.G. Kézirat végleges viltozatinak megfogalmazisa, lektorildsi folyamatok
kezelése [Writing (review & editing)]: B.CS., H.E.G.

Koszonetnyilvanitds: A szerz8k koészonetet mondanak a SALUS Orthopedtechnikai Kift.
munkatdrsainak (Jo6 Istvdn, Prommer Katalin és Marlok Ferenc) a kutatdshoz sziikséges
moiréfelvételek rendelkezésre bocsdtdsiért.

Tamogatas: A kutatémunka anyagi timogatdsban nem részesiilt.
Osszeférhetetlenség: Nincs.

Roviditések: CS - Citizen Science (4llampolgéri tudomény); FFT - Fast Fourier Transform
(gyors Fourier-transzformicié); IKT - Informdciés és Kommunikiciés Technolégidk; IR -
infrared (infravoros); MEST - Moiré Fringe Segmentation Tool; MS - moirésdv (moiré fringe);
MT - moiré topogrifia (moiré topography); QRT - quasi-real-time (kvizi valés idejd); ROI -
region of interest (figyelt tertilet); UX - user experience (felhaszndléi élmény); XOR - logical
eXclusive OR (kizdré vagy logika).
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ABSTRACT

In scientific research, citizen science is widely regarded as an involvement of the general
public in scientific research initiated by universities, scientific organisations or research centres.
In this top-down approach (top-down citizen science), participating citizens usually collect data
or provide samples for research — that is, they are considered volunteer research assistants
following instructions. This study analyses alternatives of top-down citizen science: one, widely
known, which is the bottom-up way of citizen science and another, the reciprocal approach sug-
gested by the authors. Bottom-up is based on local initiatives and is constituted by community-
led projects. For bottom-up citizen science, scientific organisations may provide methodological
and organisational frames. However, the idea and the implementation remain in the competence
of the participant citizens. Reciprocal citizen science emerged from a need for a more holistic
policy toward citizen science. As part of this, identifying viable citizen-initiated projects, meas-
uring their scientific and/or innovation potential, and integrating them into a citizen science
mentor program are questions to be systematically discussed and solved. This study addresses
methodological challenges in mentoring citizen science projects, covering a mentor training con-
cept for citizen science designed by the Institute of Transdisciplinary Discoveries. Encouraging
citizen research is needed for a new impetus to scientific discoveries. The perspectives of people
with no scientific background can also advance problems — mainly those that require fresh and
unbiased approaches. Citizen science may also be a solution for leveraging the knowledge of
science leavers.
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CiENncIA CipADA REcirrRoOCA E DE BA1xo PARA
CiMA: REcURSOS INEXPLORADOS DE NovAs IDEIAS.
EXPERIENCIAS PRELIMINARES DE UM PROGRAMA DE

CiEnciA CipapA Como ENnvorviMENTO PUBLICO

ReEsumo

Na pesquisa cientifica, a ciéncia cidadd é amplamente considerada como o envolvimento
do publico geral em pesquisas cientificas iniciadas por universidades, organizag¢des cientificas
ou centros de investigacdo. Nessa abordagem de cima para baixo (ciéncia cidada chamada top-
down), os cidaddos participantes geralmente recolhem dados ou fornecem amostras para pes-
quisa — ou seja, sdo considerados assistentes voluntarios de pesquisa que seguem instrucdes.
O presente estudo analisa alternativas de ciéncia cidad3 top-down: uma, amplamente conhe-
cida, que é o método bottom-up (de baixo para cima) da ciéncia cidadd e outra, a abordagem
reciproca sugerida pelos autores. Bottom-up ¢é baseado em iniciativas locais e é constituido por
projetos liderados pela comunidade. Para a ciéncia cidada de baixo para cima, as organizagdes
cientificas podem fornecer estruturas metodolégicas e organizacionais. No entanto, a ideia e
a implementacgdo continuam a pertencer & competéncia dos cidaddos participantes. A ciéncia
cidada reciproca surgiu da necessidade de uma abordagem mais holistica da ciéncia cidada.
Como parte disso, identificar projetos vidveis, medir o seu potencial cientifico e/ou inovativo e
integra-los a um programa de mentores de ciéncia cidada sdo questdes a serem discutidas e re-
solvidas sistematicamente. Este estudo aborda desafios metodolégicos na mentoria de projetos
de ciéncia cidad3, abrangendo um conceito de formagio de mentores concebido pelo Instituto
de Descobertas Transdisciplinares. Incentivar a pesquisa dos cidad3os é necessario para dar um
novo impulso as descobertas cientificas. As perspectivas de pessoas sem formacdo cientifica
também podem trazer problemas — principalmente aqueles que exigem abordagens novas e
imparciais. A ciéncia cidada também pode ser uma solugdo para alavancar o conhecimento dos
que abandonaram a carreira cientifica.

PALAVRAS-CHAVE

ciéncia cidad3, mentoria, ciéncia cidad3 de baixo para cima, empoderamento

1. INTRODUCTION: CITIZEN SCIENCE As PuBLiCc ENGAGEMENT

1.1. BortoMm-Up CITIZEN SCIENCE: FROM SCIENCE COMMUNICATION TO INVOLVEMENT
OF THE PUBLIC IN SCIENTIFIC ACTIVITIES
The trend of universities moving from entrepreneurial to civic universities indicates
that higher education institutes recognised the necessity of embeddedness of educa-
tion and scientific organisations in society. The involvement of non-scientifically qualified
citizens in scientific projects goes back to the mid-1990s (Vohland, Gébel et al., 2021),
although, in the 1920s, citizen involvement in scientific questions was also described by
the term “scientific citizen” (Cohen, 1920). Initially, people volunteered their time and
energy to help with various research projects. Despite the many decades of history, “citi-
zen science” (CS) and “citizen scientist” expressions first appeared in the Oxford English
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Dictionary in 2014. The dictionary describes it as: CS as a “scientific work undertaken by
members of the general public, often in collaboration with or under the direction of pro-
fessional scientists and scientific institutions” (Haklay, 2014, para. 4). Citizen scientist
as “a member of the general public who engages in scientific work, often in collaboration
with or under the direction of professional scientists and scientific institutions; an ama-
teur scientist” (Haklay, 2014, para. 6).

CS emerged from the recognition that science, technology, and innovation could
respond better to environmental, social and economic challenges if a wider circulation of
scientific findings is ensured. It is possible when local, national, regional and global par-
ticipation in the research is available for any entity of the society. Since the first appear-
ance of the expression CS in the literature, its meaning has changed. New expressions
emerged to describe the level of involvement of citizens in scientific projects. The most
common form of CS to date is when a university or other academic institution encour-
ages citizens to collect data for research initiated by a person or institution with authority
in the scientific field. That is the so-called top-down (TD) approach of CS. TD CS often
serves for observing or monitoring environmental phenomena, and data are used at the
national or international level (cf., Eicken et al., 2021, p. 468).

Bonney et al. (2009) developed an often-used categorisation of CS projects. Their
framework defines:

«  contributory projects as projects where scientists design the project and participants are involved in
collecting and analysing data according to predefined protocols;

«  collaborative projects, participants may also be involved in adjusting protocols, drawing conclu-
sions, and proposing new directions for research;

- co-created projects include citizens in all stages of the scientific process; scientists and citizens col-
lectively design and develop the project.
Another categorisation often cited is based on the levels of participation. In Haklay’s
(2013) classification, levels range from
+  citizens as sensors (crowdsourcing), and
«  citizens as interpreters (distributed intelligence),
«  to levels where participants are more involved in problem definition and collection protocols (par-
ticipatory science) or are even part of the entire development of the scientific process (extreme CS).
Growing dissatisfaction within academia and industry hot environmental and soci-
etal topics of interest to the public, leading to the more active participation of the public
in science. The UNESCO Recommendation on Open Science (2021) is one of the most
important international documents, stating that science must be open to the widest
possible public and that scientific data from stakeholders must also be incorporated
into research. Open science (broadly in line with the concept of CS), according to the
recommendation,

should not only foster enhanced sharing of scientific knowledge but also
promote inclusion of scholarly knowledge from marginalised groups (such

I2I



Revista Luséfona de Estudos Culturais / Lusophone Journal of Cultural Studies, Vol. 9, No. 2, 2022

Bottom-Up and Reciprocal Citizen Science:... - Evelin Gabriella Hargitai, Attila Sik, Alexandra Samoczi, Milan Hathazi & Csaba Bogdén

as women, minorities, Indigenous scholars, non-Anglophone scholars,
scholars from less-advantaged countries) and contribute to reducing in-
equalities in access to scientific development, infrastructures and capabili-
ties among different countries and regions. (UNESCO Recommendation

on Open Science, 2021, p. 5)

This approach is the same as that represented by the so-called bottom-up (BU) CS.
BU CS is a growing method of public engagement with science, in which citizens per-
form scientific activities, including data collection or even complex research, in order to
address local and global issues. Contrary to TD CS projects in which citizens collect data
in institutionally controlled projects, the BU approach is citizen-initiated. “Observing
or monitoring efforts defined and undertaken at the local scale and brought forward to
higher-level bodies, often with a focus on supporting outcomes desired by a local com-
munity” (Eicken et al., 2021, p. 468).

1.2. CrrTicisM OF Tor-DowN CITIZEN SCIENCE

In general, citizens can engage in different levels of the scientific process, including
the development of research questions and hypotheses, data collection, data analysis,
drawing conclusions, and disseminating data. The most popular form of CS, as described
above, is when citizens collect data under the direction of professional scientific institu-
tions (TD approach, cf., Haklay et al., 2021, pp. 15-18). In these scientist-led projects, the
level of citizen engagement varies but is limited: citizens can be involved only in data col-
lection, or they can analyse and evaluate gathered data. The advantage of this type of CS
is that professionals regulate research projects. Therefore, the collected data are more re-
liable. Some critics of TD CS mention that these projects exploit citizens by making them
collect data and/or be scientific assistants for free, or these projects do not give eureka
moments to citizens (Vohland, Land-Zandstra, et al., 2021, pp. 2, 5). In addition, the TD
CS strategy emphasises unequal relationships between the academic sector and the citi-
zens. Although it can be viewed as an exercise to connect research and citizens, it rarely
allows ordinary citizens to peek behind the doors of a research lab or institute. Thus it is
an insufficient exercise to break down the “ivory tower” image of universities. However,
some researchers continue to suggest that valid scientific results can only come from
scientist-led research legitimised by a scientific institution (Haklay, 2013).

Universities in the most developed countries exercise the civic university ethos and
even integrate citizens actively in the design and planning of the research (Follett &
Strezov, 2015; Haklay et al., 2021, p. 14). Therefore, we find some examples of scientific
institutions supporting the BU approach. The most typical BU projects are more active
(and activist) because citizens lead their own projects, which are mostly related to solv-
ing some community problems or needs, but in most cases, the idea or the encourage-
ment is from a scientific institute (Ostermann-Miyashita et al., 2021, p. 5). BU type of CS
is focused on the needs of stakeholders.
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However, BU has weaknesses as well. The danger of BU projects is that the citizens
can be personally involved and/or interested in the project, so they can easily be biased.
Another difficulty is that they do do-it-yourself research without sufficient scientific meth-
odological knowledge resulting in wasted efforts and outputs that the scientific commu-
nity cannot accept, further inserting a wedge between the research and citizen community.

BU calls attention to the potential of citizens’ own discoveries and suggests that the
role of scientists can also be supportive. In BU projects, citizens can approach scientists
looking for assistance with their projects.

Citizens can also be involved in scientific projects in a more extreme way than BU.
In the extreme CS approach (Haklay, 2013), participants try to design and develop new
devices and knowledge creation processes that can be useful for society, considering local
needs, practices, culture and works. It enables any community, regardless of their literacy
or scientific qualifications. Stakeholders can be an active part of the whole process — from
problem definition, data collection, and analysis, and visualisation to action. Therefore,
those people who do extreme CS are empowered to be part of the entire development
of the scientific project. Of course, using this method, there is a threat that citizens use
scientific data from unchecked sources or draw incorrect conclusions. That is particularly
dangerous when citizens are involved in sensitive local affairs as hobby researchers.

Given the above, there is a need for an approach to CS that builds on stakeholder
issues but works with a methodology that meets the highest possible scientific criteria.
In our paper, we propose such an approach by combining the benefits of TD and BU CS.

2. METHODS OF RECIPROCAL CITIZEN SCIENCE

Anovel approachto CS, the so-called “reciprocal CS” (RCS), introduced by the Institute
of Transdisciplinary Discoveries (ITD), University of Pécs, Hungary, in the “International
Transdisciplinarity Conference” (Sik et al., 2021), combines the advantages of TD, and BU
approaches. RCS is based on citizen-initiated research ideas and is citizen-led. In order
to avoid pseudoscientific or biased approaches, the university (or other scientific institu-
tion) provides scientific support, especially in the field of methodology and equipment, if
needed. RCS differs from the BU approach in that the former is more organised and sys-
tematised due to the supervision and because the support provided for the citizens is use-
ful for the university as well because it helps to elaborate more modern and efficient ways
of scientific mentoring and it can lead to novel approaches of scientific problems. We call
this approach reciprocal (see Table 1) because the university also benefits from a research
project that solves a local community or even individual problem. In RCS, the source of
the research idea is the citizen, and the role of the scientific institution is support, encour-
agement, and scientific coaching (research design, methods, scientific presentation and
writing). If the citizen needs it, the institution can provide equipment as well.
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APPROACHES

STAKEHOLDER METHODOLOGICAL SCIENTIFIC
TO CITIZEN MoTIvATION MAIN CHARACTERISTICS
BENEFIT ACCURACY NETWORKING
SCIENCE
Citizens involved in
data collection
Top-down
P v v T T Research regulated
by professionals
Projects based on citizens’
ideas and needs
Bottom-u
P T T v v Research regulated
by citizens
Unleash your University encouraged
inner scientist and supported projects
. 0 0 0 0 e Supparec Prore
(reciprocal Citizen-initiated topics
citizen science) and citizen-led research

Table 1 Reciprocal citizen science compared to top-down and bottom-up approaches

RCS can be implemented through a comprehensive mentoring programme. In the
field of CS, almost all the mentoring programmes represent the TD approach. That is, a
scientific institution prepares the citizens for the scientific data collection and possibly
for the use of the application or other data organisation solution that the institution uses
for the scientific research (cf., Haklay 2013). A huge difference from TD mentoring pro-
grammes is that in RCS, citizens get specific mentoring according to their needs. After
an initial assessment, similar to a placement test, the mentoring program'’s organisers
decide what training the mentee needs. In addition to developing research methodology,
scientific database searching, scientific writing, and presentation skills, mentees can be
provided with entrepreneurship coaching and incubation programmes if their ideas are
worth enlarging into a startup.

The main novelty of the RCS approach is that it applies citizen engagement through
mentoring. RCS encourages citizens to bring their own ideas to scientific institutions,
which provides them mentoring, and support and gives scientific assistance tailored to
the needs of the citizen. RCS uses a BU methodology because incubated research pro-
jects are based on citizens’ ideas. They initiate and lead their own projects based on local
or own interests or public issues. However, RCS uses the advantage of the TD approach
to the extent that it is academy-encouraged and -supported. In addition, RCS provides
methodological knowledge, research tools and infrastructure and entrepreneurial train-
ing in the case of projects with innovation potential. This multifaceted approach encour-
ages citizens to publish their results or start a venture in the business field.

Considering that this combination of TD and BU approaches, by its very nature, leads
to mutual knowledge and experience exchange among all levels of academic representa-
tives and citizens, we define our approach as RCS. ITD of the University of Pécs elaborat-
ed a RCS mentoring program with the title of Unleash Your Inner Scientist. Unleash Your
Inner Scientist is a transdisciplinary program that provides a mentoring framework for
supporting citizen-initiated and -led scientific and innovation projects while developing
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a complete, practical-based methodological strategy for the scientific mentoring of citi-
zens. Unleash Your Inner Scientist is currently in the pilot phase. It combines the ben-
efits of TD and BU, making it RCS-based and unique in that it provides a comprehensive
mentoring program for citizens, which aims to make the scientific or innovative results
developed in the program known to the general scientific public. The scientific institute’s
role is to provide support and scientific coaching (research design, methods, scientific
presentation and writing), equipment and entrepreneurship coaching (if needed). At the
societal level, the RCS-based mentoring program'’s benefit is the encouragement of civic
activism in a scientific way avoiding or at least controlling pseudoscience.

2.1. ADVANTAGES OF RECIPROCAL CITIZEN SCIENCE IN APPROACHING THE UNIVERSITY
AND SOCIETY

2.1.1. REciPrROCAL CITIZEN SCIENCE AS A TRANSDISCIPLINARY METHOD

Since CS is conducted by lay people, or at least by people who do not practice
scientific research within an institutional, standardised framework, it is surprising that
there are few CS mentoring programs. We can find among the few examples a mentor-
ing and training program for open science ambassadors whose purpose is to empower
citizen scientists to become effective open science ambassadors in their communities.
However, this project is only for life science. Other CS mentoring programmes are fo-
cused on TD approaches and training citizen scientists as data collectors.

RCS offers a novel approach to CS and opens opportunities for involving lay people
more extensively in science while maintaining all the advantages of the TD and BU ap-
proaches as researchers-led projects. Also, civil activism and social innovations remain
viable. This approach exploits the citizens’ scientific and/or innovation potentials while
consistently contributing to their skill development. Importantly, the RSC implements a
crucial aspect of the citizen-academy relationship: transdisciplinarity. When universities
or research institutes look beyond the organisation’s wall and seek the involvement of
external stakeholders, then they create transdisciplinary projects and implement what is
in the ethos of the civic university model.

2.1.2. RECIPROCAL CITIZEN SCIENCE As INNOVATION POTENTIAL

RCS can be embedded in the civic university approach. Civic university (Goddard
et al., 2016) is based on the societal embeddedness of the university, when higher edu-
cation institutes collaborate with local area and community, in partnership with local
organisations, taking social responsibility.

The overall goal of RCS is to create a new way of citizen involvement in scientific
research. Even the most extreme citizen involvement approach, the idea to be devel-
oped is either created or co-created by a scientist neglecting the huge potential of the
non-scientific community. Considering that scientists make up only a small fraction of
the adult human population, it would be unreasonable to think that citizens are not full
of ideas that have innovation potential. In this project, we tap into this pool of ideas by
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creating the citizen-led project development approach. This unique approach also has a
knock-on effect on the academia-public relationship. Since universities gradually move to
“civic university” engagement recognising the embeddedness of universities in society,
this approach brings the two sectors closer together. It builds trust in the academic sec-
tors from the civil and general public points of view.

The core concept is that the knowledge and innovation potential of lay and/or non-
scientific people often do not receive enough visibility, although many inventions and
discoveries are also tied to these people. The knowledge generated by these people can-
not be ignored in the information society.

Involving citizens and broader communities beyond universities and tra-
ditional research institutions as participants in research systems has been
defined as one of the megatrends that will influence future research policy.
There is an increasing focus on how laypeople and other communities out-
side of traditional research institutions can be involved in all levels of re-
search activities, including data collection and categorisation. (Magnussen,

2017, p- 394)

There are few researchers in society, so in scientific research and innovation, it
would be a waste to miss someone who is not an institutional researcher.

Laypeople’s inventions cannot be underestimated because some of them changed
humanity. For example, the first operational aircraft was invented by the Wright Brothers.
In these projects mentoring plays a crucial role in the success and effective progression.

RCS’s development goals align with the most in-demand core skills for work and life.
According to the Future of Jobs Report 2020 of the World Economic Forum (2020), some
of the top skills for 2025 are analytical thinking and innovation, active learning and learn-
ing strategies, complex critical thinking and analysis, problem-solving, creativity, origi-
nality and initiative, reasoning, problem-solving and ideation. Besides individual skill
development, RCS is expected to have impacts at several levels in the lives of individuals
and smaller or larger communities.

2.1.3. REciPrROCAL CITIZEN SCIENCE As BRIDGE OF THE GENDER GAP

Even in the 21st century, relatively few women choose a career in science, and many
leave the research career. According to UNESCO Institute for Statistics (2019) data, less
than 30% of the world’s researchers are women and women leave science careers in
greater numbers than men. CS is an ideal option for women who do not have the time or
opportunity to conduct scientific research professionally but would continue their previ-
ously discontinued research or embark on a career in science and/or innovation. In this
way, these women can satisfy their desire for scientific success and have the opportunity
to develop their ideas. Because the RCS can be done on a flexible schedule, it also fits
into the agenda of mothers with children. Our preliminary market research shows the
same: 62% of the respondents are female. Therefore, RCS can reduce the gender gap,
providing empowerment to women and other underrepresented genders in scientific
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research. RCS can also be a solution for disadvantaged citizens who have not had access
to higher education or cannot engage in scientific research due to financial constraints.
2.1.4. REciPROCAL CITIZEN SCIENCE As EMPOWERMENT OF LESS-ADVANTAGED
COMMUNITIES
RCS is not only able to solve local social and environmental problems but also to
bring more citizens closer to academia. In the long run, this could even reduce university
dropouts. Eurostat (2018) data show that 25% of students drop out of universities in
the European Union. That means millions of students in a few years who will no longer
make use of their academic knowledge after a few years. If a small portion of this group
can be kept in the circle of scientific thinking with the help of RCS, it means that the
knowledge taught at the university is not wasted, nor is it such a loss for individuals. The
advantages of RCS are deepening and expanding scientific knowledge, improving under-
standing of research methods, deepening and expanding their knowledge of scientific
research methodology, strengthening their researcher confidence, and developing their
presentation and scientific writing skills. Moreover, what is important from the point of
view of the labour market, is increased potential for career mobility and promotion and
the opportunity to be in a supportive environment in which successes and further devel-
opment opportunities can be evaluated. RCS provides people networking opportunities
and empowerment.
2.1.5. GENERAL MOTIVATIONAL FACTORS
To better understand why people are participating in CS projects and why CS pro-
jects can attract people from non-scientific communities, firstly, we need to understand
why people do voluntary activities. The following six motivational factors (volunteer func-
tions inventory; Clary et al., 1998) can give us an explanation:
1. values — a possibility to express altruistic and humanitarian values;
2. understanding — an opportunity to earn knowledge, skills, and abilities;
social — an opportunity to strengthen and develop relations with others;
career — an opportunity to gain career-related benefits from volunteering activities;

protective — an opportunity to reduce guilt over being more fortunate than others;

o v oA W

enhancement — a possibility to aid the ego to grow and develop.

Therefore, CS is an ideal voluntary activity because CS projects can be based on
altruistic and/or community goals, and at the same time, citizens’ research activities can
widen their knowledge base. CS provides an ideal opportunity to develop social relations,
that is, in a local community. Citizens’ projects often need new competencies which can
be used in the labour market as well, and, hopefully, and this is not a very utopian idea,
CS can contribute to the citizen’s personal development.

Parthenos (2019) also collected CS’s benefits for the citizens. These outcomes, of
course, are ideally aligned with participant motivations:

« new/increased scientific knowledge and understanding;

«  building/belonging to a community; social learning;

+ empowerment;
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. raised awareness;
« data access;

- development of personal capacities — the experience of self-efficacy and a sense of purpose.

These benefits are especially true if the CS project is implemented in an organised
manner, linked to monitoring, and the citizen receives scientific assistance. Therefore,
we believe that RCS is the ideal form of CS because it includes organised supervision and
assistance for the citizens, and all the support is tailored to citizens’ needs.

2.1.6. REciPrROCAL CITIZEN SCIENCE AS A SOLUTION FOR BURNOUT OF ACADEMIC
RESEARCHERS

RCS brings benefits not only to citizens but also to academic institutions. Involving
university researchers in CS projects, such as mentors, can help them think from a broad-
er perspective and face new social, environmental or other issues. Burnout in researchers
and academics is a little-studied phenomenon. One of the best-known theories of burn-
out was provided by Maslach and Jackson (1982). They reveal the burnout phenomenon
in three dimensions: first, emotional exhaustion (which is the leading symptom of burn-
out and suggests that the person’s deep emotional resources have run out). Second,
negative attitudes and impatience towards clients, colleagues and the job itself and third,
reduced sense of effectiveness (a high degree of negative self-esteem is also associated).

While in other sectors of the economy, employees are increasingly appearing as
key players in corporate performance, as their competence, efforts, motivation and com-
mitment fundamentally affect competitiveness, the key role of employees in educational
organisations is uninteresting for the employer in this respect (Jarmai, 2018, p. 116).
Large companies (especially multinational companies) are taking more and more seri-
ous care to organise their employees’ mental, physical, and rest needs. However, there
is no organised opportunity for teachers to discuss problems, supervise, maintain and
develop their own personalities (work equipment). So, because of this feature, the qual-
ity of work can only be assessed indirectly, as there is no acceptable, standardised way or
consequence of direct superior and student assessment, or not even its social recogni-
tion. Education plays a key role in society. The subjective well-being of its workers hardly
preoccupies economic, professional, or even institutional decision-makers. There are
aspirations for change and initial attempts to introduce various incentive systems to
motivate employees based on performance to improve their work, but the information
they receive reflects a mixed experience. The basic condition of subjective well-being is
the feeling of satisfaction arising from professional self-fulfilment and self-realisation.

Burnout caused by overload particularly affects researchers in the science, tech-
nology, engineering, and math sectors (Site, 2017). Burnout is a direct consequence of
competition. When scientists reach their goals, win an award, or are promoted, those
successes help their recovery from stress. However, scientists’ lives consist of more un-
success and lack of time and money, or even the lack of positive feedback are extra fac-
tors of burnout.
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Among the solutions to mental burnout, in addition to consulting a professional
and having more rest, we also find knowledge transfer. A Nature article from 2020 (Gewin,
2020) encourages researchers to spread their knowledge. The article emphasises the
importance of knowledge transfer not only from the societal point of view. The author
believes that knowledge sharing helps researchers achieve a more balanced mental state.
From this, we can deduce that CS is a possible form of researcher burnout prevention or
treatment. Of course, it is not the only solution, but it can expand the repertoire of offerings
and societal functions of universities. Another important factor in academic burnout is that
the researchers need to build relationships for recognition. Publications and conference
presentations are often exhausting for researchers (Site, 2017). CS offers a more relaxing
network because it is based on more informal relationships and communication forms.

CS offers a new kind of connection for researchers, in which they do not need to solve
difficult scientific tasks but can use their existing knowledge, learn new perspectives, and
successfully solve scientific or social problems. Positive impacts of RCS for researchers
as mentors are different and vary a lot according to their motivation and fields of interest.
In general, scientists may encounter approaches to scientific phenomena and problems,
which can serve as an inspiration even in their own research careers through challenging
discussions with people who have fresh perspectives. Academic lecturers can benefit from
developing their mentoring (communication, interpersonal, conflict management) skills by
expanding their mentoring tools. The out-of-the-box thinking can provide them opportuni-
ties to test new ideas and gain further knowledge, improve their ability to share experience,
knowledge, competencies and skills, and capacity to motivate another person. Finally, RCS
provides a potential to renew enthusiasm for their role as experienced researchers and op-
portunities to reflect upon and articulate roles and responsibilities.

3. PRELIMINARY EXPERIENCES OF A RECcIPROCAL CITIZEN SCIENCE-BASED MENTORING
PrRoGRrRAM

3.1. UNLEASH YOUR INNER SCIENTIST PROGRAM

Combining the benefits of TD and BU and implementing an RCS-based practice,
ITD of the University of Pécs elaborated an RCS mentoring program titled Unleash Your
Inner Scientist. It provides a comprehensive mentoring program for citizens which aims
to make the scientific or innovative results developed in the program known to the gener-
al scientific public. The scientific institute provides support, scientific coaching (research
design, methods, scientific presentation and writing), and equipment and entrepreneur-
ship coaching (if needed). At the societal level, the RCS-based mentoring program’s
benefit is the encouragement of civic activism in a scientific way avoiding or at least
controlling pseudoscience.

Unleash Your Inner Scientist is based on transdisciplinarity, providing a mentoring
framework for supporting citizens’ scientific and innovation projects through a complete,
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practical-based methodological strategy for empowering local initiatives. The project
aims at the general public (lay people, citizens) interested in science to develop primar-
ily their scientific and, secondarily, their entrepreneurial and communication skills. The
programme aims to support citizens in elaborating their area of interest on a scientific
level, however, without integrating them into formal educational frameworks. The core
element of the programme, that is, the citizen empowerment process, uses the tools
of scientific and business mentoring, coaching and project consultation and provides
scientific training to citizens (mentees). Parallelly, another important part of the core
element is network building for mentors who form a learning community, sharing meth-
odological expertise and the experience generated during the mentoring process. The
experience share is cyclic: the experience and data collected in the pilot are used in the
second cycle and so on (see Figure 1).

Figure 1 Unleash Your Inner Scientist’s process

The advantage of the mentoring method is that the mentees (citizens) are support-
ed by involving them as active leaders in their own learning and developing processes.

Beyond the project-specific scientific mentoring support, it is also reasonable to
apply coaching methods and tools to encourage and empower citizens and tackle the
natural anxiety that former experiences in institutional learning can cause.

Since the individuals in the target public may have no or only rudimentary experi-
ences in scientific research, mentoring is preceded by a capacity-building programme
where basic scientific knowledge is learned (research methodology, academic writing,
scientific presentation). Besides basic scientific training, the programme includes a mi-
ni-course on entrepreneurial skills and knowledge development for those who want to
launch a startup based on their innovation. The capacity-building programme is pro-
vided by an instructor board.

Onboarding, mentoring and continuous supervision is provided for men-
tors as well, in order to provide them with standards and methods and develop their
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mentoring-coaching skills and help them work effectively with citizens from potentially
different backgrounds.

3.2. PRELIMINARY EXPERIENCES OF UNLEASH YOUR INNER SCIENTIST

Unleash Your Inner Scientist is currently in the pilot phase. The pilot is based on
preliminary market research made in Hungary by ITD. A quick quantitative and qualita-
tive survey assessed potential mentees’ needs and research interest areas. A total of 52
people with specific research ideas showed interest in the mentoring program. The main
needs of citizens (n = 52) are mentoring and scientific consulting (90% of respondents
marked this need), access to scientific databases (49%), financing (49%) and access to
laboratories (20%). About 43% of the potential mentees are willing to do research in the
field of psychology, and 25% want to conduct a project in cultural studies, followed by
literary studies (18%) and other fields (14%). That means that, according to the needs
assessment results, citizens need not expensive tools but rather scientific guidance.

The pilot program started in June 2022 with three mentees, but ITD formed a con-
sortium with five European universities that would apply the same project in their local
communities. The three mentees were selected by simple criteria: motivation, immedi-
ate availability of mentors and, for practical reasons, organisers selected proposals with-
out the need for specific tools.

The pilot’s preliminary experience shows that the mentees started the program with
good basic knowledge and methodological background. The organisers and mentors of
the program had the preliminary assumption that among the applicants, there would be
a large proportion of people with pseudoscientific views or at least very simplistic scien-
tific attitudes. It did not turn out that way. The three mentees are strongly committed to
their research and are motivated to learn about scientific research methodologies.

3.3. SUSTAINABILITY AND IMPACT MEASUREMENT OF THE UNLEASH YOUR INNER
SCIENTIST PROGRAMME
The project’s sustainability is based on, among others, the inclusion of prototyping

environments (makerspaces or FabLabs) in the process. Citizens whose projects require
tools and equipment can use the resources of the university’s subcontracted local pro-
totyping institution(s). Moreover, a digital infrastructure will be developed that allows
citizen scientists to identify, obtain, and set up the technical aspects of their work (which
today virtually always include a digital component in hardware or software, and usually
both) and to document them with scientific rigour to support replicability and further re-
search. The tailor-made Unleash Your Inner Scientist knowledge and data infrastructure
for CS projects addresses the key challenges in citizen scientists’ successful engagement
in obtaining and documenting the “materials and methods” for their work.
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CS can have broad-spectrum effects, influencing science itself and having societal,
environmental, and economic impacts. However, as Somerwill and Wehn (2022) empha-
sise, in many CS projects, impact assessment is simplistic. After a systematic literature
review, the authors identified best practices and approaches for measuring attitudes,
behaviour and knowledge change in environmental CS projects. However, this approach,
although it criticises superficial impact assessment practices, uses a qualitative method.
Therefore, ITD elaborated a quantitative approach for measuring Unleash Your Inner
Scientist’s impact. The method can be applied to other projects as well.

The method is based on a quantitative questionnaire. The mentees fill out the ques-
tionnaire at the beginning and end of the mentoring programme, and the change over
time is assumed to show the project’s impact. In order to ensure the accuracy of the
measurement, we use a control group which does not get any scientific mentoring. One
part of the questionnaire is an attitude measurement related to science and the univer-
sity, and in the other part, the mentees must analyse case studies from the point of view
of which scientific research methods they would use.

4. CONCLUSION

The literature on CS has been analysing the potential of BU CS for years. RCS of-
fers more than BU in that it includes more organised scientific oversight, which prevents
citizens’ projects from pseudoscience, and offers reversible benefits for scientific insti-
tutions. Examples of such benefits are reducing research burnout and the application
of new scientific and innovative perspectives. RCS is also worth introducing in an inter-
national context because of various successful CS projects, although the vast majority
are based on the TD approach. RCS offers an important component to CS: organised
mentoring has been missing from a significant proportion of CS projects. RCS not only
provides benefits to the academic sectors but also has the potential to improve the criti-
cal thinking skills of citizens, thus reducing the spread of pseudoscience on a large scale.
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