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ABSTRACT

This work is dedicated to researching the possibilities of an innovative mul-
tispectral imaging method - spectral line imaging - for practical applications
in dermatology and forensics. Prototypes of three, four and five spectral line
imaging devices have been developed and successfully tested in a laboratory
setting and through clinical measurements. It has been experimentally proven
that the sets of spectral images obtained under the illumination of several
discrete spectral lines are more useful in non-contact diagnostics of skin
neoplasms than the images obtained under the illumination of narrow-band
LEDs. The suitability of several modifications of the Beer-Lambert law for skin
diagnostics using spectral line imaging was analyzed. Based on the results of
clinical measurements, a new data 3D-representation method for the classifica-
tion of skin neoplasms was proposed. A computer program for the conversion
of spectral line images into distribution maps of the main skin chromophores
was developed to facilitate advanced diagnostics of malignant (melanoma, basal
cell carcinoma) and benign (nevus, seborrheic keratosis, hemangioma, etc.) skin
formations.

Effective application of the spectral line imaging method for recognition of
printed forgeries was experimentally confirmed, as well. New algorithms and
criteria for detecting counterfeits have been proposed as a result of comparative
measurements of real-counterfeit Euro banknotes and document samples.

The obtained results were published in 19 SCOPUS-indexed scientific arti-
cles (including five articles in Ql-journals) and four patent descriptions, they
were presented in 16 reports at international conferences and seminars.

Keywords: spectral imaging, Beer-Lambert law, skin chromophore map-
ping, skin neoplasms, money and document forgery.
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1. INTRODUCTION

1.1. General introduction and motivation

Nowadays, a wide range of research methods are available for analyzing var-
ious objects — both living organisms and a wide variety of materials. Commonly
used methods are often destructive and harmful to the body [1-3]. A short
measurement time is important to avoid motion artifacts for in vivo studies.
Therefore, it is necessary to develop non-invasive, informative, reliable, fast and
easy-to-use methods and to explore their application possibilities.

In this context, several optical methods that do not damage the examined
object are relevant, such as confocal microscopy [4], optical coherence tomog-
raphy [5], Raman spectroscopy [6] and spectral imaging [7]. In multispectral
and hyperspectral imaging, images of the object being studied are obtained in
several spectral bands. The main disadvantages of these methods are the large
amount of data with unnecessary collateral information, low spectral selectivity
and possible motion artifacts since the measurement can take up to several
minutes [8]. Besides, changes in the optical properties of the object within
the imaged spectral bands are possible, which usually are not taken into account.

This work examines a less explored modality of spectral imaging — the acqui-
sition and processing of spectral line images. In particular, instead of spectral
band images, we focus on images related to narrow spectral lines, acquired
under discrete laser spectral line illumination [9]. Consequently, the spectral
selectivity of imaging and the related color sensitivity is significantly improved,
and processing of the spectral image set becomes simpler and faster. In addition,
several spectral line images can be taken simultaneously by a single snapshot
(which solves the problem of motion artifacts): using an n-band camera, n spec-
tral line images can be extracted from the image data [10].

1.2. Aim and objectives of the work

The aim of this study is to further develop the methodology of spectral line
imaging and to explore the application possibilities of this technique for the diag-
nosis of skin malformations and banknote and document forgery detection.

The objectives of the study are:

1. To complement the spectral line imaging technique by creating and testing
prototype devices for the simultaneous acquisition of several spectral line
images and by developing software for processing spectral image sets.

2. To evaluate the potential of the multi-spectral-line imaging method and
the applicability of Beer-Lambert's law for non-contact diagnostics of var-
ious skin neoplasms by performing laboratory and clinical measurements
and analyzing the results.



3. To explore the possibilities of spectral line imaging for the detection of
printed forgeries by comparing experimentally obtained spectral images of
original and counterfeit samples of banknotes and documents.

1.3. The main thesis

1. Discrete spectral line illumination ensures more accurate data for skin diag-
nostics based on spectral image acquisition and diffusely reflected light analy-
sis, if compared to the data obtained using spectral band illumination. [P2, K4]

2. For the first time, systematic studies confirmed the efficient applicability of
the spectral line imaging method and modified Beer-Lambert's law for the evo-
lution of concentration changes and distributions of specific chromophores
in skin malformations. [P1, P2, P6, P7, P8, K4, K5, K8, K9, K10, K11, R1, R4]

3. The proposed innovative 3D-representation method of diffusely reflected
light intensity attenuation at three wavelengths opens a new possibility
for the classification of skin neoplasms (hemangiomas, nevi, seborrheic
keratoses, melanomas and basal cell carcinomas). [P1]

4. 'The spectral line imaging method is well suited for the highly sensitive
detection of printed counterfeits (banknotes and documents) by analyzing
specific parameters of spectral images. [P3, K7, K8, R1, R3]

5. The developed three, four and five spectral line imaging devices are efficient
tools for skin diagnostics and forgery detection. [P1, P2, P3, P5, P6, P7, P8,
K2, K3, K4, K5, K6, K7, K8, K9, K10, K11, R1, R2, R4]

1.4. Scientific novelty of the work

The scientific novelty of obtained results is confirmed by 19 articles in
international publications included in the SCOPUS database, as well as by four
registered patents.

Four new prototypes for multi-spectral-line imaging were created and tested
in this work. Original solutions for obtaining uniform illumination simultane-
ously by several spectral lines were proposed and patented [R2].

New options for chromophore mapping in skin neoplasms by transforming
several spectral line images were explored; unconventional modifications of
the Beer-Lambert law for image processing were proposed and tested.

For the first time, spectral line images of original and counterfeit EUR bank-
notes and documents were experimentally compared, finding significant differ-
ences in them.

1.5. Author’s contribution

The author took part in the process of device development for spectral
line imaging: offered various device designs and solutions for more uniform



illumination, tested the devices and recommended their improvements. Clinical
measurements of skin neoplasms were carried out in cooperation with labo-
ratory colleagues and dermatologist Anna Bérzina of the Laserplastic Clinic.
Measurements with counterfeit EUR banknotes withdrawn from circulation
were carried out in cooperation with the Bank of Latvia.

The author independently performed all spectral line image measurements,
researched various modifications of Beer-Lambert's law and their applicability
in skin diagnostics, performed laboratory tests of skin phantoms to determine
hemoglobin concentration, created and improved image processing programs
in Matlab software, processed and analyzed the obtained data. The results were
interpreted in cooperation with the supervisor. Being a co-author of 19 pub-
lished papers, in five of them she is the main (corresponding) author.

1.6. Approbation of the results

The results are published in 8 scientific journals (incl. 5 Q1 and 2 Q2):

P1. I. Oshina, J. Spigulis, I. Kuzmina, L. Dambite, A. Berzina, “Three-
dimensional representation of triple spectral line imaging data as an option
for noncontact skin diagnostics”, Journal of Biomedical Optics, 27(9),
095005 (2022). doi: 10.1117/1.JBO.27.9.095005

P2. I. Kuzmina, I. Oshina, L. Dambite, V. Lukinsone, A. Maslobojeva,
A Berzina, J.Spigulis, “Skin chromophore mapping by smartphone RGB
camera under spectral band and spectral line illumination®, Journal of
Biomedical Optics, 27(2), 026004 (2022). doi: 10.1117/1.JBO.27.2.026004

P3. T.Fischer, I. Oshina, et al., “Profiling and imaging of forensic evidence -
A pan-European forensic round robin study part 1: Document forgery”,
Science & Justice, 62(4), 433-447 (2022). d0i:10.1016/].SCIJUS.2022.06.001

P4. 1. Oshina, J.Spigulis, “Beer-Lambert law for optical tissue diagnostics:
current state of the art and the main limitations”, Journal of Biomedical
Optics, 26(10), 1-17 (2021). doi: 10.1117/1.jb0.26.10.100901

P5. J. Spigulis, V. Lukinsone, I. Oshina, E. Kviesis-Kipge, M. Tamosiunas,
A. Lihachev, “Riga Group’s recent results on laser applications for skin diag-
nostics”, Journal of Physics: Conference Series, 1859(1), (2021). doi:10.1088/
1742-6596/1859/1/012033

P6. J. Spigulis, Z. Rupenheits, U. Rubins, M. Mileiko, I. Oshina, “Spectral line
reflectance and fluorescence imaging device for skin diagnostics”, Applied
Sciences (Switzerland), 10(21), 1-10, (2020). doi:10.3390/app10217472

P7. 7J.Spigulis, I. Oshina, A.Berzina, A.Bykov, “Smartphone snapshot mapping
of skin chromophores under triple-wavelength laser illumination”, Journal
of Biomedical Optics, 22(9), 091508 (2017). doi: 10.1117/1.JBO.22.9.091508

P8. J. Spigulis, I. Oshina, “Snapshot RGB mapping of skin melanin and hemo-
globin”, Journal of Biomedical Optics, 20(5), 050503 (2015). doi: 10.1117/1.
JBO.20.5.050503
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The results are published in 11 full-text articles in conference proceedings

(found in the Scopus database):

K1. I. Oshina, J. Spigulis, “Potential of the Beer-Lambert law for skin chromo-
phore mapping from diffuse reflectance images”, Proc. SPIE 11920, Diffuse
Optical Spectroscopy and Imaging VIII, Opt. InfoBase Conf. Pap. (2021),
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10.1117/12.2547286
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2. LITERATURE OVERVIEW

2.1. Spectral imaging methods and devices

Medical imaging is often used for the diagnosis and treatment of various
diseases and as additional information during operations. Magnetic resonance,
X-rays, optical coherence tomography, ultrasound and other imaging methods
are used. Deep learning with neural networks, support vector machines, etc. is
often used together with these methods for data processing algorithms. Most of
these technologies are expensive and sometimes even harmful to the human body.
Therefore, relatively cheap and non-invasive imaging methods are relevant. [11]

Hyperspectral and multispectral imaging are non-contact and non-invasive
methods. Images are captured in a few seconds to minutes.[8]

2.1.1.Hyperspectral imaging

Hyperspectral imaging (HSI) is the acquisition of a set of spectral images
in many adjacent or even overlapping spectral bands. HSI offers a wide range
of spatial and spectral information, often from the ultraviolet (UV) to infrared
(IR) spectral range. The measurement results in a three-dimensional cube or
hyperspectral cube. [11]

Useful information about diagnosis and treatment can be obtained for cer-
tain groups of tissues and cells from hyperspectral images. Through the meas-
urement, very extensive information about the studied object is obtained, so
data processing is advanced and time-consuming. Complications are caused
by, for example, the overlapping of spectral bands and the noise of measuring
instruments. Spectral images are normalized by compensating for uneven illu-
mination and camera matrix noise [12-15]. Sometimes the most useful spectral
bands for data analysis are selected to simplify calculations and reduce data
processing time [16,17]. To simplify calculations, the resolution of the images
is reduced, or the most important details of the images are extracted. Principal
component analysis [8,18], linear discriminant analysis [19] and independent
component analysis is often used for these tasks.

In medical physics, hyperspectral imaging is used in disease diagnosis,
classification and segmentation. It is often combined with statistical analysis
techniques such as k-nearest neighbor detection [20], linear discriminant analy-
sis [20,21],support vector machines [20], convolutional neural networks [22,23] etc.

2.1.2. Multispectral imaging

Multispectral Imaging (MSI) uses a smaller number of separated spectral
bands. The boundary between multispectral and hyperspectral imaging is not

13



clearly defined, some authors believe that up to 10 spectral bands are considered
multispectral imaging [24], and in other cases even up to 20 bands [8], or more.
A second type of division is spectral continuity: hyperspectral imaging uses
a quasi-continuous spectrum, whereas multispectral imaging typically captures
information in multiple non-overlapping spectral bands [25]. The multispectral
dataset contains both spatial and spectral information.

Compared to hyperspectral imaging, in this case, the measurement systems
can be adapted to the spectral properties of the objects being studied, such as
tissue absorption properties, by choosing the most suitable wavelengths. Thus,
a vector of properties characterizing the object is obtained in the measurement,
instead of a full spectrum characterization. Data processing is not as compli-
cated and time-consuming as in the case of HSI. [8]

2.1.3. Spectral line imaging

In spectral line imaging, instead of conventional spectral band images,
spectral line images are obtained - images taken at fixed wavelengths. This is
a relatively new imaging technology [9]. The image of the object under study is
taken under the illumination of one or more narrow spectral lines, and often
only one snapshot is taken with subsequent separation of the images of the indi-
vidual spectral lines. Depending on how many receiving channels a digital
camera has, the same number of spectral lines can be separated into images if
the corresponding number of spectral lines is used for illumination [10]. It is
most convenient to use laser radiation for object illumination [26]. The spectral
line widths of lasers typically do not exceed 0.1 nm, and such illumination
provides significantly higher imaging spectral selectivity (and therefore color
sensitivity or resolution) compared to imaging in the typically >10 nm wide spec-
tral bands used in the multi- and hyperspectral imaging discussed above. [27]

Spectral line imaging can be performed by illuminating an object simul-
taneously with several laser lines and analyzing the signals in each pixel of
the image separately. With the help of X, Y scanners, the entire image can be
scanned point by point. Another method is to perform full image measurements
at successive wavelengths, but in this case, larger spectral distortions may be
encountered. [28]

In the Biophotonics Laboratory of the Institute of Atomic Physics and
Spectroscopy (IAPS) of the University of Latvia, the technology of imaging
spectral lines was implemented for the first time in 2010 [29], by taking pictures
with an RGB camera under the illumination of two laser lines (532 nm and
635 nm) for evaluating the amount of hemoglobin in the skin. In 2012, IAPS
created the first prototype for providing uniform laser illumination using three
laser modules (405 nm, 532 nm and 650 nm). The author got involved in research
in this direction in 2014, developing master's thesis [30], and further continuing
in doctoral studies. In later years, with the participation of the author, several
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devices for spectral line imaging were developed, which are described in detail
in section 3.1. In addition, a compact five-spectral line imaging device with
405 nm, 450 nm, 525 nm, 655 nm, and 845 nm wavelength laser diodes has
been developed in the laboratory [31].

2.2. Skin structure and optical properties

In this section the focus is on the first direct application of the method -
dermatology and the diagnosis of skin neoplasms. First, the structure of the skin
and various neoplasms are reviewed, second, the optical properties of the skin
are described - scattering, absorption and the main chromophores of the skin -
and, third, the diagnostic possibilities for skin neoplasms and the creation of
skin phantoms are outlined.

2.2.1. Skin structure

The skin is the largest human organ, it reflects the health and pathological
processes of the body. Its basic functions are - barrier function, immunological
protection, sensory function, thermoregulation, it provides water impermeability
and produces vitamin D3. The skin can be divided into three layers: epidermis,
dermis and hypodermis (Fig. 2.1). The main structural elements in the skin are
hair roots, sweat and sebaceous glands, blood vessels and nerves. [32]

Incident Regular Remittance
radiation reflectance
50
(5%) Epidermal

remittance Dermal remittance

Hairs, fine wrinkles

_ Stratum corneum
(10 pm) Epidermis
Basal cells (100 pm)
Melanocytes
Collagenous
network Dermis
Blood vessels (3 mm)
Scattering
Absorption L
Fat cell Subcutis
at cells (up to 3 con)

Figure 2.1 Skin structure and interaction with light [33,34]
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The epidermis is the transparent outer layer. Its thickness ranges from
0.05 mm in the eyelids to 1.5 mm in the hands and feet, with an average of
0.1 mm. There are no blood vessels and nerve endings in it, it consists of epi-
thelial cells also called keratinocytes. In the epidermis, the pigment melanin
is produced in melanocytes. The epidermis is divided into five layers: stratum
basale, stratum spinosum, stratum granulosum, stratum lucidum and stratum
corneum. [32]

The thickness of the dermis or real skin is 0.5-5.0 mm. It contains blood
vessels, lymphatic vessels, nerve fibers, sebaceous and sweat glands, and hair
follicles. The dermis contains the proteins collagen and elastin, which make
the skin firm and elastic. The superficial and deep plexus of blood vessels pro-
vides the epidermis with nutrients and regulates body temperature. The dermis
can be divided into two layers: the papillary and the reticular layer. [32]

The hypodermis, or subcutaneous tissue, contains fat and connective tissue,
as well as hair follicles and blood vessels. Adipose tissue is fat cells, or lipocytes,
arranged in lobes, which are separated from each other by connective tissue.
The hypodermis protects the body from cold and injuries and is a reservoir of
nutrients. [32]

2.2.2.Skin neoplasms

The most common benign skin formations are nevi and seborrheic kera-
toses. Nevus is the medical term for a mole (Fig. 2.2 (a)). They occur as a result
of the proliferation of pigment cells melanocytes. Nevi are most often round or
oval in shape, ranging in size from a few millimeters to several centimeters. They
are divided into congenital (they are present from birth) and acquired (appeared
during lifetime). Nevi can also be classified by their location in the skin
layers [35]:

o junctional nevi are formed on the epidermis-dermis border, they are
usually flat and intensely colored;

» combined nevi are formed between the epidermis and dermis border
and in the dermis when part of the nevus cells moves to lower layers
of the skin; they are characterized by a raised central part with a flat
pigmented band around it;

o dermal nevi are formed in the dermis, most often raised from the sur-
face of the skin, and are pigmented or flesh-colored.

Blue nevi are usually congenital, and have a regular shape with uniform
brown-blue, blue, gray-blue or gray-black pigmentation (Fig. 2.2 (b))[36].

Seborrheic keratoses appear in middle-aged and elderly people (Fig. 2.2 (c)).
At the initial stage, there are small rough bumps, which thicken over time and
acquire a wart-like surface. The color spectrum is from pale to brown. They
can look like malignant melanoma because sometimes they are dark, irregular
in shape and with uneven pigmentation. They can be difficult to diagnose. [35]
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Figure 2.2 Nevus (a), blue nevus (b), seborrheic keratosis (c), hemangioma (d) [37,38].

Hemangiomas are benign vascular formations (Fig. 2.2 (d)). They are usually
round or oval in shape with reddish or purple coloration. Hemangiomas consist
of dilated blood vessels in the superficial dermis. [39]

Melanoma is the most dangerous form of skin cancer, which can spread
through the lymphatic vessels and cause metastases (Fig. 2.3 (a), (b)). It develops
from melanocytes. In the earliest stage, they are small and irregularly shaped,
and their pigmentation ranges from pink to dark brown, very similar to nevi.
Later, melanomas become larger, nodular or ulcerated, and different coloring
appear — brown or black with red, white or blue. [36]

a b c d

"

Figure 2.3 Melanoma in daylight (a), dermatoscopically (b). Basal cell carcinoma in
daylight (c), dermatoscopically (d) [37]

Basal cell carcinoma (BCC) is the most common malignant skin tumor
(Fig. 2.3 (), (d)). It usually does not metastasize, but slowly grows larger and
can grow into deeper skin structures. There are several types of basal cell car-
cinomas: nodular, superficial, sclerosing, and pigmented. [36]

2.2.3. Optical properties of the skin

Optical radiation is electromagnetic radiation that includes the ultraviolet
(UV), visible and infrared (IR) parts of the spectrum. This radiation, when
interacting with the skin, can be directly reflected from the surface of the skin
or penetrate deeper into the skin tissue, where it is either completely absorbed
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or, as a result of scattering, radiated back out of the tissues in diffuse reflection
(Fig. 2.1) [33,34]. Approximately 4-7 % of light is reflected from the top layer of
the skin, regardless of wavelength (250-3000 nm) or skin color, due to changes
in the refractive index of light [34]. The path of the light beam in the skin is
determined by the optical properties of the specific skin layer, which is basically
influenced by the concentration of melanin, blood and keratin [40].

Scattering occurs as a result of the heterogeneity of the environment —
the refractive indices differ, if the size of the particles in the environment is
comparable to the wavelength of the radiation, scattering occurs on opaque
tissue microstructures [34]. The main light scatterers in the skin are filamentous
proteins: keratin in the epidermis and collagen in the dermis. Diffusion also
occurs in melanosomes, cell nuclei, cell walls, etc. [41]

Scattering coeflicient y, (A) [cm~!] describes the average path length a photon
must travel before it is scattered. The reduced scattering coeflicient describes
the extent and direction of scattering: | = p, (1 — g), where g is the anisotropy
factor - the average cosine of the scatterin g angle 0: g = (cos0). [41]

Absorption describes the reduction of light energy as it propagates through
the tissue environment. As a result, the photon energy is transferred to an absorb-
ing particle — an organic molecule or chromophore. Most of the absorbed energy
is usually converted into heat and carried away by diffusion.[42]

Absorption coefficient p, (A\)[cm™'] describes the average path length
a photon must travel through the medium before it is absorbed. The extinction
coefficient €(\)[L/mol - mm] can also be used to characterize absorption. [43]

Light propagation in tissues (including skin) can be described by Beer-
Lambert law (BLL): intensity of incident light I;,, when passing through
a homogeneous layer, decreases exponentially depending on the length of
the traveled path [, concentration ¢ of absorbing substances and their extinction
coeflicient &:

I=1,.-e= <! (2.1

where I is the final intensity of the light [44,45].

Beer-Lambert law is widely used because the data processing time is short
and this method is simpler than the diffusion theory [46], Monte Carlo simula-
tion [47,48], artificial neural networks [49] and other methods. Oxygen [50] and
carbon monoxide [51] saturation, oxy- and deoxyhemoglobin [52], bilirubin [53]
and melanin concentration [54] can be determined using BLL.

It is assumed that the illumination is monochromatic, collimated and
oriented perpendicular to the investigated surface, it is absorbed only by one
type of molecules that do not interact with each other, the sample is homoge-
neous and there is no scattering [55]. To make the calculations more realistic,
several variations of BLL have been created (Fig. 2.4). The parameters that are
taken into account are — dispersion [56], absorption and the distance between
the light source and the detector (modified Baer-Lambert law) [57], absorption
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Figure 2.4 Historical development of Beer-Lambert law [P4]

and scattering of light in the epidermis and dermis (extended modified Lambert-
Beer law) [51] etc. For the full development of the Beer-Lambert law, its various
modifications, limitations and applicability, see publication P4.

2.2.4. Skin chromophores

Skin color is determined by absorption and scattering properties. Light is
mostly absorbed by water molecules, proteins and skin pigments or chromo-
phores. The main chromophores in the human skin are melanin, oxyhemoglobin
and deoxyhemoglobin (Fig. 2.5). [58]
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Figure 2.5 Absorption spectra of skin chromophores [59-62]
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Melanin is produced in the epidermis in melanocytes. There are two types
of melanin: brown-black eumelanin and reddish pheomelanin. The absorption
coefficient of melanin decreases monotonously with increasing wavelength [32].
Hemoglobin is located in the blood and ensures the supply of oxygen in
the human body. Oxyhemoglobin is hemoglobin with oxygen attached, and
deoxyhemoglobin is without oxygen [59]. Bilirubin is a breakdown product
of hemoglobin. Most often, bilirubin appears in bruises when extravascular
erythrocytes break down [43]. Beta-carotene protects a person from excessive
exposure to the sun, as it absorbs light in the ultraviolet and blue spectrum
ranges. Beta-carotene is found in the bloodstream, epidermis and subcutaneous
fat, and appears on the skin as a yellowish skin tone [43]. See the absorption
spectra of chromophores in Figure 2.5. Lipids or body fat, scatter light well.
Water weakly absorbs light in the visible part of the spectrum, but very strongly
in the ultraviolet and near-infrared parts of the spectrum [43].

2.2.5. Average path of diffusely reflected photons in the skin

To determine the composition of the skin using optical methods, it is impor-
tant to know the average path length of the re-emitted or diffusely reflected photons
in the skin. Here two methods are discussed: using a Monte Carlo computer sim-
ulation and measuring the photon's propagation time in the skin experimentally.

Monte Carlo simulation

A Monte Carlo simulation for the case of three skin layers [P7] is described
here. The first layer is the epidermis, the second is the dermis, and then there
is an infinitely large layer of subcutaneous fat. The Monte Carlo simulation
was performed by Alexander Bykov, a senior researcher at the Laboratory of
Optoelectronics and Metrology at the University of Oulu in Finland.

To reproduce different areas of the body, the thickness of the epidermis was
varied — 100, 150 and 200 ym. Dermis thickness — 1800 ym. It was assumed
that the sample is uniformly illuminated by a beam with a diameter of 50 mm.
The diffusely reflected photons were collected at an angle of 10 degrees. The aver-
age photon penetration depth and path length in the skin were calculated for each
of the three wavelengths: 448 nm, 532 nm and 659 nm (Tab. 2.1). Calculations
were made taking into account the weighted average value.

Table 2.1 Results of Monte Carlo simulations for average photon penetration depth
and path length in the skin, epidermal thickness is 0.1 mm [P7]

Wavelength A, | Average penetration depth of photons |  Average path length of photons in

nm in the skin, mm the skin, mm
448 0.18 0.92
532 0.32 1.64
659 0.76 2.98
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Experimentally determined photon propagation time in the skin

The photon propagation time in the skin was measured and numerical
values were calculated by Vanesa Lukinsone, lead researcher at the Institute
of Atomic Physics and Spectroscopy [63]. In the experiment, a broadband
picosecond laser in pulsed mode (560-800 nm) with interference filters (step
between transmission peaks 40 nm) was used. Healthy forearm skin was meas-
ured. Radiation in seven narrow spectral bands was delivered to the skin with
an optical fiber. The diffusely reflected signal was measured at five different
distances from the excitation point: 1 mm, 8 mm, 12 mm, 16 mm and 20 mm.
The average photon path length in the skin was calculated as the average value
for the integrated path length distribution function (Tab. 2.2).

Table 2.2 Average path length of diffusely reflected photons in millimeters with
standard deviations for different distances between emitter and receiver [63]

Central Distance from emitter to receiver
wavelength,
nm 1 mm 8 mm 12 mm 16 mm 20 mm
560 16+3 27+3 41 +2 53+5 62+1
600 19+3 37+3 53+4 68+5 84+38
640 21+3 40+3 50+5 75 +4 94+ 6
680 23+4 41+4 64+6 86 £ 10 110 + 16
720 22+2 41+4 63+4 85+8 106 + 12
760 22+2 41+3 60+3 78 £5 96+ 5
800 26+3 42+3 63+4 84+8 105 + 10

2.2.6. Diagnostic options for skin neoplasms

To increase the chances of survival, early detection of malignant skin
formations is very important [64]. Today, visual inspection of the skin and
dermatoscopy are the gold standard for the detection of malignant skin forma-
tions. These methods are based on the competence of the doctor. During visual
inspection, the diagnosis is determined using the ABCDE rule (asymmetry,
border irregularities, color, diameter, evolution over time). Some melanomas
can be easily detected using this method, but many early melanomas do not
yet have clear ABCD signs. [65]

Dermatoscopy combines digital photography and light microscopy. The skin
formation is viewed under magnification in polarized white light. Morphological
structures of formations can be observed, according to which they can be clas-
sified. For suspicious formations, a biopsy is performed, or surgical excision
of the formation from the skin, and histology determines whether the for-
mation was malignant. These examinations take up to three weeks and are
expensive. [36,66]
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Several non-invasive optical methods for skin diagnosis have been deve-
loped, such as confocal microscopy, fluorescence imaging, optical coherence
tomography, 3D topography, and multispectral and polarized imaging. In
parallel with these methods, various machine learning algorithms are used to
automatically classify skin neoplasms. [66]

Confocal laser scanning microscopy used in vivo skin diagnostics exa-
mines the skin's top layer, tissue structure, and cell cultures [4]. While used
in ex vivo skin diagnostics, histology can be examined [67]. The VivaScope
1500 is a commercially available device that can distinguish melanocytes in
tissues [4,65].

Three-dimensional topography imaging can provide information about
the topography of the skin [66]. High-quality images are obtained in optical
profilometry, but their acquisition time is very long (up to two hours) [68]. In
videoscopy, two-dimensional images can be obtained for the analysis of skin
texture [66]. The laser speckle method uses speckle contrast properties that
depend on surface roughness, light source and detector [69].

Optical coherence tomography can obtain cross-sectional images of
the skin up to a depth of two millimeters. The interference of two light waves
is measured - from the reference and the reflected light off the sample. Internal
structures with different refractive indices create a shift in the time of flight
of photons, after which the depth of reflective tissues in the skin can be
determined. [5,70]

Using optical feedback interferometry, it is possible to detect differences
between healthy skin and skin with increased blood vessels, which may indicate
malignancy [71,72].

Polarimetric imaging uses the polarization properties of light to detect
morphological changes in tissue structures, such as the orientation of collagen
fibers in different tissues [73]. Stokes and Mueller imaging is used. Stokes imaging
considers four Stokes polarization parameters that fully describe the polarization
of light. From these parameters, the degree of polarization, linear polarization
and circular polarization, angle of linear polarization and ellipticity can be
calculated, showing differences between melanomas and nevi [74-76]. Mueller
matrix imaging yields a Mueller matrix with 16 elements that describe how
the Stokes vector changes upon interaction with the sample [73]. The degree
of polarization and angle of linear polarization show large differences between
nevi and melanomas because the epidermis over melanoma is rougher than over
nevi or healthy skin [74,77].

Machine learning algorithms are widely used for the diagnosis of skin
cancer, analyzing digital dermatoscopy, spectroscopy, microscopy and
histology images, digital photographs [78], as well as spectroscopic [79],
optical coherence tomography [80] or 3D scanner (skin textures) [81] infor-
mation. The tasks of the algorithms are to segment formations, distinguish
dermatoscopically significant features and classify them [82]. The most
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commonly used algorithms are support vector machine [80,83], k-nearest
neighbors [79-81], neural networks [83,84], decision trees [84,85] and deep
learning [82,86].

Multispectral imaging is widely used in skin diagnostics [66]. A series of
images of different spectral bands is taken, which provides information on
the skin structure down to a depth of 2 mm [65]. SIAscopy is a spectropho-
tometric intracutaneous analysis method. Eight narrow-band spectral images
are obtained, which after processing provide information on the amount of
collagen, hemoglobin and melanin, as well as the distribution of melanin in
the epidermis and dermis [65]. MoleMate, using multispectral digital derma-
toscopy and computer analysis, determines whether the formation is benign or
requires additional examinations [87]. With MelaFind, 10 images are obtained
in the visible and near-infrared parts of the spectrum. Based on the calcula-
ted numerical values, it is determined whether the formation is potentially
malignant [65].

Other devices for detecting melanoma: SolarScan (dermatoscopy images
processed with computer algorithms) [88,89], FotoFinder Moleanalyzer Pro (deep
learning algorithms for structural property studies) [90], DermaScan C and color
dopplerography (high resolution ultrasound) [65,91], Verisante Aura (Raman
Spectroscopy) [90], MoleMaxII (dermatoscopy) [65], Dermagraphix (full body
imaging) [65].

2.2.7. Skin phantoms

The main goals of creating skin-imitating phantoms are to test models and
simulations in practice, test and calibrate instruments, and compare results
between different laboratories. [92]

Various materials with appropriate absorption and scattering properties
can be used as a basis for skin phantoms. Basic materials for phantoms [92,93]:

o Water-based liquid phantoms. They absorb light in the infrared spec-
trum; the necessary chromophores can be added to simulate the desired
tissue.

o Hydrogel-based phantoms such as agar and gelatin. Organic molecules
and cellular components can be placed in such phantoms. They mimic
the elasticity and thermal properties of human tissue well. Agar can be
used as a substitute for water in tissue phantoms because it has almost
the same linear attenuation coefficient as skin. [94]

o Other phantoms are also available, such as phantoms from a hetero-
geneous lipid solution, polyester and polyurethane resins, polyvinyl
alcohol gels and ex vivo tissue phantoms, engineered tissues, phantoms
made of dough, metal or textile, etc.

The most commonly used light scatterers are intralipid, polystyrene micro-
spheres, titanium dioxide, aluminum oxide and barium oxide powders [92,95].
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2.3. Forgeries of money and documents

2.3.1. Counterfeit money and methods of its detection

According to the European Central Bank, 347,000 counterfeit EUR
banknotes were withdrawn from circulation in 2021 [96], in 2022 this rose to
376,000 EUR banknotes [97]. At least 15-20 million EUR are counterfeited every
year, and, as counterfeiting technologies develop, their detection becomes more
difficult. In Latvia, 26.5% more banknotes were counterfeited in 2022 than in
2021. The most frequently counterfeited are 20 and 50 EUR banknotes. 500 EUR
banknotes are professionally forged, so since 2019 they are no longer printed,
but the banknotes in circulation are still valid. [98]

In order to protect the economy of the European Union and the loss of many
millions of EUR, various banknote security elements and advanced counterfeit
detection devices are being developed. Security elements incorporated into EUR
banknotes are cotton paper, raised print (can be felt by touch), see-through image,
watermark (Portrait of Europe), security strip, holographic strip, iridescent strip,
optically variable color, microtext, luminescent images under ultraviolet light
and security fibers [99]. The banknotes bear the signature of a former or current
president of the European Central Bank: Willem F. Duisenberg, Jean-Claude
Trichet, Mario Draghi or Christine Lagarde (Fig. 2.6) [100].

First edition European series
Willem Jean-Claude
F. Duisenberg Trichet Mario Draghi Mario Draghi  Christine Lagarde

ECB EZB EKT EECB EZB EKT E|ECB EZB EKT E + * ¥ *
: "4 * “ * x X
- <ff = s W Mg QL L
AN N X o
o
Figure 2.6 Signatures on EUR banknotes [100]

Banknote recognition devices are used to determine their authenticity and
value. In such devices, it should be taken into account that the banknote may
be damaged as a result of general use, for example, smudged or torn. In general,
counterfeits look the same as authentic banknotes in visible light [101]. To start,
general banknote parameters have to be checked, then the validity of the serial
number is checked, which is unique for each banknote [102]. Counterfeit detec-
tion machines are either very accurate but expensive (automated teller machine)
or relatively cheap and equipped with motors that direct the banknote into
a dark area, where it is analyzed with light emitters and sensors. The mechanical
parts of such equipment wear out over time. [101]

24



Steps to verify the authenticity of a banknote: take a photograph of the bank-
note (in illumination that allows one to distinguish its details), pre-processing
the image (convert it to a black and white image, determine the borders of
the banknote, segment the image), separate the necessary elements, classify
the banknote and identify the currency, verify its authenticity [103]. Neural
networks, Euclidean classifiers, support vector machines, k-means classifiers,
etc. are used to detect and classify counterfeit banknotes. [102].

2.3.2. Forgeries of documents and their detection methods

Paper documents that are fully or partially handwritten using ink, such as
certificates, wills, passports, loan agreements and other official documents, are
very important in forensics. The inks and toners used in them (their source,
whether one ink is used throughout the whole document, etc.), the overlaps of
drawn lines, their sequence and the age of the text, as well as the paper used,
can be analyzed. [104-108]

Several types of ink can be distinguished according to their dye, type of
solvent (aqueous or organic) and consistency (liquid or in the form of a paste).
Many inks also contain additional chemicals such as fatty acids, emulsifiers,
plasticizers, and polymer resins. Usually, ink analysis is performed by combin-
ing several methods. At first, the documents are examined by non-destructive
optical and visual methods, then by destructive methods. [109]

The officially recognized method for determining the type of ink is thin-layer
chromatography, for which an extensive database has been created [110-112].
Gas and high-performance liquid chromatography are also used [113]. A stere-
omicroscope [106], UV-visible light spectrophotometry [112,114], luminescence
ink spectrometry and stereomicroscopy [115-117] can be used to visually
evaluate the ink. Multi- and hyper-spectral imaging can be used to determine
chemical composition [118,119]. The composition of ink base substances and
dyes can be determined using IR spectroscopy. For spectral methods, the spec-
trum of the object is compared to the database spectra or several spectra are
compared to each other to make conclusions, choosing the parameters that
reveal the inconsistencies of the analyzed inks [120,121]. Chemical multivariate
analysis such as principal component analysis and linear discriminant analysis
is also used to make an objective decision about the similarity between the two
ink samples [122].

Mass spectrometry is one of the most commonly used methods to deter-
mine the compounds in the sample, such as polymers, alcohols, dyes, etc. In
addition, various statistical and analytical methods can be used [108,123]. Other
methods used for analysis include Raman spectroscopy [116], laser-induced
breakdown spectroscopy [2], chemical imaging [124], energy dispersive X-ray
fluorescence [125], total reflection X-ray fluorescence spectrometry [3], spect-
rofluorometry [126] etc.
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As the availability and quality of printers improve, the number of coun-
terfeits increases. Both inkjet and laser printers are analyzed [108]. The type of
used paper and toner, as well as its application method and magnetic properties
are determined for photocopy analysis [127].

Similar to the analysis of pen inks, for printed texts spectrometric tech-
niques that do not damage the sample, such as IR and Raman spectroscopy, are
used, which have databases created for them [128]. Polymer compound types
can be determined using diffuse reflectance UV-visible light spectroscopy com-
bined with analytical multifactorial analysis techniques [128], or laser-induced
breakdown spectroscopy [129]. Prints from laser printers can be distinguished
using stereomicroscopy [115].
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3. METHODOLOGY

3.1. Experimental devices

During the entire study, seven laser line illumination devices were created
and tested: two three laser line, three four laser line and two five laser line
illumination devices. Four recent prototypes are shown in this section. For
information on the first prototype of the three laser line illumination device and
the results obtained, see publications P8 and K11, for the first prototypes of four
and five laser line illumination devices, see publications K6, K8, K9 and [30].

3.1.1.Three laser line illumination device

The three laser line illumination device was developed at the Institute of
Atomic Physics and Spectroscopy [130]. Its original application is the mapping
of skin chromophores, therefore lasers with wavelengths that best represent
the diversity of absorption spectra of the chromophores under study are chosen
for illumination: 448 nm, 532 nm and 659 nm.

Figure 3.1 (a) shows the path of optical beams in the device and (b) its
visual appearance. There are six laser modules arranged in a circle, two of each
wavelength type. The laser beams are directed upwards to the reflecting disk
(reflector) and are reflected from the conical edge of the organic glass disk, which
forms an angle of 45° with the optical axis, and then are directed to the center
of the disk. They are then dispersed downwards in an annular diffuser made
of translucent plexiglass. The reflective element is covered with an aluminum
film from above. The radiation is directed to the investigated surface through
the first polarizer. The image of the sample is captured by a smartphone camera,
with a second polarizer in front of it, directed in a perpendicular direction to
the first one, to exclude the registration of the light reflected from the surface.

a b
Smartphone

. camera
Polarizer . Diffuser
Reflector

Polarizer

Lasers

Figure 3.1 Optical beam in the illumination device of three laser lines (a), the external
appearance of the device in a set with a smartphone (b) [P1, K6, K7, K8, K9]
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The results and measurements made with the three laser line illumination
device have been published in articles P1, P2, P7, K2, K5, K6, K7, K8, K9, K10.

3.1.2. Four laser line illumination device with two cameras

The design and external appearance of the device can be seen in Figure 3.2.
Both cameras are pointed toward a circular target with a diameter of 30 mm.
The RGB laser module (450 nm, 523 nm and 638 nm) and the 850 nm laser
module are transmitted from each respective end into an elliptical side-emitting
optical fiber. In this way, the sample is uniformly illuminated with spectral lines
of four different wavelengths [R2].

During the measurement, both cameras are turned on and the device is
placed over the studied object. One or more images are taken depending on
the selected operating mode. All images after measurements can be viewed on
the device screen, as well as transferred to an external computer for further
image processing. Using the touch screen, notes can be made for each meas-
urement individually, for example, patient information can be added for skin
neoplasms.
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Figure 3.2 Construction of a four laser line illumination device with two cameras [P5, K3]
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3.1.3. Four laser line illumination device with one camera

The construction of a four laser line illumination device with one camera
is shown in Figure 3.3. The main difference from subsection 3.1.2. is that this
device uses a four-band RGB and near-infrared spectrum camera instead of
two cameras to capture images. The device uses two laser modules: RGB, which
simultaneously emits three spectral lines (450 nm, 523 nm and 638 nm), and
an 850 nm laser module. Both laser modules with SMA ends are connected in
a spiral side-emitting optical fiber with a 400-micron silicon dioxide core, which
provides uniform illumination of the sample [R2]. A polarizer for visible and
near-infrared light is placed in front of the emitter. The device has replaceable
round soft tips that are internally coated with a black film to avoid unwanted
internal reflections. A second orthogonally oriented polarizer for visible and
near-infrared light is placed in front of the camera. The images are thus stored
in a microcomputer and transferred via Wi-Fi to an external computer, where
they are further processed.

RGB 450 nm, 523 nm,
Single-board 638 nm laser diode Cooling fan
microcompute module /
Micro-controller - Touch-screen display

850 nm laser diode

L o - Touch-screen display
Battery-management system =~ . =
405 nm un 850 nm laser

diode driver module _ _ » )
Side emitting fiber <L) ——_ SMA

Interchangeable nozzle

405 nm laser diodes - 4-band RGB &
-ban

Polarizer / NIR camera
Lens
Shot Button )
Batteries

\\
\\ Battery charging pad
) for docking station

.
%

Figure 3.3 Construction of a four laser line illumination device with one camera [P6]

The external appearance of the four laser line illumination devices can be
seen in Figure 3.4.
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Figure 3.4 The visual appearance of a four laser line illumination device with two
cameras (a) and one camera (b) [P6, K3]

3.1.4. Five laser line illumination device

For testing purposes, a five laser line illumination device was also created
with laser diodes of five different wavelengths: 405 nm, 450 nm, 525 nm, 656 nm
and 850 nm (Fig. 3.5). IAPS's patented technology is used for laser speckle
removal [131], based on a vibrating speaker membrane (400 Hz). A diffuser is
used for more even illumination. To avoid directly reflected light, two perpen-
dicularly oriented polarizers are used. Four laser diodes are used for each wave-
length arranged in a circle with the camera in the center of the device to ensure
uniform illumination of the sample. For precise aiming at the sample white
LEDs are used. Imaging is done with a camera that captures light in the vis-
ible and infrared spectrum ranges. Images can be viewed on a touch screen.

At the beginning of the measurement, the white LEDs are turned on, which
automatically are turned off before the measurement. During measurement, two
consecutive images are taken: the first image is taken under the illumination
of laser diodes of wavelengths 450 nm, 525 nm and 849 nm, and the second -

405 nm and 656 nm.
b
~Skin o ‘ -

————————— 2 \ J
SR 3
4 L e s

Figure 3.5 Scheme of the optical system of the five laser line illumination device (a):
loudspeaker (1), diffuser (2), cross-positioned polarizers (3), illumination ring of five
wavelength laser diodes and white LEDs (4), camera (5); and the visual appearance
of the device (b) [K8]
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3.2. Spectral line image processing

3.2.1.Image processing for chromophore concentration
calculation

Image processing is similar for all devices. Here we will consider the three
laser line illumination device case.

The image processing scheme is shown in Figure 3.6. During the meas-
urement, only one image is taken when all three lasers are switched on
simultaneously. This single image is then split into three images — one for
each used wavelength using the RGB crosstalk correction algorithm (see
subsection 3.2.2). Next, the images are segmented to separate the healthy
skin from the skin neoplasm. From the segmented healthy skin, the average
values at each of the used wavelengths (I,) are calculated, these values reflect
the basic values of the skin - reference values when there is no additional
absorption in the skin, as it is in the skin neoplasms. The spectral images
(I) are then divided by the reference values, yielding three attenuation coef-
ficient maps (k(\) = I/ ;). These coefficients are used for chromophore map
calculations.

Using the RGB crosstalk
correction algorithm, three
images — one for each
wavelength - are extracted

Capturedimage

without background
noise

Melanin Oxyhemoglobif\ :} i 4
l"‘“ Melanin, oxyhemoglobin s
H:s and deoxyhemoglobin = .
02 1

relative concentrationmaps

| Images are segmented
to separate healthy

Three separated Clustered

monochromatic image
images

Calculate the mean values
from the healthy skin area
and divide the area of interest
by them to obtain three |
attenuation coefficients k;

)

. Attenuation coefficient maps at each of
Deoxyhemoglobin the used wavelengths: k;, k, and k;

Calculate three
chromophore maps|
and mean values in |

Figure 3.6 Image processing scheme for chromophore map calculations [P1]
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3.2.2. RGB crosstalk correction algorithm

To analyze the absorption properties of an object, it is important to know

the spectral attenuation coefficient k:

k=1 3.1)
where I is the incident light intensity and I is the reflected light intensity at
a fixed wavelength.

The light intensity can be determined using an RGB color sensor, which
registers it in three channels: red (R), green (G) and blue (B). To calculate
the attenuation coefficients for the three spectral lines used for illumination,
it is enough to take two images: one reference image and another image with
the object and apply the RGB crosstalk correction algorithm [26].

From the spectral sensitivity curves of the camera matrix, the spectral sensi-
tivity values of each wavelength used for illumination in each receiving channel
are determined: S(B,), S(Gy), S(Ry), S(B,), S(G,), S(R,), S(B3), S(G3) and S(R;)
(Fig. 3.7). Here, the numbers 1, 2, and 3 represent the three different wavelengths
corresponding to the spectral lines used for illumination, while the symbols R,
G, and B represent the three channels of the camera. If a graph of the spectral
sensitivity curves of the camera matrix is not available, then the method to
determine the relative spectral sensitivity of the camera at selected wavelengths
can be used (see registered invention R1).

Sy 1,0 S(G,)
S(B,)
0,8 —
06—
0,4 —
02— sGY p %
LZS(R)( P S(B )
0.0 STy 3

[ [
400 @ 500 @ 600 @ 700
Wavelength, nm

Figure 3.7 Relative sensitivity curves of the camera matrix and marked three
wavelengths (1, 2 and 3) and the spectral sensitivity values in each channel for each
wavelength - S(B)), $(G,), S(Ry), S(Bo), $(G»), S(Ry); $(B3), S(G3) and S(R5) [30]

If all light sources used for illumination have the same intensity, then
the ratio of their spectral sensitivities is constant and can be expressed as
Srij = %(%L)L, where i and j are the wavelengths (hereafter, the equations are

j
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described for the R channel, but the same relations hold for the G and B channels
as well).

In the case of three different spectral lines, the values that each channel
of the camera will provide is the sum of the values given by each spectral line
separately: R = ¥?_ |R;, where i is the wavelength.

If all light sources have the same intensity and a white reference is illumi-
nated, then the equation holds:

R

Ri=— (3.2)

—+
SRij SRik

where i, j and k are wavelengths.

If an object is illuminated instead of the white reference, then the reflected
light of different light sources can be attenuated more or less depending on
the wavelength of the spectral line. In this case, the values detected by the cam-
era in each channel can be expressed as: R = Y2, k; - R;, where k; is the spectral
attenuation coeflicient for the wavelength i.

Knowing the values of each channel from the white reference measurements,
a system of linear equations can be derived with the three unknown attenuation
coefficients. See formula derivations in the dissertation.

Similarly, four / five attenuation coeflicients can be calculated if the object
is illuminated by four / five spectral lines of different wavelengths, respectively,
and the image is captured using a four / five channel camera.

3.2.3. Calculation of chromophore maps

A modified Beer-Lambert law was used for the calculations of the chromo-
phore maps. Depending on the number of spectral lines used for illumination,
the same number of different chromophore values can be calculated for each
measurement. Here are the four variations used in the calculations.

The first model. Only melanin, oxyhemoglobin and deoxyhemoglobin are
assumed to absorb light in the skin. Scattering of light in the skin is not directly
considered, as the diffusely reflected light from healthy skin and skin neoplasm
are compared, and the light scattering properties are assumed to be the same.

Cuet * Emet(D) + Cox  €0x(A) + Cpeox * Epeox (D) = % (33)
where Mel - melanin, Ox - oxyhemoglobin, Deox - deoxyhemoglobin, & -
extinction coeflicient, ¢ — concentration of chromophores, I, - intensity of light
reflected from the healthy skin, I - intensity of light reflected from the skin
neoplasm, [ - average photon path length in the skin.

The second model. An additional variable is introduced - the loss coeflicient
(2), which characterizes the absorption of light due to other chromophores.
It is also taken into account that light of different wavelengths penetrates to
different depths in the layers of the skin. The depth of light penetration into
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the skin is divided into two parts — part of the light is absorbed in the epidermis
(melanin) and part of the light is absorbed in the dermis (oxyhemoglobin and
deoxyhemoglobin).

CMel * gMel(/D T€q (A) + (COx ! on(l) + Cpeox x()l)) ' (3 4)
In(1o(A)/1(A) .
(1 - ea@®) + 2(1) = 0D
where z = 0,01 - (1 — k) is the loss coeflicient, k = I/, e4 is part of the light that
is absorbed only by the epidermis, e, € [0,1].
The third model. The absorption coeflicient is replaced by the effective

attenuation coeflicient pr = /3, (1q + uf).

Hs; (A
Cmet * Emer(D) - |1+ P 1(1) L)+ (Cox “E0x (D) + Cpeox *
ai
7 3.5)
. s, (D) _ In(loW)/1(1)) (
EDeox(A)) 1 + V-az(ﬂ) 12(/1) - V3-2.303

where p' is the reduced scattering coefficient, y,, is the absorption coefficient.

The fourth model. The skin is modeled in five layers: epidermis, papillary
dermis, superficial vascular network, reticular dermis, and deep vascular net-
work. Interlayer reflection of light is also taken into account.

ps, (D)
CMel 'gMel(/D 1+ #all(ﬂ) : ll(l) + (Cox ! Sox(l) + Cpeox
In(lo(A)/1(A)-Nn) (3.6)
€peox(D) - B(D) = W

1 (1)

h = 5_
where B() =Y>_, [1 +uan(/1)

-1,,(1), Nn is the interlayer reflection coefficient.

In the case of a four laser line illumination device, it is possible to cal-
culate the relative concentration of four different chromophores: melanin,
oxyhemoglobin, deoxyhemoglobin and bilirubin (Bil), subcutaneous fat (Lip)
or beta-carotene.

In(1o(1)/1(2)
CMel * gMel(/D +Cox* SOx(/D + Cpeox * SDeox(A) + Cpir - 83”(/1) = ;:Tm)) (37)
A five-laser line illumination device uses 5 lasers, so the concentrations of

five different chromophores can be determined:

CMel - sMel()L) + Cox * SOX(A) + Cpeox gDeax(/l) + Cpi - sBil(l) +
e (1) = n@/ID) 3.8)
Cuip * €1ip(D) = 2.303-1(1)

The equations described above are valid for each wavelength used in
the measurement, so, for example, in the case of three wavelengths, a system of
three equations is obtained with three unknown values - three chromophore
concentrations. The light intensity values from the healthy skin and the skin

34



formation are read from the measurement images. For the average photon
path length in the skin, the values calculated in the Monte Carlo simulation or
the values determined from the measurements of the photon time of flight in
the skin are used (see subsection 2.2.5).

3.3. Skin phantom preparation

Skin phantoms were created from agar, intralipid, lyophilized human hemo-
globin powder, and water. Agar hydrogel was created by mixing agar powder
with tap water and heating it. Intralipid was added to the solution to reproduce
the scattering properties, and hemoglobin to reproduce the absorption prop-
erties. 0.9 to 3.3 cm high and 5 cm wide monolayer skin models with different
hemoglobin concentrations were created (Fig. 3.8 (a-c)). Vascular neoplasms were
simulated by adding a few drops of hemoglobin to the phantoms (Fig. 3.8 (d)).
Blood vessels were imitated in a two-layer model: channels for hemoglobin water
solution were carved in a 1 cm thick bottom layer, and the thickness of the upper
layer was 2 mm (Fig. 3.8 (e)). Schematic images of the phantoms are shown in
Figure 3.9.

Figure 3.8 Agar phantom (a), phantom with 3% hemoglobin and 1% intralipid (b),
phantom with 1% hemoglobin (c), phantom with simulated vascular neoplasm (d),
two-layer phantom with simulated blood vessel (e) [K4]

a b c
Hb or Ag+Hb Hb
ER ) Ag =% kf) E l .// «~Ag
o «IL S ~Ag
? v Hb 2 I § « Ag
o< > f—
5cm 5cm 5cm

Figure 3.9 Three types of skin phantoms: single-layer phantoms with different
concentrations of intralipid and hemoglobin (a), phantoms with simulated vascular
neoplasms (b) and two-layer phantoms with simulated blood vessels (c), Ag - agar,
IL - intralipid, Hb - hemoglobin

To compare the accuracy of the spectral band and spectral line imaging
results, measurements were made with a three laser line illumination device
and a spectral band device, which is basically the same, only a LED ring was
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used for illumination instead of lasers (spectrum peaks — 460 nm, 535 nm and
663 nm) [P2]. Measurements were made in both transmitted and diffusely
reflected light.

The following formulas were used to calculate hemoglobin concentration
and extinction coefficient:

ln(LO)

= l~€'2,;03 (3‘9)
n(k

e = G (3.10)

where I, is light intensity from a skin phantom made of agar and intralipid
(without hemoglobin).

3.4. Samples of money and document forgeries

3.4.1. Samples of counterfeit money

In cooperation with the Bank of Latvia, measurements were made on coun-
terfeit EUR banknotes that were withdrawn from circulation. Nine authentic
and 20 counterfeit 20 EUR banknotes, 18 authentic and 11 counterfeit 50 EUR
banknotes and two authentic and four counterfeit 500 EUR banknotes were
analyzed. A three laser line illumination device was used for the measurements.

First, one snapshot is taken with the authentic banknote and one with
the banknote to be verified. The obtained images are equalized by size and
brightness and divided into three spectral line images at each of the wavelengths
used for illumination, applying the RGB crosstalk correction algorithm. The sig-
nificant objects are selected from the images, and the correspondence of the pixel
value of the object of the banknote to be checked is compared to the values
provided by the authentic banknote, both the direct values and their various
relationships. A decision is made on whether the banknote being examined is
authentic or counterfeit. A full description of the method is published in patent R3.

In this work, the potential areas of EUR banknotes that could be used for
the implementation of the previously described authenticity verification method
were analyzed.

3.4.2. Samples of forged documents

Within the framework of the COST action CA16101 “Multi-modal imaging
for forensic science evidence”, studies on document forgery were carried out.
Potentially fake documents consisting of three pages were created in the forensic
laboratory of the Portuguese police. Identical samples were sent to 17 laborato-
ries in 16 different countries.

The study simulated a suspected intentional manipulation of a real estate
rental agreement. The aim was to determine which printing technique was used,
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whether a single printer was used to print all the pages, whether all the pages
are of the same paper, whether they were all originally stapled together, whether
the signatures were made with the same ink pens, and whether all the pages
were printed and signed at the same time.

The printed text was produced by a monochromatic electrophotographic
process (using a laser printer). The second page was printed using a different
printer on a different type of paper in comparison to the first and third pages.
There were additional paperclip marks on the first and third pages that were
not visible on the second page.

The pen-written texts on the second page used a different ink than the first
and third pages. The signatures on the second page were made five days later
than on the first and third pages.
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4. RESULTS

4.1. Diagnostic imaging of skin neoplasms

All clinical measurements were carried out with ethical approval under
the supervision of dermatologist Anna Bérzina. The measurements were per-
formed both in the Laser Plastic Clinic at Baznicas Street 31 and in the UL
House of Science at Jelgavas Street 3.

4.1.1.Comparison of spectral line and spectral band measurements

In this subsection results obtained with the spectral band device, which
uses LEDs with spectral peaks at 460 nm, 535 nm, and 663 nm for illumination,
will be compared with results obtained with the spectral line device - the three
laser line illumination device described in subsection 3.1.1. 105 different neo-
plasms were analyzed: pigmented formations (19 junctional nevi, 23 dermal
nevi, 19 combined nevi), vascular formations (21 hemangiomas), as well as
23 seborrheic keratoses.

Figure 4.1 shows examples of RGB images of a hemangioma obtained
with a spectral band device and a three laser line illumination device, as well
as segmented chromophore maps. The relative values of the chromophore
concentration maps are calculated in millimoles. The chromophore value of
the surrounding healthy skin is zero, as changes in chromophore concentrations
in the neoplasms are measured. In hemangioma increased oxyhemoglobin and
reduced deoxyhemoglobin concentrations are observed. More pronounced
changes can be observed with the spectral line device.

RGB image Melanin Deoxyhemoglobin
X e g 0.02
. I 0.01
0
-0.01
-0.02
0.6 0.02
0.3 0.01
0 0
-0.3 -0.01 -0.01
-0.6 -0.02 -0.02

Figure 4.1 RGB images of a hemangioma and calculated chromophore concentration
maps obtained using the spectral band device (top row) and the spectral line device
(bottom row). Scale values in millimoles (mM) [P2]
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Figure 4.2 Comparison of relative concentrations of melanin (a, b), oxyhemoglobin
(c, d) and deoxyhemoglobin (e, f) in hemangiomas (Hem), junctional nevi (Jun),
combined nevi (Com), dermal nevi (Der) and seborrheic keratoses (Seb) calculated
using the spectral band device (a, c, €) and the spectral line device (b, d, f). Rectangles
in graphs describe 25%-75% values, vertical lines - standard deviations, crosses —
mean values, horizontal lines - median values, circles - outliers [P2]

Figure 4.2 shows the relative concentration values of melanin, oxyhemo-
globin and deoxyhemoglobin obtained from measurements using the spectral
band device (Fig. 4.2 (a), (c), (e)) and the spectral line device (Fig. 4.2 (b), (d), (f)).
Negative oxy- and deoxyhemoglobin values indicate that the neoplasms contain
less specific chromophores than the surrounding healthy skin.

All types of neoplasms showed positive (increased) melanin values using
both types of illumination. Hemangiomas show the least increase in melanin
and can be well distinguished from dermal nevi.

In spectral line measurements, hemangiomas show higher oxyhemoglobin
values than other neoplasms. On the other hand, seborrheic keratoses show
reduced values. Junctional nevi can be distinguished from combined and dermal
nevi. In spectral band measurements, relative oxyhemoglobin values overlap for
all neoplasms. Junctional nevi show the highest values.
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Junctional nevi can be well distinguished by graphs of relative concentra-
tions of deoxyhemoglobin in spectral line measurements. Mostly all neoplasms
show a reduced concentration of deoxyhemoglobin compared to healthy skin.
In spectral band measurements, the mean deoxyhemoglobin values are much
closer between different formation groups.

The results obtained using the spectral line device showed a greater potential
to classify vascular neoplasms from pigmented neoplasms compared to the spec-
tral band device.

The research presented in this subsection is published in paper P2.

4.1.2. Diagnosis of neoplasms using chromophore maps

This subsection describes the chromophore maps obtained with three, four
and five laser line illumination devices.

In the first series of measurements with a three laser line illumination device,
96 different skin neoplasms were examined: 58 nevi, 23 seborrheic keratoses,
10 hemangiomas, two actinic keratoses, two lentigo solaris, one macula pigmen-
tosa. Figure 4.3 shows two typical examples. Hemangioma shows an increased
concentration of oxyhemoglobin and practically no changes in the map of
melanin concentrations. On the other hand, nevi show increased melanin
concentration and hemoglobin concentration values comparable to healthy skin.

RGB image

Melamn Oxyhemoglobln Deoxyhemoglob})r(l) .

10.04
0

0.04

Nevus

0.04
0
-0.04
-0.08

0
-0.02

Hemangioma

-0.04

Figure 4.3 Images of neoplasms taken with a three laser line illumination device and
relative chromophore concentration maps compared to healthy skin, mM [P7, K9]

Figure 4.4 shows the average melanin concentration values for the examined
groups of neoplasms. Nevi and seborrheic keratoses show an increased con-
centration of melanin compared to adjacent healthy skin. In contrast, the con-
centration of melanin in hemangiomas and actinic keratoses does not differ
significantly. Lentigo solaris and macula pigmentosa are light brown colored skin
lesions with a slightly higher concentration of melanin. Both hemangiomas and
actinic keratoses showed increased values of oxyhemoglobin concentration. See
graphs of the distribution of average oxy- and deoxyhemoglobin concentrations
in the dissertation subsection 3.1.2. Fig. 3.6 and 3.7.
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In the second series of measurements, 255 different formations were exam-
ined (see subsec. 2.2.1. Tab. 2.1 in the dissertation).
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Figure 4.4 Average melanin concentration for different skin neoplasms. The red line
marks the level of healthy skin or zero [30]

Figure 4.5 shows an example of the results for seborrheic keratosis obtained
with a four laser line illumination device with one camera. A total of 117 dif-
ferent skin neoplasms were taken by this device (see dissertation subsec. 2.2.1.
Tab. 2.1). The observed seborrheic keratosis has an increased three-dimensional
structure, so it can be easily observed under 850 nm illumination. None of
the four chromophore maps show considerably increased or decreased values.
Seborrheic keratoses are often confused with melanomas, so autofluorescence
images are used. In them, seborrheic keratoses appear as very bright formations.

850 nm 638 nm 523 nm 450 nm Autofluorescence

Melanin Oxyhemoglobin Deoxyhemoglobin Lipids
IO.SO 0.030 0.030 0.10
- 0.25 I0.015 e I0.015 W Io.o5
&, ; ‘ e ‘ s hapthe
Q2 0 2 0 s 0 7 <0
IfoAzs i i 0015 ; i 0,015 g I -0.05
-0.50 -0.030 -0.030 -0.10

Figure 4.5 Spectral line and autofluorescence images of seborrheic keratosis taken with
a four laser line illumination device and four calculated chromophore maps. Scale
values for melanin and hemoglobin are mM, lipids are M [P6]
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Figure 4.6 Image of a hemangioma taken with a five laser line illumination device
and relative chromophore concentration maps normalized from 0 to 1 for each image
individually throughout their range of values

33 different benign skin neoplasms: hemangiomas, nevi and seborrheic
keratoses were analyzed with a five laser line illumination device. An example
of chromophore maps for a hemangioma is shown in Figure 4.6. In this case,
the calculated chromophores are melanin, oxy- and deoxyhemoglobin, bilirubin
and lipids. Pronounced changes can be observed in the maps of oxyhemoglobin
and deoxyhemoglobin - the concentration of oxyhemoglobin is much higher
than in the adjacent healthy skin, while the concentration of deoxyhemoglobin
is significantly lower. There are no marked changes in bilirubin and lipid maps.
According to the anatomical data of the hemangioma, elevated values of biliru-
bin and lipid concentrations are not expected.

The research presented in this subsection is published in articles P6, P7,
K5, K8, K9, and K10.

4.1.3. Diagnosis of neoplasms with the 3D-representation method

In this subsection skin neoplasms pixel analysis is reviewed from images cap-
tured using a three spectral line illumination device. 99 lesions were examined:
27 dermal nevi, 17 junctional nevi, 16 combined nevi, 22 seborrheic keratoses,
12 hemangiomas, three basal cell carcinomas, one melanoma, and one blue nevus.

Attenuation coeflicients (k;) were calculated for all neoplasms, which
describe the ratio of the reflected intensities of the neoplasm and the adjacent
healthy skin: kp corresponds to 659 nm, kg — 532 nm, kz — 448 nm. Since
the attenuation coefficients of three different wavelengths were examined,
the obtained results can be represented in three-dimensional graphs (Fig. 4.7).
Each point in the graphs corresponds to a pixel of the clinical measurement
images of the segmented neoplasms.

Figure 4.7 (a) compares the attenuation coeflicient data for three differ-
ent benign neoplasms: dermal nevi, seborrheic keratoses and hemangiomas.
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Although some of the clouds corresponding to the neoplasms overlap, the area
occupied by the hemangioma cloud shows individual values in the graphs, so
they can be distinguished from other benign neoplasms. Figure 4.7 (b) shows
the data for blue nevus, melanoma and basal cell carcinoma. It can be seen
that all these neoplasms can be easily distinguished - each of them occupies
a certain area in the graph of the attenuation coefficient. Figure 4.7 (c) compares
attenuation coeflicient clouds for three different nevi: combined, dermal and
junctional nevi. Although most parts of attenuation coefficient clouds overlap,
each type of nevus occupies its own volume fraction in the graph. Figure 4.7
(d) compares the malignant formations — melanoma and basal cell carcinoma -
with the benign dermal nevus. In this case, some values also overlap, however,
kg values for nevi are mostly higher than for melanomas and lower than for
basal cell carcinomas. Each of the reviewed neoplasm groups occupies a specific
volume part in the three-dimensional graphs of attenuation coefficients.
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Figure 4.7 Three-dimensional graphs of attenuation coefficients expressed as
a percentage for different skin neoplasms: dermal nevi, seborrheic keratoses and
hemangiomas (a), blue nevi, melanoma and basal cell carcinomas (b), dermal,
combined and junctional nevi (c), dermal nevi, melanoma and basal cells carcinomas

(d) [P1]
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Figure 4.8 Relative concentrations of chromophores in the 3D representation of three
different types of neoplasms: dermal nevi (a-c), hemangiomas (d-f) and melanoma
(g-1). The color scale indicates the increase or decrease in chromophore concentrations
compared to adjacent healthy skin in moles -10-5 [P1]

The values of three chromophores in the coordinates of three attenuation
coeflicients were individually examined for each type of skin neoplasm. Here
are examples of three different skin neoplasms: dermal nevi, hemangiomas, and
melanoma (Fig. 4.8). The green color in the graphs represents the parts of neo-
plasms where the concentration of chromophores is the same as in the adjacent
healthy skin. If the relative concentration of chromophores in the neoplasms is
higher than in the skin, the data points are colored yellow to red. If the relative
concentration is lower, these points are blue.

Each skin formation has a slightly different cloud of 3D values in the atten-
uation coefficient plots. Moreover, the distribution of chromophore values of
each formation is individual. For example, dermal nevus and melanoma show
the highest melanin concentration values (Fig. 4.8 (a), (g)), while hemangiomas
show the highest oxyhemoglobin values (Fig. 4.8 (e)).

In summary, a new method for neoplasm analysis using three spectral line
images is proposed. Clinical data were converted into 3D attenuation coefhi-
cient graphs at three wavelengths of 448 nm, 532 nm, and 659 nm. Although
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the 3D data clouds partially overlap, certain characteristic features of the neo-
plasms can be seen both by the shape and location of the clouds in the attenuation
coefficient cube and by the distribution of chromophores in them. This method
shows greater potential in the classification of various neoplasms compared
to the previously discussed mapping of chromophores in a two-dimensional
plane. Chromophore maps provide more information about each neoplasm
individually and the distribution of chromophores within it. On the other
hand, the 3D representation provides greater insight into the common trends
in the distribution of chromophore concentrations of different neoplasm groups.
In the future, artificial intelligence could be used for such 3D cloud recognition.
The research presented in this subsection is published in paper P1.

4.2. Analysis of Beer-Lambert law models

Non-negative chromophore values in the case of the white reference

This section analyzes four Beer-Lambert law models (see subsec. 3.2.3). All
possible model values in cubes of attenuation coefficients were considered: kp
corresponds to an attenuation coefficient of 659 nm, kg — 532 nm, and kp — 448
nm. For each point of the cube, the values of three chromophores were calcu-
lated: melanin, oxyhemoglobin and deoxyhemoglobin. Here a case is considered
where the white reference is used to calculate the chromophore concentrations.
In the graphs of Figure 4.9, only those points are left for which all three chromo-
phore values are non-negative at the same time, as it should be in the case of
a white reference. For each BLL model, the percentage of non-negative values in
the entire cube of attenuation coeflicients was calculated: for the first - 1.40 %,
for the second - 0.03 %, for the third — 2.75 %, for the fourth - 1.35 %. The third
model showed the largest number of valid values, so it might be the most useful
for determining absolute chromophore concentrations.
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Figure 4.9 Melanin concentration values in cubes of attenuation coefficients for
the four considered BLL models, scale values moles -10-% [K1]

Analysis of neoplasms

To study the four selected Beer-Lambert law models another approach was
used - the three-dimensional representation of two groups of neoplasms was
compared: hemangiomas and melanoma. The neoplasms discussed in subsec-
tion 4.1.3 were analyzed.
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Figure 4.10 shows the 3D clouds of hemangiomas and melanomas with
calculated oxyhemoglobin and melanin values, respectively, using the four BLL
models. Hemangiomas are vascular neoplasms; therefore, the oxyhemoglobin
values should be higher than the values of healthy skin. This appears to be true
in the first and second models. Melanomas are pigmented neoplasms, accord-
ingly higher values in melanin graphs would be expected. As can be seen, only
the first and fourth models show elevated values. Therefore, the second and third
models do not give accurate results.

Based on these data, the first model most accurately reflects the concen-
trations of chromophores in relation to healthy skin. The second model did
not show the expected results in the case of melanoma, the third and fourth
models - in the case of hemangioma and melanoma.
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Figure 4.10 Relative oxyhemoglobin and melanin concentrations of hemangiomas
and melanoma respectively for four BLL models in 3D representation. The color
scale indicates the increase or decrease in chromophore concentrations compared to
the adjacent skin in moles -10-3

The research presented in this subsection is published in the article K1.

4.3. Experiments with skin phantoms

Three kinds of skin phantoms of different thicknesses (0.9 cm, 1.5 cm
and 3.3 cm) were examined (see sec. 3.3). Figure 4.11 shows the dependence
of the absorption coefficient on the concentration of hemoglobin in the trans-
mitted light measurements. As the concentration of hemoglobin increases,
the absorption of light in the samples also increases linearly. The largest changes
in concentration values appeared in blue light, and the smallest changes were
in red light. The results obtained with a spectral band (LED) device and a three
laser line illumination device were compared.

46



Figure 4.12 compares the average calculated hemoglobin extinction coefhi-
cient values obtained with the spectral band device and the three laser line illu-
mination device in comparison with the values obtained by other authors [59] in
diffusely reflected and transmitted light. The best resemblance of the calculated
extinction coefficient values compared to other authors results appears in
the diffusely reflected light measurements. The experimentally obtained results
were more accurate using the spectral line device compared to the spectral band
device.
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Figure 4.11 Dependence of hemoglobin absorption coefficient on hemoglobin
concentration measured by three laser line illumination device (a) and spectral band
device (LED) (b) of skin phantoms [K4]
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Figure 4.12 Spectral dependence of the experimentally calculated extinction
coefficients compared to the values obtained by other authors (Deoxy) [59]. In the case
of transmitted (a) and diffusely reflected light (b) [K4]

Skin phantoms with vascular formations were analyzed using diffusely
reflected light images under red and green illumination. Hemoglobin concen-
tration maps were calculated for the simulated blood vessels obtained from
the water hemoglobin solution (Fig. 4.13). The concentration maps are slightly
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different for red and green illumination. This can be explained by considering
that radiation of different wavelengths penetrates to different depths and the dis-
played concentration values are averaged over the entire photon path length in
the phantom. It should also be taken into account that the hemoglobin particles
slightly diffuse to the adjacent parts of the phantom, thus reducing the final
concentration.

+

- gy

Figure 4.13 RGB image of a two-layer blood vessel phantom (a) and calculated
hemoglobin concentration maps obtained from the green (b) and red (c) spectral
band device image. The scale values are yM [K4]

In summary, it is possible to determine the concentration of chromophores
and the extinction coefficient in skin phantoms both by the spectral line and
by the spectral band method. However, the spectral line method provides more
accurate results.

The research presented in this subsection is published in the article K4.

4.4. Signs of counterfeit money in spectral line images

4.4.1. Comparative measurements of spectral images
of authentic and counterfeit banknotes

Spectral line images of 500 EUR banknotes were compared between coun-
terfeit and authentic banknotes. 500 EUR banknotes are usually counterfeited
with high quality because they are carefully inspected. In this case, also, spe-
cifically professionally counterfeited banknotes are examined. Several areas of
the banknotes were analyzed to determine the most difficult to forge parts under
spectral line illumination (Fig. 4.14).
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Figure 4.14 500 EUR banknote from the front (a) and back (b) with regions of interest
outlined

The signature and stars are visible in the first selected area (Fig. 4.15).
Visually, the stars look the same on both banknotes, but under 659 nm illumi-
nation, the star on the right side of the authentic banknote absorbs less light
than the background around it, while the star on the counterfeit appears darker.
In this case, it would be useful to create a program that recognizes the shape of
the star and calculates its average value against the surrounding background.

Buildings of modernist architecture under number “5” were examined in
the second selected area of the front side of the 500 EUR banknote (Fig. 4.15).
In the counterfeit banknote, several parallel stripes on the building are visible,
which are not visible in the authentic banknote. These stripes may be caused
by the printer used for forgery. Such or similar defects caused by printers could
easily be identified as inappropriate design elements. In the third area, it can be
seen that on the yellow rectangle in the lower left corner of the back of the bank-
note, the words “EURO” and “EYPQ” are well distinguished for an authentic
banknote, but in the case of a counterfeit, the words blend into the background.
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Figure 4.15 Spectral line images of an authentic and counterfeit 500 EUR banknote
in three selected areas of interest
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20 EUR banknotes are the most frequently counterfeited because usually, peo-
ple do not pay as much attention to them. For this reason, counterfeits are usually
of poor quality. Many counterfeits can be detected by a closer look at the bank-
note. Areas of the 20 EUR banknote where the spectral line images were com-
pared between authentic and counterfeit banknotes are shown in Figure 4.16 (a).

The spectral line image ratios were examined. Some of the results are shown
in Figure 4.17. In the ratios of spectral images in the first area difference between
the authentic banknote and counterfeits in the mottled background on the right
can be seen. A fine concrete structure can be seen in an authentic banknote,
while in a counterfeit it is not pronounced. In the second area, a star can be seen
in the number “2” in the counterfeit example, but not in the authentic banknote.
In the third area distinct white dots are visible in the image window, which do
not appear at all in the counterfeit.
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Figure 4.16 20 EUR new style banknote from the front with highlighted regions of
interest (a) and elements used for numerical analysis on the front side of the 50 EUR
banknote (b) [K7]
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Figure 4.17 Spectral line image ratios of authentic and counterfeit 20 EUR
banknote [K8]

The research presented in this subsection is published in the article K8.
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4.4.2. Comparative measurements of spectral image
values of authentic and counterfeit banknotes

For the 50 EUR banknote, the numerical results of two element pairs were
compared for counterfeits and authentic banknotes. The intensity of the star
(A)) was compared with the background (A,) around it (Fig. 4.16 (b)). Both
monochromatic values (AR, AG and AB) and spectral line image ratios and
differences were compared. The obtained results are shown in Figure 4.18.

Authentic banknotes, counterfeits created using an inkjet printer
(Counterfeit 1) and other types of counterfeits (Counterfeit 2) were analyzed
(Fig. 4.18). According to the obtained results, spectral divisions in red and blue
illumination (AR/AB), as well as in green and blue illumination (AG/AB) for
authentic banknotes show certain trends - their numerical values are much
higher than for counterfeits.
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Figure 4.18 Intensity ratios between elements A; and A, for images of spectral lines
(AR, AG and AB), their divisions and differences [K7, K8]

When these results and the visual evaluations described above are taken
into account, we can conclude that images of spectral lines and their various
relationships provide information that is essential in the recognition of coun-
terfeit banknotes.

The research presented in this subsection is published in articles K7 and K8.

4.5. Detection of forged documents

Each of the three pages of the sample document was individually examined
using a three laser line illumination device. Average values for printed texts were
calculated (Tab. 4.1). According to the obtained results, the calculated average
color toner values for the first and third pages are very close, but for the second
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page, they are significantly different. This could indicate that a different printer
or ink cartridge was used to print the second page.

Handwritten signatures were similarly analyzed to verify that the same ink
pens were used on all pages. The results of the first signature are summarized
in Table 4.2. From this analysis, it is not possible to determine whether the inks
used for the signatures were different or the same on all pages, as the results may
vary depending on how hard the writer presses the pen on the paper, the type
of paper used, and other conditions.

Table 4.1 Spectral line images obtained with a three laser line illumination device
and calculated average values for printed texts for three document pages [P3]
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Table 4.2 Average values of the first signature in all spectral line images and their
ratios in three document pages.

R gonm | soam | asem | el [ emams [ o)
1 10.080 +0.026]0.253 + 0.058|0.303 £ 0.046| 1.80 = 0.21 0.42+0.09 | 1.34+£0.23
2 10.088 £0.037]0.289 + 0.095|0.313 £ 0.062| 1.71+0.36 | 0.44+0.12 1.36 + 0.23
3 10.060 £0.022{0.189 £ 0.0480.252 + 0.041| 2.00+£0.23 | 0.38 £0.10 1.34+£0.25
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Using the method discussed here for document forgery detection, it was
possible to recognize a different type of toner for printed texts, while potential
signature forgeries with similar ink could not be detected. Although the method
only partially worked for this research purpose, it did not damage the sample,
so it would work well with destructive methods as an additional information
provider.

The research presented in this subsection is published in paper P3.
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SUMMARY

This work discusses the spectral line imaging method and two potential
applications of it. The method is non-invasive, spectrally sensitive, fast and easy
to use. Compared to multispectral and hyperspectral imaging, higher quality
images are obtained - without motion artifacts, because the data is acquired
with only one or two snapshots. The amount of data is significantly reduced, so
data processing is easier and faster.

Several test devices were created for experimental measurements with this
method, including three-line, five-line and two four-line illumination devices.
With a three laser line illumination device (448 nm, 532 nm, and 659 nm), only
one color image is captured, which is later split into three spectral images at each
of the illumination wavelengths using an RGB crosstalk correction algorithm. In
a fivelaser line illumination device (405 nm, 450 nm, 525 nm, 656 nm, and 850 nm),
two images are captured under the illumination of three and two laser lines.
The latest development is four laser line illumination devices (450 nm, 523 nm,
638 nm, and 850 nm) with two or one camera for imaging. The laser beams are
focused into an optical fiber loop that provides uniform illumination of the object.
With all these devices it is possible to take high-quality spectral line images.

Using the created spectral line imaging devices, clinical measurements were
performed on skin neoplasms under the supervision of a qualified dermatologist,
in accordance with ethical approval. Both benign and malignant neoplasms
(nevi, hemangiomas, melanomas, basal cell carcinomas, etc.) were examined.
The relative concentration values of skin chromophores in relation to healthy
skin were calculated using a modified Beer-Lambert law and attenuation coef-
ficients at the specific wavelengths. The obtained results corresponded well to
anatomically expected — hemangiomas (vascular neoplasms) showed increased
oxyhemoglobin values, while nevi (pigmented neoplasms) showed increased
melanin values. The concentration of lipids in neoplasms was also examined
with the device of four laser lines, and the concentration of both lipids and
bilirubin - with the device of five laser lines.

A new three-dimensional data analysis approach using spectral attenuation
values for three wavelengths is proposed for obtaining a more general idea of
the distribution of chromophore concentration changes in various neoplasms.
All pixel values of the segmented neoplasm images were included in the 3D
graphs, therefore creating three-dimensional data point clouds corresponding
to each neoplasm group. For different skin neoplasms, the pixel clouds form
individually specific shapes and occupy difterent spatial positions. Using this
data and the distribution of chromophore concentrations, it is possible to clearly
distinguish different groups of neoplasms.

In addition, a spectral band illumination device with spectral peaks at
460 nm, 535 nm, and 663 nm was used. Average values and maps of chromophore
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concentrations obtained and calculated with the spectral band and spectral
line illumination devices were compared for different groups of neoplasms.
Chromophore maps showed more anatomically relevant values in spectral line
images compared to the spectral band images. Statistical data also confirmed
the better potential for the classification of neoplasms in the case of the spectral
line device.

To find the best method for detecting changes in chromophore concen-
trations in skin neoplasms, four different models of a modified Beer-Lambert
law were tested. The first model examines the absorption of three main skin
chromophores; the second model takes into account the absorption due to
other chromophores and the penetration depth of different wavelengths into
the skin; the third model uses the effective attenuation coefficient instead of
the absorption coeflicient, which also includes scattering; the fourth model
considers the skin as a five layered structure. The models were analyzed using
3D graphs of attenuation coefficients. When analyzing in vivo measurements
of neoplasms by using adjacent healthy skin as a reference the best results were
achieved using the first model.

To test the accuracy of the spectral line imaging method, several skin phan-
toms were created from agar, intralipid and hemoglobin powder at different
concentrations. Measurements were taken with the three laser line illumination
device and the three spectral band illumination device for both transmitted and
diffusely reflected light. The spectral line device data showed more repeatable
extinction coefficient values than the spectral band device data, and these values
corresponded well with the deoxyhemoglobin extinction coefficient values found
in the literature. It was concluded that measurements of spectral line images
provide better quality data than measurements of spectral band images.

In cooperation with the Bank of Latvia, measurements of spectral line
images were taken from authentic and counterfeit EUR banknotes, which were
removed from circulation. 20 EUR, 50 EUR and 500 EUR banknotes were ana-
lyzed. It was concluded that even in the case of professional counterfeits, there
are differences in the spectral line images from those of authentic banknotes,
even though the colors do not differ visually. In the spectral line image ratios,
structures appeared in the authentic 20 EUR banknotes which are not observ-
able in white light and do not appear in counterfeits either. A pair of elements
on a 50 EUR banknote was chosen for numerical comparison: a star with its
background. Using the spectral ratios of these or other elements in the images,
it is possible to confidently distinguish counterfeits from authentic banknotes.

A potentially suspicious document prepared in the forensic laboratory of
the Portuguese police, consisting of three pages printed on one side with three
signatures on each page was analyzed. The results of measurements made with
a three spectral line illumination device revealed that the printed text on the first
and third page is not spectrally different, while a different printer was most
likely used to print the text on the second page. Analyzing the signatures on
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the printed pages — both the average values of the signatures of the spectral lines
and their ratios — different average values were obtained, however, they did not
differ within the error interval.
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MAIN RESULTS AND CONCLUSIONS

Prototypes for obtaining images of three, four and five spectral lines at
wavelength combinations 450/532/659 nm, 450/523/638/850 nm and
405/450/525/656/ 850 nm have been created and laboratory/clinically appro-
ved. Programs for spectral line image processing were created in a Matlab
environment and tested. [P1, P2, P3, P5, P6, P7, P8, K2, K3, K4, K5, K6, K7,
K8, K9, K10, K11, R1, R2, R4]

Clinical data on dermal nevi, junctional nevi, combined nevi, blue nevi,
hemangiomas, seborrheic keratoses, basal cell carcinomas and melanomas
have been obtained using the multi-spectral line snapshot imaging met-
hod. A new non-contact diagnostic method is proposed using attenuation
coeflicients of diffuse reflection intensity at three wavelengths in 3D repre-
sentation. The study of four modifications of the Beer-Lambert law was
carried out and the most suitable model for the calculations of spectral
line images into distribution maps of the three main skin chromophores
(melanin, oxyhemoglobin and deoxyhemoglobin) was proposed. [P1, P2,
P4, P6, P7, P8, K1, K4, K5, K8, K9, K10, K11, R1, R4]

The method of spectral line imaging was compared with the method of
spectral band imaging by using skin phantoms and in vivo measurements
of neoplasms as samples. It was concluded that the spectral line imaging
method provides more accurate values and is more useful for the classifi-
cation of neoplasms. [P2, K4]

Comparative measurements of twenty-nine 20 EUR banknotes, twen-
ty-nine 50 EUR banknotes and six 500 EUR banknotes, as well as three
samples of document pages for the detection of forgeries, were performed
using the spectral line imaging method. In all cases, specific variations in
the images of spectral lines, their divisions and differences were found, and
a new algorithm for recognizing counterfeit money was proposed. Pen ink
recognition with this method did not provide the desired accuracy. [P3, K7,
K8, R1, R3]
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