2.

nm

Printing Beyond Color:

Spectral and Specular Reproduction

Sepideh Samadzadegan
Technische Universitat Darmstadt

delivered by

-G EUROGRAPHICS
= DIGITAL LIBRARY

www.eg.org diglib.eg.org



http://www.eg.org
http://diglib.eg.org

Printing Beyond Color:
Spectral and Specular Reproduction

Vom Fachbereich Informatik
der Technischen Universitat Darmstadt
genehmigte

DISSERTATION

zur Erlangung des akademischen Grades eines
Doktor-Ingenieurs (Dr.-Ing.)
von

M.Sc. Sepideh Samadzadegan

geboren in Mashhad, Iran

Referenten der Arbeit:  Prof. Dr. techn. Dieter W. Fellner
Technische Universitat Darmstadt

Prof. Dr.-Ing. Edgar Dérsam
Technische Universitat Darmstadt

Prof. Jon Yngve Hardeberg
Gjevik University College

Tag der Einreichung:  16.09.2015
Tag der mindlichen Prifung:  30.11.2015

Darmstadt 2016
D17






Erklarung zur Dissertation

Hiermit versichere ich die vorliegende Dissertation silbgig nur mit den angegebenen Quellen und Hilfsmit-
teln angefertigt zu haben. Alle Stellen, die aus Quellen@mimen wurden, sind als solche kenntlich gemacht.
Diese Arbeit hat in gleicher oder ahnlicher Form noch kePrifungsbehdrde vorgelegen.

Darmstadt, den 19.10.2015 Sepideh Samadzadegan






Zusammenfassung

Fur eine akkurate drucktechnische Reproduktionen singestndere zwei Eigenschaften von Bedeutung: Farbe
und Glanz. Die Reproduktion dieser zwei Wahrnehmungbatgisind die beiden Fokusthemen in dieser Dis-
sertation: spektrale Reproduktion und Glanzdruck.

Der heute in der Druckindustrie verwendete metamere Wavkflasst die Reproduktion an das Original lediglich
fur eine vordefinierte Lichtart an. In den meisten Fallereige solche Reproduktion ausreichend. Im Bereichen
wie der Kunstreproduktion, dem Sicherheitsdruck, in ddustriellen Farbkommunikation, muss die Reproduk-
tion mit dem Original unter einer Vielzahl von Lichtartengiibinstimmen (z.B. Tageslicht, Glihlampenlicht oder
einer speziellen LED Beleuchtung) — eine Eigenschaft, ediertdetamere Reproduktion per Definition i.A. nicht
leisten kann. Fir diese Anwendungen missen die Reflekieksen des Originals durcktechnisch Reproduziert
werden. Wegen der Limitierungen existierender Drucksystast die Reproduktion gegebener Reflexionsspek-
tren i.A. unmoglich. Daher missen Strategien entwickefter, um nicht reproduzierbare in die Menge der re-
produzierbaren Reflexionsspektren zu transformieren um@ruckeransteuerungswerte auszuwahlen, die diese
Reflektionsspektren artefaktfrei zu reproduzieren. IrselieDissertation wurde hierfur ein Verfahren namens
"Spatio-Spectral Gamut Mapping and Separation”, SSGM&eatellt, das nahezu artefaktfreie Ergebnisse
liefert und die Reproduktion an das Original farbmetrisichdine vorgegebene Menge an Lichtarten anpasst.

Heutzutage werden nur die farbmetrische Genauigkeit uniktstrelle Bildartefakte in der Qualitatskontrolle
Uberprift. Eigenschaften die sich auf Glanz beziehen, wim Beispiel "gloss-differential” (inkonsistente
Verteilung des Glanzes Uber das Bild hinweg, meistens gtaurch unregelmafige Flachendeckung der ver-
wendeten Tinten), werden nicht gepruft, da keine Strategjitiert um diese Fehler zu vermeiden. Zur Vermei-
dung solcher Glanzartefakte, und um die Glanzeigenschdial anzupassen, werden in dieser Dissertation
drei drucktechnische Verfahren vorgestellt.

Fur eine perzeptuell akkurate Reproduktion von Farb- umah@igenschaften, ist das Wissen tiber die Beziehung
zwischen messtechnischen Werten und wahrgenommenen rGxRaussetzung. Im Bereich der Farbe ex-
istieren bereits entsprechende Modelle sowie hahezu whhmngsgleichabstandige Farbraume, die fir die Far-
breproduktion erfolgreich eingesetzt werden. Solche Medehlen jedoch fur die drucktechnische Glanzrepro-
duktion. Die meisten der existierenden Studien basieréBxgoerimenten, die Glanz am Bildschirm simulieren
(meistens mit unbunten Farben) und keine realen Objektgereten. In dieser Dissertation, wurden drei psy-
chophysische Experimente durchgefiihrt, um die Beziehwigchen gemessenen Glanz (objektiven Grof3en)
und wahrgenommenen Glanz (subjektiven Grof3en) zu unteesucHierfur wurden farbige reale Proben ver-
wendet, die drucktechnisch mit den drei oben erwéahnteralesh erstellt wurden. Das Ergebnis der Experi-
mente zeigt, dass die Beziehung mit einer Potenzfunktiemgf des Stevensschen Potenzgesetzes, beschrieben
werden kann.

In einem weiteren Experiment wurde die Beziehung zwischahrgenommenen Oberflachenglanz und Hohen-
textur untersucht. Hierbei wurden, 2,5D Proben mit zwesehiedenen Texturtypen und unterschiedlichen
Glanz- und Texturhdéhenstufen verwendet. Das Ergebnigssliesperiments zeigt, dass verschiedene makroskopis-
che Textur-Typen und Hohenstufen einen leichten Einflusgli@uGlanzempfindung haben. Ein Einfluss des
Oberflachenglanzes auf die beobachtete Texturhéhe koruhtef@stgestellt werden, was darauf hindeutet, dass
die Texturwahrnehmung nicht von der Stérke des Oberfladhenes beeinflusst wird.




Das SSGMS Verfahren zur spektralen Reproduktion, die dneckstrategien fir den Glanzdruck und die Ergeb-
nisse der psychophysischen Experimente zur Untersuchem@ldnzwahrnehmung, kdnnen zur Verbesserung
der Gesamtqualitat der drucktechnischen Farb- und Glpramlektion benutzt werden.




Abstract

For accurate printing (reproduction), two important appaee attributes to consider are color and gloss. These
attributes are related to two topics focused on in this diggen: spectral reproductiorand specular (gloss)
printing.

In the conventional printing workflow known as the metamerinting workflow, which we use mostly nowa-
days, high-quality prints — in terms of colorimetric acatyra can be achieved only under a predefined illuminant
(i.e. an illuminant that the printing pipeline is adjustede.g. daylight). While this printing workflow is useful
and sufficient for many everyday purposes, in some specsdsgasuch as artwork (e.g. painting) reproduc-
tion, security printing, accurate industrial color comrmation and so on, in which accurate reproduction of
an original image under a variety of illumination conditiofe.g. daylight, tungsten light, museum light, etc.)
is required, metameric reproduction may produce satsfacesults only with luck. Therefore, in these cases,
another printing workflow, known as spectral printing pipelmust be used, with the ideal aim of illuminant-
invariant match between the original image and the repriwotucin this workflow, the reproduction of spectral
raw data (i.e. reflectances in the visible wavelength rgng#)er than reproduction of colorimetric values (col-
ors) alone (under a predefined illuminant) is taken into antoDue to the limitations of printing systems extant,
the reproduction of all reflectances is not possible eveh mitlti-channel (multi-colorant) printers. Therefore,
practical strategies are required in order to map non-ckmrible reflectances into reproducible spectra and to
choose appropriate combinations of printer colorantsHerreproduction of the mapped reflectances. For this
purpose, an approach call&patio-Spectral Gamut Mapping and Separati®@GMS, was proposed, which
results in almost artifact-free spectral reproductionarralset of various illuminants.

The quality control stage is usually the last stage in angtipig) pipeline. Nowadays, the quality of the print-
out is usually controlled only in terms of colorimetric acacy and common printing artifacts. However, some
gloss-related artifacts, such gless-differentialinconsistent gloss appearance across an image, causdg mos
by variations in deposited ink area coverage on differentpare ignored, because no strategy to avoid them
exists. In order to avoid such gloss-related artifacts ancbntrol the glossiness of the printout locally, three
printing strategies were proposed. In general, for peuadigt accurate reproduction of color and gloss ap-
pearance attributes, understanding the relationshipdegtwneasured values and perceived magnitudes of these
attributes is essential. There has been much researcteprtoduction of colors within perceptually meaningful
color spaces, but little research from the gloss perspebtas been carried out. Most of these studies are based
on simulated display-based images (mostly with neutradrepland do not take real objects into account. In this
dissertation, three psychophysical experiments wereuwad in order to investigate the relationship between
measured gloss values (objective quantities) and petgiass magnitudes (subjective quantities) using real
colored samples printed by the aforementioned proposedimyistrategies. These experiments revealed that
the relationship mentioned can be explained Bower functioraccording toStevens’ Power Layconsidering
almost the entire gloss range. Another psychophysicalrérpat was also conducted in order to investigate the
interrelation between perceived surface gloss and textisiag 2.5D samples printed in two different texture
types and with various gloss levels and texture elevatigsording to the results of this experiment, different
macroscopic texture types and levels (in terms of textueeation) were found to influence the perceived surface
gloss level slightly. No noticeable influence of surfacesglon the perceived texture level was observed, indi-




cating texture constancy regardless of the gloss levelgatin

The SSGMS approach proposed for the spectral reprodudtierthree printing strategies presented for gloss
printing, and the results of the psychophysical experimennducted on gloss printing and appearance can be
used to improve the overall print quality in terms of colodaytoss reproduction.
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1. Introduction

In general, for accurate printing (reproduction) of 2D ireagnd 2.5D/3D objects, four main visual attributes
have to be considered within a comprehensive printing pipekolor, gloss opacity (translucency, or trans-
parency) andtexture These are appearance attributes caused by the interactinoident light and matter,
perceived by the human observer. Therefore, the physioplepties of the light encountered by a surface and
light reflected from a surface as well as properties of the dluiisual System (HVS), have to be taken into
account in any printing workflow that aims for accurate rejortion.

In this dissertation, reproductions of the first two appeeeaattributes (color and gloss) — related to diffusely
and specularly reflected light — are considered, which spoid to the following two topics:

e Spectral reproductionand
e Gloss printing

These topics are addressed separately with the generaf @amprving the print quality in mind.

1.1. Motivation

In the following sections, two examples are presented ieiotal explain briefly the main concepts of the afore-
mentioned two topics and the necessity of carrying out rekda these fields.

1.1.1. Example |

The main goal of groofingsystem in a printing pipeline is to create an accurate ptiediof the final printout,
which will be printed by a printing press, so that the proofmniais the appearance of the printout and its visible
effects. Proofing is a cost-efficient way used for customeifigation and is based on a visual comparison be-
tween the original image and the proof, to ensure that thé fim@out will be satisfactory from the customer’s
perspective. According to this, contract proofs are sigmtd/ieen the provider and the customer prior to running
the press — the most expensive stage of a printing pipelirfe cFitical question is: "Do the print and proof
match?" If there is a noticeable mismatch between the pniditlae proof, then, besides the dissatisfaction of the
customer, much money is wasted.

In a conventional, everyday printing workflow (e.g. primtia document using an office printer; printing high-
quality prints with more sophisticated printing systemspuonting thousands of copies ordered by a customer
via a huge press), the accurate reproduction of colors fr@motiginal image is considered only for a specific,
predefined illuminant (i.e. an illuminant to which the regwotion is adjusted, such as daylight). Therefore,
the proof-to-print mismatch and consequently customesatiisfaction and waste of money may happen, when
the comparison is made under another illumination condioich as tungsten light. This conventional printing
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1. Introduction

workflow is known as thenetameric reproduction workflgwnd is based on the conceptroétameris.

To obtain the customer’s verification and satisfaction rélgss of changes in illumination conditiorspectral
proofingmust be used instead of conventional proofing (which is usélde metameric reproduction workflow).
Spectral proofing leads to proof-to-print match indepehaérvariations in illumination conditions. Spectral
proofing is part of another printing workflow, known as gpectral reproduction workfloywvhich is based on
the reproduction of spectral raw data, rather than the detion of colors only under a specific illumination
condition.

Alongside spectral proofing, spectral reproduction hasrodipplications including but not limited to: security
printing, artwork (e.g. painting and cultural heritagepn@duction, accurate industrial color communication,
aesthetic purposes, and so on. In general, for all casesighwlecurate printing (reproduction) of an original
(image) under a variety of illumination conditions (e.gylight, tungsten light, museum light, etc.) is required,
spectral printing must be used. One aim of spectral priri§rtg obtain (ideally) an illuminant-invariant match

between the original and the printout, which when using @iticmal metameric printing workflow, is achievable

only by chance. Although the spectral printing workflow ig get commercially widespread, it is a printing

workflow under research and development, with the aims ofawipg print quality and saving much expendi-

ture.

As mentioned, in this workflow, the spectral raw data (reflaces in the visible wavelength range, roughly from
380 to 730nm) rather than colorimetric values (colors) alone (deteedifor a predefined illuminant) are con-
sidered.

Due to the limitations of extant printing systems even thoke&h are multi-channel (multi-colorant), there are
always reflectances which are not printable. Thus, the epmducible reflectances have to be mapped into the
set of reproducible spectra instead. This process is cafledtral gamut mappingnd is the first step required

in a spectral reproduction workflow.

Choosing appropriate colorant combinations from the jpilggs available in a printing system in order to print
the mapped reflectances, is callgabctral separatiomnd is the second step required in a spectral reproduction
pipeline.

The spectral gamut mapping and separatisteps incorporated ingpectral reproduction workfloware investi-
gated in the first topic focused on in this dissertation.

1.1.2. Example Il

As mentioned previously, along wittolor, there are other important appearance attributes suglosswhich
a comprehensive printing workflow should take into accobiatreproduction as close as possible to the original
is to be achieved.

We all know that customers always demand high-quality pctgjuno matter what the target industry. The
printing industry is not an exception. Clients request kigiality prints. The quality-control stage (see Fidl)

in a printing pipeline is where the print job is controlledterms of common printing defects both visually
and by measurements. Nowadays, the print quality-corgnmoldstly based on colorimetric accuracy between the
original image and the printout. However, there are alseglelated artifacts such bsnzing(see Figl.2) and
gloss-differential- visible in Fig.1.1(rightimage) as lustrous areas — which are not taken intowattdn the final
quality-control stage in a printing pipeline, becausedtismo way to avoid them. Note that the bronzing artifact

Two different reflectances — in the visible wavelength rangeay produce the same visual response and consequently thecstme
under a specific illuminant. However, they may lead to differ@iors when another illuminant is taken into account. Thisalled
metamerism and the corresponding spectra are known as metamers.
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1.1. Motivation

occurs due to ink aggregation in different spots, which nesglt in some hue shifts and an overall unevenness
of glossiness appearance. Gloss-differential refers tim@nsistent gloss appearance across an image, which
is caused by variations in deposited ink area coverage fardift spots during the printing process. In order
to avoid these gloss-related artifacts, controlling aridtjprg local gloss effects independent of the amount of
ink deposited is required, which can be incorporated in atimg pipeline. Gloss printing (reproduction) is the
second topic of this dissertation.

Figure 1.1.: Print quality-control stage in a printing lin&his figure has been taken at Heidelberger Druck-
maschinen AG in Heidelberg, Germany. Tdless-differentialartifacts are visible on the printout
shown in the right image as lustrous areas.

Figure 1.2.: A cutout of an image captured from a printoutwshg bronzingartifacts (visible in the marked
ellipses), which have occurred due to aggregation of dégmbgiks.

One of the important applications of gloss printing can henfbin the reproduction of masterpieces (paintings).
Usually, masterpieces do not have uniform gloss appeaduret different painting materials used by the artist,
which lead to different reflectance properties. In ordeef@roduce these masterpieces accurately, printing local
gloss levels — covering different range of gloss values edsiired, along with accurate color reproduction under
a variety of illumination conditions.

As mentioned, the visual perception of the observer playisi@ortant role in a printing pipeline both from the
provider’s side — by visually controlling the printout iretlgquality-control stage — and from the customer’s side —
in terms of verification of the print from the proof. Theredom any printing workflow the Human Visual System
(HVS) must be taken into account if perceptually accurapeaguction is intended. Although different research
has been conducted on reproduction of colors in perceptuaiform color spaces, few studies investigating the
relationship between printable gloss values and percejlass magnitudes for the aim of perceptually accurate
gloss reproduction have been carried out. As part of thergketapic, we investigated this relationship based
on color-printed samples produced according to the pgnginategies outlined in this dissertation, with almost
homogeneous appearance.

Additionally, the interrelation between perceived glosd texture levels was studied using 2.5D-printed samples
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1. Introduction

2 with two texture types and variations of gloss and textuvelke(in terms of texture elevation). Understanding
this interrelation is essential for perceptually accugdtss reproduction in the presence of surface texture.

It should be noted that although different applicationated tospectral reproductiorandgloss printing— cor-
responding to the first and second addressed topics in thseration — were mentioned, we investigated the
aforementioned fields of research separately and indepéntiany specific industrial application.

1.2.

Research Questions

In this dissertation, the following four research questionthe areas afpectral reproductiorandgloss printing
were defined, with the general aim of improving printing dpyal

How might one control the printer in such a way as to achievernetrically accurate reproduction
across different illuminants without spatial artifactsa Mentioned in Sectiof.1.], this is the aim of
spectral reproduction: to obtain an illuminant-invariamatch between the original image and printout
without introducing undesired artifacts. This researchdgion is related to the first topic focused on in
this dissertation.

How can different glossiness levels be controlled and edrocally, in a wide range of gloss values,
independently of the amount of deposited inks, in order tddgloss-related artifacts such as bronzing and
gloss-differential? This is related to the second topiogglprinting). As mentioned previously, nowadays,
during the quality-control stage of a printing pipelineg tuality of the reproduction is controlled mostly
according to colorimetric accuracy; however, gloss-esladrtifacts are usually ignored because there is
not yet a solution (a printing strategy) available to conthe glossiness appearance independent of the
amount of deposited ink in local image areas. Thus, thisarebequestion was defined to address this
issue.

What is the relationship between measured printed-glosesgaind visually perceived gloss magnitudes
using color-printed samples with almost flat and homogesempearance? This is also related to the
second topic in this dissertation. Understanding thigti@iahip is important because it opens a door for
controlling and printing perceptually accurate gloss leve

What is the interrelation between perceived surface glod$exture levels considering 2.5D-printed sam-
ples? This is also related to the second topic in this diggen. Understanding this interrelation is impor-
tant because it opens a door for controlling and printing@gtually accurate gloss levels in the presence
of surface texture.

1.3. Overview

This dissertation consists of eight chapters. In Chaptehe motivations for conducting this research (in the
form of real examples) together with four research questand an overview of chapters is presented.

In Chapter2, the required fundamental knowledge of metameric and sgdgminting workflows and their image
processing steps, together with basic colorimetry, areduiced.

In Chapter3, a survey of spectral gamut mapping approaches is presented

In Chapter4, the research conducted in this dissertation for the figgtt(spectral reproduction) is explained

2|n this context, 2.5D-print refers to a type of 3D-print wiHlat-side which is printed without using any support materia
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1.3. Overview

in detail, covering an approach proposed for spectral ganayiping and separation (i.e. the answer to the first
research question) together with a simple strategy formge¢ing artificial targets and real spectral prints for se-
curity printing purposes.

In Chapters, fundamental knowledge and past research on gloss anduisosd perception are presented.

In Chapter6, the research conducted in this dissertation for the setmpid (gloss reproduction) is explained
in detall, including three printing strategies proposedgdinting spatially varying gloss — in a wide range of
gloss levels — independent of the amount of ink utilized (he answer to the second research question). More-
over, three perceptual experiments on gloss perceptioa e@rducted using the color samples printed via the
aforementioned printing modes. These experiments weferpged mainly in order to understand the relation-
ship between gloss measurements and gloss perceptioth@.answer to the third research question). Another
perceptual experiment was also conducted in order to iigastthe interrelation between perceived levels of
surface gloss and texture using 2.5D prints (i.e. the antwibie fourth research question).

In Chapter7, a summary followed by a conclusion to the work is presented.
In the last chapter (Chapt8}, my main contribution and ideas for further research aes@nted.
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2. Metameric and Spectral Reproduction

In this chapter, a short introduction to printing technaésgs presented. The basic of light and surface interac-
tion, the BRDE function and the geometries used in color measurementekeyaccording to BRFD model),
and the basics of colorimetry are explained. Two printingkflows —metamericandspectral— together with
their corresponding image processing steps are discushedimitation of the former reproduction workflow in
terms of providing the colorimetric accuracy only for a dfie@redefined illumination condition is explained.
To overcome this limitation, the latter printing workflow iilgroduced for the purpose of illuminant-invariant
match between an original image and its printout. The chgle associated to this workflow are also briefly
mentioned. In general, this chapter provides the fundaah&nbwledge required prior to detailed explanations
given in Chapter8 and4. The content of this chapter is mostly inspired b§D13 in which more details can

be found.

2.1. Printing Technologies

Different printing technologies have been invented over\tbars, based on various application requirements
such as speed, quality, individualization, and so on. Thegevarieties of so-callegtlief printing techniques
such aswvoodblock letterpress andflexographic printingwherein the image areas are in relief and non-image
areas are in recess. Although the first two mentioned rpliefting methods are very olflexographic printings

still widely used, mostly in the packaging industry usingdteoard, glass, paper, foil, and so on, as the substrate.

Another printing technology is callegravure printing in which the image areas are in recess and non-image
areas are in relief. This printing method is considered &-sjgeed printing technique with high quality and is
used for very large print runs producing millions of copies.

There are also other printing methods suck@senandoffset printing— the latter is widely used, especially in
newspaper printing.

The printing technigques mentioned so far, are cadieaventionabr impact techniqueg/hich require some sort
of printing plate, either flat or cylindricalOffset printingis the most commoigonventional printingmethod
despite the high complexity of the printing unit. There atleeo printing methods known a®n-impactwhere
there is no direct contact between the substrate and inkst difital printing technologies are categorized in
this group.

Inkjet printingis a digital printing technology in which the halftoned ineeig printed on the substrate by means
of ink drops ejected from the nozzles of the print head.

Electrophotographic printings another printing method used in laser and LED printerscpy machines, uti-
lizing toner, light, and electrostatic chargésgD13.

In addition to the aforementioned printing technologiestiyoused in the graphic arts industry, there is another
printing technique callefunctional printing In this printing method, functional materials are usedead of

1Bi-directional Reflectance Distribution Function
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2. Metameric and Spectral Reproduction

inks in order to print electronic circuits or devices suctbatteries or transistors. For more information on the
above-mentioned printing methods, please refett®)13 and [Kip01].

By the emergence d2.50Y3D printing technologya revolution has occurred in the printing field. Unlike tra-
ditional printing methods in which the colorant combinaga(inks) are printed (deposited) in a single layer,
printing in multiple layers and passes is possible via 23&8Dgrinting technologies. More information on multi-

layer and multi-pass printing is given in Secti®ri.1 Printing in different layers and passes eventually leads t
either relief (2.5D) prints or 3D-printed objects. Notetthathis context, 2.5D-print refers to a type of 3D-print
with a flat-side which is printed without using any supportenizl.

In this dissertation, two inkjet and three 2.5D printers avetilized for printing the required samples. The
used inkjet printers were HP Designjet Z3100 and Canon iB&64th CMYKRGB? colorants. These printers
are considered as multi-channel printers with more inka tha conventional 3 (CMY) or 4 (CMYK) channel
printers. In general, using multi-channel printers leadsigher number of printable colorant combinations and
consequently expansion of the set of reproducible coldnes#& printers were used for the research conducted in
Chapterd.

As 2.5D printers we used two prototypes performing wet-ai-and wet-on-dry printing. The third 2.5D printer
was an Océ Arizona 480 GT printer with multi-layer and mphiss capabilities and CMYKWInk set together
with varnisif deposition possibility for printing 2.5D prints with glosappearance. These printers were used
for the research conducted in Chaper

In general, "printing" is a multidisciplinary research @ietovering different research areas such as chemistry,
physics, computer science, mechanical and electricalneeging, economics, computer graphics, and psy-
chophysics.

In this dissertation, besides printing samples via inkjet 2.5D printing technologies, we mostly focus on the
computer science field (image processing), taking into atcthe physics of light interaction with the substrate
and the psychophysics of human visual perception.

In the next section, the basic concept of light-matter at8on as well as thBi-directional Reflectance Distri-
bution Function(BRDF) — which is dight reflection mode} are explained.

2.2. Light-Matter Interaction

Appearance can be defined as the overall look of an objecepertby a human observer based on the inter-
action of a light source and the object’s material. Thisrmt&on can mainly be classified into four categories:
absorption, reflection (diffuse and specular), scatteramgl transmission (see Fig.1). Based on these inter-
actions — the results of the optical properties of light aratter — four underlying attributes are defined which
affect the visual perception of materialdyto9.

e Color

e Gloss
Opacity, translucency, or transparency
e Texture

2C = Cyan, M = Magenta, Y = Yellow, K = Black, R = Red, G = Green, &4 Blue.

3W = White, the rest of abbreviations are as mentioned prewousl

4Varnish is some sort of a liquid coating that can be depositeprimted surfaces to add some appearance effects such as iglaksy to
the finial finish. In the printing process used in this diss@wh, using varnish deposition leads to a glossier sudapearance.
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2.2. Light-Matter Interaction

....2)

Incident Light i Reflection
i (Diffuse or Specular)

57'4

Object

Transmission and Refraction

Figure 2.1.: Interactions between an incident light andlgea.

There are different functions such as BSDBSSRDFE, BTDF’, and BRDP used for modeling the aforemen-
tioned light-matter interaction®MJ14 BDW81, Lee0].

The first three models consider the light scattering, reflez®, and transmittance phenomena. The last one
(BRDF) is the simplified version of the BSSRDF model, and isdobon a model of light reflection that assumes
that light encounters and leaves the surface at the same(peimo light scattering).

Since the first two listed attributes (color and gloss) — Wtdce the two main focuses of this dissertation — are
related to diffuse and specular reflection of the encoudtéght respectively, they can be described by the BRDF
model. The flat samples used in this dissertation are privieedbsorption inks and have almost homogeneous
opaque appearances. Thus, the possibility of light stadgter transmittance can be neglected for these samples.

Since the color and gloss measurement devices have begmel@diased on rules of physics by taking the
reflection of light from the surface into account, a brief lex@tion of the BRDF model is presented in the fol-
lowing section. These measurement devices are based otlirsgutme BRDF using different geometries. The
geometries used in color and gloss measurement devices@ained in Section2.3.4.] 2.3.4.2and5.1

2.2.1. Bi-directional Reflectance Distribution Function (BRDF)

The BRDF model describes how much of the light encounterisigréace is reflected. In general, the amount of
reflected light from a surface depends on the position ofigie source and the observer relative to the surface
normal (N) and the tangent plane (defined Iy, B) coordinates). Consequently, the BRDF model is a function

5Bi-directional Scattering Distribution Function

6Bi-directional Subsurface-Scattering Reflectance Diation Function

’Bi-directional Transmittance Distribution Function

8Bi-directional Reflectance Distribution Function

91n 3-dimensional space, the normal of a given surface at a figed pis defined as a vector which is perpendicular to the surfaugetat
at the same point. The tangent plane at poirg a plane which contains the tangent lines of all curves erstirface passing through
that point.
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of four input variables determined via the incoming lightedition () and outgoing viewing directiorug) with
respect to a local orientation at the light-encounteredtno).

We know that light is generally measured as energy per unface area. Therefore, instead of considering
a single illumination and viewing direction, two small regs for both directions are considered and called
differential solid anglegdwy anddwy). As mentioned, the illumination and viewing directiong aefined via
the angles with respect to the surface nornaland6,) and the tangent planey(and@) (i.e. dwy = (6;,®)
anddwy = (6;,@ ), wherei andr refer to the incident and reflected light respectively.gure2.2[Lee0] is a
schematic representation of the BRDF.

Figure 2.2.: Schematic representation of BRDF. This imaggeldeen taken fronLpe03 and re-sketched.

BRDF is defined as the ratio of the amount of the reflected nadin the outgoing (viewing) directiod I (o))

to the amount of irradiance in the incoming (illuminationjedtion dE (ux)) [Lee03. As the result of light-
surface interaction, different wavelengtidg 6f light in the visible range (approximately from 380 to 73@)

may be absorbed, reflected, transmitted, and scatterediousalegrees. Therefore, the BRDF also depends on
the wavelength. Equatior2 (1) [Lee0] represents the definition of BRDF.

BROF (01961, %) = o o @)

There are two different types of BRDFs, defined via the redlect properties of materials with respect to their
rotation around the surface normal. The BRDFs which areriiamrare calledsotropic BRDFsand those which
exhibit variations in reflectance properties are cade@otropic BRDFs For instance, brushed metal and satin
are two materials with anisotropic BRDFs. The printed s@®iplsed in this dissertation have isotropic BRDFs.
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2.3. Basic Colorimetry

2.3. Basic Colorimetry

The definition of color raises some challenges due to itsmi#grece on various parameters suchgig Spectral
Power Distribution(SPD) andHuman Visual Syste(iVS).

According to the definition used in International Lightingddbulary (ILV) [Fai0g, color is an attribute of visual
perception which depends on the spectral distribution®ttior stimulus, i.e. the reflected light from an object
in the visible wavelength range (roughly 380-7#8®), and contains chromatic and achromatic content. Thus, it
can be described by chromatic color names such as blue, n@gnbpink, etc. or achromatic color names e.g.
black, white, gray, etc. and quantified by light, dark, etca@ombination of these terms.

Moreover, the size, shape, and surrounding background obgett as well as the state of adaptation of the
observer’s visual system have influence on the perceptionlof [FaiO5.

2.3.1. Perceptual Color Attributes

Unlike the difficulty in definition of color, the perceptuallor attributes can be more precisely defined as follows
[FaiOg:
e Hue: "Attribute of visual sensation according to which an aregeaps to be similar to one of the perceived
colors: red, yellow, green, and blue, or to a combinatiomaf of them" [Fai0g.

e Brightness: "Attribute of visual sensation according to which an arepeaps to emit more or less light"
[Fai0g.

e Lightness: "The brightness of an area judged relative to the brightoeassimilarly illuminated area that
appears to be white or highly transmitting”, iléghtness= Em;‘#m [Fai0g.

e Colorfulness: "Attribute of a visual sensation according to which the pared color of an area appears
to be more or less chromaticF§i03.

e Chroma: "Colorfulness of an area judged as a proportion of the bnigbd of a similarly illuminated area
that appears white or highly transmitting”, i@roma= Bri?#m [FaiOg.

Although, five perceptual attributes are defined for colaception, it is mostly not necessary to consider all
of them. Typically, the relative color attributes (hue hligess, and chroma) have significant importance and are
used for defining the perceived colors.

2.3.2. Perceiving Color

The light reflected from an object enters the human eye amddgéd on theetina where there aréght recep-
tors. The light receptors absorb a portion of the incoming lighd aend neural signals accordingly to the brain,
for further processing.

There are two different light receptors, knownradsandcones The rods are responsible for detecting small
amount of lights such as starlight and have only one pignygat.tTherefore, objects can only be seen as shades
of gray using these receptors.

The cones are our color receptors and are less sensitive tndident light. There are three types of cones (L,
M, and S) responding differently to the incident light basedvarious wavelengths and consequently sending
different signals to the brain.

Although the spectral sensitivities of L, M, and S cones lae(see Fig2.3[Ber0Q), the peaks of their spectral
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2. Metameric and Spectral Reproduction

sensitivities are within théong (L: 560-580nm), middle (M: 530-540nm), andshort (S: 420-440nm) wave-
lengths. The mentioned overlaps are vital for distingungtdifferent colors Ber0Q.

1
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Wavelength, nm
Figure 2.3.: Cones’ spectral sensitivities. This figure lesn taken fromBer0d and re-sketched.

Therefore, in order to determine the object’s color, thteegs must always be considered: the SPD of the light
source, the reflected light from an object coming to the eye the stimulus), and the cones’ spectral sensitivi-
ties (see Fig2.4). In addition to these factors, the size and texture of tHeablas well as the background also
influence the color perceptioBgr0d.

The International Commission on lllumination (CIE) hasiaebd some standardization in global communica-
tion. The committee defined standard illuminants — CIE illuamts — with specific SPDs simulating various light
sources such as daylight and tungsten. Moreover, colaitre&tndard observers (i.e. CIE 1931 &nd 1964
10°) were introduced with correspondi@plor-Matching Function§CMFs) obtained via conducting visual ex-
periments. The CMFs are linearly related to the human capegitral sensitivities, LMS.

It should be mentioned that in the imaging industry, viewbwpths are used to provide different simulated
illuminants. The SPDs of these artificial illuminants uspaary from one device to another and also in compar-
ison with both the real and standardized sources of illutiona. Usually, in the graphic arts industry, the CIE
2° standard observer and the CIED50 illuminant are used. Eumtbre, for the sake of universal and device-
independent color communication, standard color spacgsas CIEXYZ were defined. For more information
regarding the CIE illuminants and colorimetric standardeslers as well as universal color spaces, please refer
to [Ber0Q and [OR0S.

2.3.3. CIEXYZ Tristimulus Values

Imagine there is an image observed under a particular vgeadmdition, i.e. an illuminant and an observer. In
order to define a specific color for each image pixel, the huwsaral system (HVS) must be mimicked somehow.
Equation 2.2) [Ber0J shows how this model results in a set of tristimulus valuésY( and Z) for any pixel of
the image. This equation is considered to be the first steplof interpretation from raw spectral data, within
the device-independent CIEXYZ color space. From the copgMtYZ values, other transformations can also
be employed for color representation within other colorcgsa
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2.3. Basic Colorimetry

Figure 2.4.: Color perception.

X X(A) 100
Y(l,1) = \Z( :K/A 32182 OV, K= o 2.2)

whereX, Y, andZ are the coordinates of CIEXYZ color, an€lis a vector containing these tristimulus values.
The reflected light from the observed image and the SPD ofdhsidered illuminant are representedrbgnd

| respectively. The visible wavelength range (roughly 380-im) is denoted by\. The CIE color-matching
functions (CMFs) of 2 or 10° colorimetric standard observers are showrxpy, andz. By convention, when
there is a perfect reflecting diffuser material, iré\) = 1, we assignY = 100. For this reason, in the above
equationk is a constant that normaliz&sto 100 for the case given herBér0d.

It should be noted that the CIEXYZ color space is relateddiheto the stimulus intensity, i.d.(A)r(A), while
human perception has a non-linear relation with the stisiutensity according to Stevens’ Power Le83t¢6].

This means that the CIEXYZ color space is perceptually noifoum in the sense that equal perceptual color-
differences do not necessarily correspond to equal distaincthis space. Therefore, the color-differences com-
puted based on these distances are not necessarily paiteptaaningful EB0Z. Hence, in order to calculate
the perceptually meaningful color-differences betweea $timuli, transformation from CIEXYZ color values
to a perceptually uniform color space is required. As an ¢tarof a color space with improved perceptual
uniformity, we can refer to the trichromatic opponent CIER Aolor space QR05. In this color space, the
lightness axis is denoted by thé coordinate. The opponent color axes are red-grae&nand blue-yellow I6*).

See Fig2.5.

The shortcoming of this color space is related to the huatihe i.e. the perceived hue changes across the
predicted constant hue. This drawback is present mostlyarbiue and red areas of the CIELAB color space.
Hence, using another trichromatic opponent LAB2000HL cefmace [U12] which is approximately perceptu-
ally uniform (for small color differences) and hue linearrécommended when a more accurate result is desired.
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Figure 2.5.: Schematic representation of the CIELAB coparce.

2.3.4. Color Measurement Devices and Geometries

As mentioned in SectioB.2, the diffuse reflection from an object’s surface determitesolor. There are two
common types of geometries mainly used in color measuredesites considering the diffusely reflected light.
These measurement geometries are/@% andDiffuse/8° (lllumination/Viewing) which are explained in detail
in two subsequent Sectio2s3.4.1and2.3.4.2

The color measurement devices can be mainly divided in tvooigg: colorimeterand spectrometerwhere

the former is used for measuring the CIEXYZ tristimulus eaddor a stimulus, while the latter is utilized for
measuring a specified optical property as a function of vemgth. If the spectrometer is used to measure the
optical property of a source (spectral radiance or irrackynit is calledspectroradiometeand if it is utilized to
measure the optical property of an object (reflectance osimittance), it is calledpectrophotometdiBer0(.

2.3.4.1.45° /0° Geometry

The most commonly used color measurement devices in gragsimdustry have £#50° (illumination/viewing)
geometry. Figure.6is a schematic representation of the geometry used in thieds &f devices which can
be described as an integral over the BRDF consideririgadigjles of illumination (with respect to the surface
normal) in a complete circle around the surface normal. Adiog to the definition of BRDF (see Secti@rR.]),
this means thal; = 45°, @ € 0,211, 6; = 0, @ can be any angle (e.gx = 0).

2.3.4.2. Diffuse/8° Geometry

There are other types of color measurement devices witbhs#if8° (illumination/viewing) geometry in which

all incoming light directions (with respect to the surfacermal) are considered in an encompassed sphere.
According to the definition of BRDF (see Secti@r®.]), this means thef; € [-11/2,1/2], ¢ € [0, 211, 6, = 8°,
andg can be any angle (e.qx = 0). Figure2.7 shows the geometry used in these types of devices.
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Figure 2.6.: Schematic representation of AB (illumination/viewing) geometry used in color measureinen
devices.
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Figure 2.7.: Schematic representatiorddfuse/8° (illumination/viewing) geometry used in color measureinen
devices.

2.3.5. Color Space Transformations

For the sake of simplicity, in this dissertation, any tramsfation from a color space (CS) to another one is
represented by the following notation:

L:CS(1)—CS(ll), (2.3)
whereCS(l) andCSI1) are two color spaces.

Thus, transformations from CIEXYZ to CIELAB and from CIELA#® LAB2000HL color space can be sep-
arately denoted by : CIEXY Z—— CIELAB andL : CIELAB+—— LAB200MHL respectively. Consequently,
L(Y(l,r)) shows the corresponding colorimetric values of CIEXYZ choates (see Eq2(2) in any color
space specified by tHetransformation.
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Note that the Euclidean distances in the LAB2000HL colocse almost equal to the corresponding CIEDE2000
color-differences$WDO0] in the CIELAB color space. Thus, to calculate the colorelifnce between each ar-
bitrary pair of colors (e.gL(Y{(l,r1)) andL(Y{l,r2)), whereL : CIEXY Z— LAB200CHL) in the LAB2000HL

color space, the 2-norm can be used (see Eg))(

[ LCYQL,ra)) = L(YTL,r2)) |2, (2.4)
wherel represents the SPD of an arbitrary illuminant, andndr, are two different reflectances.

Although we used the aforementioned simplistic notatiartfe transformation from the CIEXYZ to LAB2000HL
color space, in reality there is no direct transformatiohe TIEXYZ values must first be transferred into the
CIELAB color coordinates. Then, the transformation fronzCAB values to LAB2000HL coordinates (as well

as the inverse transformation) is performed via look-upegfLUTs)?. The supplementary material of the

LAB2000HL paper LU12] contains MATLAB scripts to encode look-up tables and cafansformations.

For more information on color transformations and coldfedence formulas, please refer ®gr0(J and [OR05

2.4. Printing Workflows

There are two different major printing workflows, known as hetamericandspectral reproduction workflows
which are discussed in detail in Sectiahg.1and 2.4.3respectively. Their corresponding image processing
steps are also explained. The limitation of metameric printvorkflow and consequently the reason for using
spectral reproduction workflow and the challenges assetiatthe latter case are also discussed.

2.4.1. Metameric Printing Workflow

In general, an image reproduction workflow consists of twdgpaapturingandprinting. The goal of a typical
metameric (colorimetric) image reproduction workflevfrom scene to print — is to provide a copy of an original
sharing the same colorimetry for a specific viewing conditice. an illuminant and an observer.

The ICC-based workflow is an example of a metameric repraatugtorkflow, based on the International Color
Consortium (ICC) standard, and is commonly used in the dgeagts industry. In this workflow, for the purpose
of color management and universal color communication eetwarious input and output imaging devices, a
device-independent color space knowrPasfile Connection Spad®CS), as well as deviéeput/output profiles
are used.

During the capturing stage, transformations from an RGBeara response — used for capturing the scene — into
a PCS (e.g. CIEXYZ/CIELAB) determine thieput profile Note that for building the input device profile, some
image processing steps, such as linearization and coleatmmn must be performed.

During the printing stage, transformations from a PCS topttieter digital counts, construct tlmtput profile
Some image processing steps such as linearization, ganpgimga separation, halftoning, and ink limitation
are employed for building the output device profile. Consely, the required colorant combinations and their
fractional area coverages are determined from the outpiilgoand are sent to the printer as digital counts for
printing the output image. Please note that the input angubydrofiles are composed of various color look-up
tables (C-LUTS).

19The nodes of the lookup tables represent a direct samplii@dfansformation and intermediate values are interpolatea fieighboring
nodes.
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Figure 2.8shows a schematic representation of an ICC-based metaimage reproduction workflow.
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(e.g. CIEXYZ/CIELAB)

CMYK-Printer
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Figure 2.8.: Schematic representation of an ICC-basedmegtaimage reproduction workflow.

Since the focus of this dissertation is on printing rathantbapturing, more details abqurinting workflowsand
their required image processing steps will be presented.

The printing stage associated with the metameric imagedejgtion workflow is called thenetameric/colorimetric
printing workflow Typically, in a metameric printing workflowthe aim is to makenetamersof the origi-
nal [DRO€].

Two reflectances;(A) andrz(A) are calledmetamerdor a specific illuminant (A) if their corresponding tris-
timuli match perfectly, i.e. their color difference is elgzero forl (A). Equation .5) represents the definition
of metamers where 2-norm is used for showing the color diffee.

[ L(Y(E,ra)) = L(YU1,r2)) [[2= 0, (2.5)
whereL : CIEXY Z—s LAB200CHL.

Therefore, the accuracy and print quality of the metamaerniictipg workflow can only be discussed for a pre-
defined specific illumination condition.

This workflow consists of four main image processing step#or gamut mappingcolor separationhalftoning
andink limitation. Figure2.9is a block diagram representing the printing workflow in aera¥l view [USD13.
In this figure, a 4-channel (CMYK) printer is considered.

2.4.1.1. Gamut Mapping

As mentioned, the first step in a printing workflow is gamut piag. Thecolorimetric or metameric gamut
(denoted byG) of any printing system is defined as the whole set of pritablorimetric (e.g. CIELAB) values

43



2. Metameric and Spectral Reproduction

Gamut Mapping

>

Original Image

Separation

Halftoning

[ Output
z (Printable and Ink Limited ]
Colorant Combinations) (—]
=l

Print

Figure 2.9.: Different image processing steps required fmiting workflow — considering a printing system
with four channels (CMYK). This figure has been taken frad6P13, re-sketched and slightly
modified.

under a specific viewing condition, i.e. an illuminant ancbaserver.

The colorimetric gamut of any printing system is always niettd to some extent, depending on the quality
of the substrate used and the color and number of utilizeoraots (inks). Although there are multi-channel
printers with more inks, e.g. CMYKRGB, their gamut is stithited. Therefore, there are always colors which
are not inside the printer colorimetric gamut. Hence, ti@msation of these out-of-gamut colors into the printer
gamut is required. This transformation is callamorimetric/metameric gamut mappinghich is based mostly
on minimizing perceived color differences between theinaband the printable colors.

For the purpose of colorimetric gamut mapping, it is impotta have quick access to the printer’s color-gamut
boundaries. This can be done by employinGamut Boundary DescriptqiGBD) method used for describing

approximately the extent of the gamut (i.e. gamut bound&fipr08]. In general, these approaches are classified
into two main groupsempiricalandmodel-basefUSD13. The former is based on a large number of printed and
measured color patches which is a time-consuming processder to compute the printer gamut via a smaller
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number of printed patches, model-based GBD methods aieedtil For more information about the empirical
and model-based GBD approaches, please refd8R97, CL99, MLOO] and [Mah96 Mah97, Mah98 URR0Z
respectively.

In general,Colorimetric Gamut Mapping Approach€€-GMASs) are classified into two groupslipping and
compression In clipping methods, only the out-of-gamut colors are effe and mapped onto the printer col-
orimetric gamut, while the in-gamut colors remain unaféect The clipping gamut mapping approaches are
usually more useful for printing systems with larger gamittewever, for smaller gamuts where lots of colors
are non-reproducible, smoother transitions are requineatder to avoid visible banding artifacts. Therefore,
compression algorithms are usually recommended for thesesdn order to map both the in-gamut and out-of-
gamut colors by compression methotsSP13.

Most of the clipping- and compression-based GMAs use piisé transformations. In recent yeaspatial
gamut mappinglgorithms have been also developed. These, aim to pretherl@cal color contrast in an image
by considering the spatial neighborhood. Please refeMC01, MWO03, BAEWO01, ZS07 for more informa-
tion on spatial gamut mapping approaches. Figui®is a schematic representation of the colorimetric gamut

mapping.

Colorimetric

Arbitrary In-Gamut
Color I\i}aml_lt Color
(e.g. out-of-gamut A applni;l (i.e. in-gamut
CIELAB value) pproac CIELAB value)

(C-GMA)

Figure 2.10.: Schematic representation of colorimetrimgamapping.

2.4.1.2. Separation

The result of gamut mapping methods is in-gamut colors alilet by the utilized printing system. In order

to print each in-gamut color, the required printer’s cofdraombinations and their corresponding fractional
area coverages must be determined. This process is c@gtationand can be performed mainly in two

ways USD13:

1. Inverting thecolorimetric printer mode(CPM), i.e.CPM~1: G — Q, whereG is the colorimetric printer
gamut andQ is the set of all printable colorant combinations defining phinter colorant space.

2. Solving a constraint optimization problem in case wheee@PM is not analytically invertible.

It is noteworthy that the CPM predicts colorimetric (e.g.ECAB) values from printer colorant combinations
(e.g. CMYK) and their corresponding fractional area cogesi.e CPM: Q — G.

Figure2.11is a schematic representation of the separation process iagaasion of the forward colorimetric
printer model.

Usually, there are colorimetric redundancies in the priotdorimetric gamut, especially for printing systems
with more than three conventional colorants (CMY), e.g. i CMYKRGB. As a simple example, we can
refer to printing gray color using the black (K) ink or the doimation of cyan (C), magenta (M), and yellow (Y)
inks. Randomly choosing a colorimetric combination out ®fesal different choices might lead to unwanted
visually disturbingbanding artifactsn areas where the original image has smooth color transitidherefore,
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Figure 2.11.: Schematic representation of the separatiooeps as an inversion of the forward colorimetric
printer model CPM~1).

the accuracy of the printer model and the consequent sateofi appropriate colorant combinations play an
important role in a printing workflow.

By employing the separation process on a gamut-mapped inaagfe calledseparation imag€denoted byS)

with multi-bands is generated. The number of channels githage is based on the number of inks utilized in
a printing system. Usually, each band is encoded by 8 bitesepting the area coverages of the used colorants
(inks). This image contains the printable colorant comtiames.

2.4.1.3. Halftoning

The final step in a printing workflow ikalftoning In the halftoning process, the corresponding value of each
encoded 8-bit is transformed to either O or 1, where the fommeans no ink deposition at all, while the latter
shows a droplet. Since the image has already been convettedhulti-bands during the separation process,
the arrangement of dots (specifically in multi-channel fetig, e.g. CMYKRGB) is crucial for determining the
quality of the printout. Moreover, for developing halftogialgorithms, the specification of the human visual
system (HVS) and capabilities of the printing technologlagd are two important factors to consid&t$D13.

Typically, there are three types of halftoning methods kmas: Amplitude-ModulatedAM), Frequency-
Modulated (FM), and hybrid (AM-FM) halftones. In AM halftoning procedure, dot clusiewith different
sizes but similar distances with respect to each other,amergted. In contrast, in FM halftoning, similar-sized
dots with varying intermediate spaces are printed. In theidyAM-FM halftoning approach, both the size of the
dots and their relative distances vary. The AM, FM, and AM-R&iftoning approaches are shown in R2gl2
from (a) to (c). More information on the halftoning process de found inPli87], [Kan99, and [LA08].

2.4.1.4. Ink Limitation

It should be noted that there is another important step inpimting workflow, known asnk limitation. In
general, each substrate has a specific physical threshtdchirs of tolerating the amount of superimposed inks.
If the total area coverages of deposited inks in a singleespeed the maximum thresholdk bleedingartifacts
occur (see Fig.13. Therefore, an ink limitation process must be performeafder to avoid undesired printing
artifacts by transforming the theoretical printer contralues into printable ones.

The ink limitation process can be performed either direafter the separation as a single stage, or during the
printer characterization and modelfdgprocedure. Due to this flexibility, it is not mentioned exiily in the

11In general, printer characterization refers to the protressdetermines which colors or reflectances can be printed specific printing
system and from which colorant combinations. The printerattarization can be performed either completely manuallyrbytipg
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Figure 2.12.: Halftoning approaches: (a) AM, (b) FM, andAbdJ-FM Hybrid halftoning. This figure has been
taken from JSD13 and re-sketched.

——» Ink Bleeding

Figure 2.13.: Ink bleeding.

printing workflow shown in Fig2.9. However, the output of this workflow represents the prilgand ink
limited colorant combinations.

2.4.2. Limitations of Metameric Printing Workflow

The image reproduction workflow discussed in Sec#ighl, is based ometameric matchdsetween the original
image and the printout under a specific viewing conditioa @n illuminant and an observer). This is the reason
for naming it themetamericreproduction workflow — the most commonly used printing Wiok nowadays.
Although it is useful in applications with a predefined viagicondition, it is very likely thatnetameric mis-
matcheccur for other cases in which illuminants and observersvaay This occurs mostly due to limitations
of the capturing devices, such as cameras and scanners$, arbicitilized. The result of the capturing process in

a large number of patches, or via a smaller number of printed ssngpid using a colorimetric or spectral printer model thatipted
reproducible colors or reflectances from printable colo@mbinations. The printer characterization has to be pmed after the
printer calibration process which restricts the amount pesimposed and deposited inks, in order to avoid printineats such as ink

bleeding.
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2. Metameric and Spectral Reproduction

a metameric image reproduction workflow, is often an RGB iensigecified by a standardized RGB color space.
Thus, the information derived from the original scene hasaaly been reduced to only three values per pixel
using these devices. This means that these devices conmgu@IEXYZ tristimulus values under a predefined
viewing condition (see Eq2(2)). The RGB values are then obtained via transformatio€IEXY Z— RGB

In order to have a more accurate reproduction which aubhigeinant-andobserver-metameristh(see Fig2.14
and2.15), the spectral raw data must be captured and reproduceat thin only colorimetric values.

Figure 2.14.: A comparison between (a) illuminant-matacth @) illuminant-mismatchiffuminant-metamerisin
in a metameric image reproduction workflow. In this exampkeitluminant is changed, however
the painting is observed by the same observer.

Figure 2.15.: A comparison between (a) observer-match lanolserver-mismatclobserver-metamerisnn a
metameric image reproduction workflow. In contrast to Rid4 in this example, the illuminant is
constant; however, the painting is observed by two diffeodiservers.

12gpectrally dissimilar stimuli may nonetheless lead to thealigerception of similarity. In this case, the correspondigitectances are
calledmetamersTheilluminantandobserver-metamerisare defined for cases where a shift in visual perception satue to changes
in illumination and observer respectivelBgrod.
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More research has been carried out on the capturing stape jpasst decade. Nowadays, spectral cameras and
scanners are commercially available. The captured spatiage from these devices can be used as input to a
spectral-based printing procedure knowrspsctral printing workflow

2.4.3. Spectral Printing Workflow

Similar to the metameric image reproduction pipeline, aBpkimage reproduction workflow consists of two
stages:capturingandprinting. This workflow has the general aim of illuminant- and obseimeariant match
between the original scene and final reproduction.

There are major and minor differences between the inpytitutevices used in spectral reproduction and those
utilized in the metameric workflow. During the capturingggaa multi-spectral camera must be used instead of
a typical RGB-camera in order to capture the spectral raa @gtectral imag®) — rather than only RGB values

— from the scene. For doing this, multi-spectral cameradiliees or other instruments which are sensitive to
different wavelengths. The dimension of the captured spkithage is determined via the number of sampled
values in the visible wavelength range; e.g. by samplinghfd®0 to 700nm by steps of 10hm, the spectral
image has 31 dimensions per pixel.

A multi-channel printer (e.g. CMYKRGB) must be utilized ¢hg the printing stage rather than a conventional
3- or 4-channel printer. This is required in order to expdrekpectral gamubf the printer which is denoted by
G and is defined as the set of all printable reflectances repitoléby a printing system (consisting of the printer,
used halftone, employed inks, and media). Note that theigb@cinter gamut is independent of the illumination
condition. EquationZ.6) represents the relationship between the spectral andmewic printer gamutsy and

G.

G(1,6) =L(Y(1,9)), (2.6)

wherel is an arbitrary illuminant, antl is a transformation from the CIEXYZ tristimulus values (& 2.2)
to e.g. CIELAB or LAB2000HL color space.

There are two main approaches for spectral reproduction:

e Pre-Built Transformations
e Direct Computations

The former is similar to the metameric (e.g. ICC-based) Wovkin which input andoutput profilesare built

via transformations between the input/output devices apebfile Connection Spad®CS) required for device-
independent spectral communication. Since the spectealespas a high number of dimensions (in compari-
son to three-dimensional color spaces), building spetdai-up tables (S-LUT) such as ICC-based LUTs is
not practical in this space. Different research has beer dorreduce the high-dimensional spectral space
(roughly 31-dimensions if sampled in the [400,700h visible wavelength range by steps of @) to a low-
dimensional space known &sterim Connection SpacgCS) such as: LabPQR (6-dDR06 RD06 TRBO7,
synthetic illuminants-based space (e.g. XYZXYZ (6-dJ)NL*12], and LabAB (5-d) LU14] (d refers to di-
mension).

The latter approach, used in spectral reproduction workflewased on direct computations from the high di-
mensional space to the printer’s final colorant combination

Different strategies and algorithms from those employethatameric workflows must be used in a spectral
reproduction pipeline. These methods are required for thacapturing and the printing stages to be able to

49



2. Metameric and Spectral Reproduction

process the multi-spectral camera response and to perfoeciral printing. Figure.16is a block diagram

representing the spectral image reproduction workflow.
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Figure 2.16.: Spectral image reproduction workflow.

To discern the advantage of spectral reproduction comparatetameric workflow, multiple illuminants must
be considered. One aim of tlspectral printing workflows to be as good as metameric reproduction for a spe-
cific illumination condition and to be better (than the megsim reproduction) for the rest of the illuminants in

question.

There are many different applications of spectral printimgkflow

including, but not limited to: security print-

ing, spectral prepress proofitfy accurate industrial color communication, and the aceuraproduction of

artwork and cultural heritage.

The main steps required in this workflow are similar to thosedu
general definition of these steps is given as follows:

2.4.3.1. Spectral Gamut Mapping

in metameric reproduction (see R¢9). A

Spectral gamut mapping is defined by a process for mappingfespiectral gamut reflectances into the spectral

gamut of the printerg (see Fig2.17).

13In general prepress proofings used for customer verification prior to running t

he main prés metameric reproduction workflows, this

depends on the used illuminant. The ainspéctral proofings the client verification invariant to changes in illumiraticondition.
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Arbitrary Spectral
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Figure 2.17.: Schematic representation of spectral gamapping.

2.4.3.2. Spectral Separation

Spectral separation is defined by a process for choosingppate colorant combinations for printing the gamut-
mapped spectra. Similar to the colorimetric separaticretiare two main ways in which spectral separation can
be performed:

1. Inverting thespectral printer mode(SPM), i.e. SPM™1: G — Q, wheregG is the spectral printer gamut
andQ is the set of all printable colorant combinations defining phinter colorant space.

2. Solving a constrained optimization problem in cases witee SPM is not analytically invertible.

It is noteworthy that the SPM predicts reflectances from ttietgr colorant combinations (e.g. CMYKRGB)
and their corresponding fractional area coveragesSEM: Q — G.

Figure2.18is a schematic representation of the spectral separatbmegs as an inversion of the forward spectral
printer model.

Printer
Colorant

o Printer Predicted
Combinations —Jp,
(e.g. CMYKRGB) Model Reflectance

¥ e (SPM) J
-

Inversion

Spectral

Figure 2.18.: Schematic representation of spectral stparprocess as an inversion of the forward spectral
printer model SPM1).

2.4.3.3. Multi-Channel Halftoning

Multi-channel halftoning is defined by a process for arraggnulti-ink droplets (e.g. CMYKRGB) on the sub-
strate used.

2.4.3.4. Multi-Channel Ink Limitation

Multi-channel ink limitation is defined by a process of rating the amount of deposited inks depending on
the used substrate and the superimposed colorants in achatinel printer (e.g. CMYKRGB). Various ink
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2. Metameric and Spectral Reproduction

limitation algorithms have been designed and developech&americ printing workflow, which can also be used
in spectral reproduction. These algorithms can be usedredth part of the process of printer characterization
and modeling CBTO04], or as a separate stage following the separation procg¢tub®7], [Urb09.

2.4.4. Challenges in Spectral Printing Workflow

Employing three- or four-ink printers (e.g. CMY or CMYK), ud is common in metameric reproduction, seems
to be impractical in spectral printing. This is due to the Brspectral gamuts they provide. When using these
kinds of printers, it is very likely that reflectances of sjpatimages lie outside the printer’s spectral gamut.
Therefore, utilizing multi-channel printers, e.g. CMYKBGss highly recommended in a spectral printing work-
flow. This is essential for expanding the printer spectrahgand, consequently, the probability of in-gamut
reflectances.

There are different challenges associated with the spgetraing workflow:

1. One of the challenges related to multi-ink printers isrtepectral characterizatioandmodeling A spec-
tral printer model (SPM) is a prediction function from thenper colorant space) to spectral space (printer
spectral gamug). The available spectral printer models use a number otgaiand measured color patches
to predict spectra from the fractional area coverages optheer colorants. As an example of these models,
we can refer to Cellular-Yule-Nielsen-Spectral-Neugelddl© YNSN) models YN51, YC51, Vig85, Vig90] in
which the required number of training samples is exponiytielated to the number of utilized ink&JSD13.
New models are needed if the number of training patches nedjis to be reduced. For more information re-
garding spectral printer models please refeGBT04], [WBO0Q], [TBO1], [Bal99, [RBH1(], [BBH08], [HCO05,
and HH14].

2. Another challenge in spectral printing is relatedgpectral gamut mapping/hich is much more complex
than conventional metameric gamut mapping due to the higiemsionality of the spectral space. Since the
spectral printer model only provides the spectral prinngt implicitly, having access to its boundaries is a
further challenge requiring new strategies and methtk&J13. It is noteworthy that spectral gamut mapping
is always required even for multi-channel printers. Thidus to the fact that the spectral gamut of any printing
system is always much smaller than all natural reflectari€esly the reproduction of in-gamut reflectances is
desirable, any spectral gamut mapping procedure can besidfldSD13, [TB98], and [TB99].

3. Another challenge is related to the metrics used in thetsgdespace, which are not well correlated with hu-
man color perception. Therefore, even small spectralreiffees based on spectral metrics may lead to large per-
ceived color differences between the original image angthreout under different viewing conditions. Hence,
considering the properties of human color vision is esaknfior more information ospectral metricsplease
refer to [Vig04] and [IRB02].

4. Another challenge in spectral reproductiosectral separationEach pixel of any spectral image is rep-
resented by a N-dimensional array where N depends on thdisgretep (which is usually 18m), in the visible
wavelength range: 400-700n In order to find the fractional area coverages of colorantlmoations, the for-
wardspectral printer mode(SPM) that goes from M-dimensional colorant spa@¢ to N-dimensional spectral
space 8PM: Q — G) usually has to be inverted for each image pigPW1: G — Q). Please note that M refers
to the number of utilized inks in a printing system. Therefdhe dimensionality of the problem is much greater
than that in metameric reproduction. This high-dimenditni a critical issue for encoding the aforementioned
transformation, using multi-dimensional look-up tablg$§P13. As mentioned in Sectiof.4.3 some attempts
have been made to transfer the high-dimensional spectialtda low-dimensional space calladerim Con-
nection Spac@CS). This transformation is practical bacause speotfédctances are smooth. This allows them
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to be shown in a lower-dimensional space by reducing the eambcomponentsHHJ89Dan92 Har04. The
number of dimensions required in order to represent anytispeeflectance with reasonable precision, is still not
clearly determined; however, reducing the number of coraptsto 3-21 sample points is suggestddr0g. So

far, few Interim Connection Spaces (ICSs), such as LabPQ@R [PR06 RD06 TRB07], synthetic illuminants-
based space (e.g. XYZXYZ (6-d)yWL*12], and LabAB (5-d) [U14], have been introduced (d refers to
dimension).

2.5. Summary

In this chapter, a brief introduction to printing techndkgyfollowed by basics of colorimetry was presented as
the required fundamental knowledge prior to more in detglanations.

Two printing workflows known as metameric and spectral rdpotion workflows together with their image
processing steps (gamut mapping, separation, halftoaimdyjnk limitation) were introduced. The dependency
of the metameric reproduction workflow to a predefined vigngondition, i.e. a specific illuminant and an ob-
server, was discussed as a limitation associated with thikfow.

The spectral printing workflow was introduced and recomneerntd be used for applications in which the col-
orimetric accuracy is required under a variety of viewingg(@fically illumination) conditions in order to obtain
an (ideally) illuminant-invariant match between the an@jiimage and the printout.

The challenges associated with the spectral reproduactibith are mostly related to the high-dimensionality
of the spectral space, were also discussed. This high-dioraity specifically increases the complexity of the
spectral gamut mapping compared to traditional colorimeamut mapping. In the following chapter, the cur-
rent state-of-the-art spectral gamut mapping approa@€\As) are discussed prior to presenting the proposed
spectral gamut mapping method in Chapter
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As mentioned in the previous chapter, in order to have anmigmwvamatch (across a variety of illuminants) between
the original image and the printout, the spectral repradaavorkflow is considered. This printing workflow has
applications in (for example) security printing, specpalofing, accurate universal and industrial color commu-
nication, and artwork and cultural heritage reproduction.

In this workflow, the aim is to reproduce the original so tHa tesulting spectral print will be as good as
metameric reproduction under a specific chosen illuminationdition, and will be better than the metameric
reproduction for the rest of considered illuminants.

The first step in a spectral printing workflow — which is thedsof Chapter8 and4 — is spectral gamut map-
ping, required for mapping any out-of-gamut reflectance intosibectral gamut of the printer, i.e— f, where
r is any out-of-gamut reflectance which is mapped into an igaspectrunr.”

We denoted the printer spectral gamutdgwhich is defined as the whole set of reflectances printabledpea
cific printing system (consisting of the printer, the hatfécused, the inks employed, and the medium). Thus, the
spectral printer gamut is defined independent of the illatidm condition.

In general spectral gamut mapping approach&GMAS) can be divided into three main categories:

e Spectral Space-Based Approaches
e Perceptual and Spectral Space-Based Approaches
e Multi-llluminant Perceptual Space-Based Approaches

The methods of the first group (spectral space-based apg@sgmerely operate within the spectral space. Such
approaches are usually based on minimizing spectral diffe¥s using spectral metrics. One of the advantages of
spectral metrics is that they are independent of the vieasaomglition because they are directly applied to spectral
reflectances. However, a noticeable shortcoming assddiathese metrics is that they do not take into account
the properties of the human visual system (HVS). Therefaren small spectral differences may result in large
perceptual color errordBFH05. For a comprehensive overview on spectral metrics pleafe to [RB02Z]

and SPGH14.

The spectral gamut mapping methods of the second categerstepwithin both the perceptual color and spec-
tral spaces.

Whilst the approaches belonging to the aforementioned twopg are only or partially performed in the spec-
tral space, the methods of the third group operate mainlyehnegptual color spaces defined via a hierarchy of
application-dependent illuminants, sorted from most &stéemportant in an underlying application. These ap-
proaches compute the color accuracy of the reproductimsaail considered illuminants using color-difference
formulas (e.g. CIEDE200GJIEOT]) which are more correlated with human perceived coloredédhces.

Although wide research has been conducted in metameric tgagoping, few attempts have been made from
the spectral point of view. In Sectiol®s1to 3.3, some of the methods proposed for spectral gamut mapping —
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belonging to the aforementioned categories — are briefllaggd and discussed.

It is worth mentioning that there are some other spectralujanapping approaches (e.¢TH*99]) which are
directly related to the halftoning process and are not cwmed in this dissertation.

3.1. Spectral Space-Based Approaches

In general, the performance of gamut mapping approaches?&}hat rely on detection of gamut boundaries,
largely depends on th@amut Boundary DescriptdiGBD) methods used. These methods are used for approxi-
mately describing the extent of the gamut (i.e. gamut boo)d&or08] and are defined mostly for metameric
workflows. A common approach used for determining the metangamut boundary of a printer isonvex
hullt. This approach has also been used for finding the spectraitgamandary of a printing systendB071.

It is mostly in spectral space-based approaches that tlotrapgamut boundary needs to be determined. In the
next section, one of these methods is presented.

3.1.1. Spectral Gamut Mapping in Spectral Space - Approach |

The spectral gamut mapping approach (S-GMA) proposed bkdakal. BFHO5 is an example of a spectral
space-based method where the concept of convex hull is ssed@ectral GBD. Using spectral measurements
as the initial points, they found the approximation of thectpal gamut boundary using a convex hull algorithm
such agquickhull[Bar9§. It is essential to make an assumption that the measurertteait define the spectral
gamut, compose an object which is convex.

The captured spectral data is almost always described igladimensional space, usually 31 samples in the
range of 400 to 70@min 10nmsteps. It has been shown that spectral reflectances useradlyd be smooth, with
some recurring pattern®HJ89Dan92 Har03. This fact enables their representation in a lower-dirreare
space. The number of dimensions required in order to represy spectral reflectance with reasonable pre-
cision is still not clearly determined; however, reducihg humber of dimensions to 3-21 sample points is
suggestedHar03.

Principal Component Analys{®CA) [And63 is an approach used to alleviate the number of samples igha hi
dimensional data-set such as spectral measurentéateZ I THM96].

Bakke et al. BFHO9 utilized the PCA to represent the measured spectral rafiees in a low dimensional space
in order to reduce the complexity of spectral gamut boundatgrmination by means of convex hull.

If an arbitrary point (reflectance) is inside the convex hitlis considered to be an in-gamut reflectance; oth-
erwise, it is an out-of-gamut spectrulBHHOY. This definition is useful for conducting the spectral gamu
mapping. It should be mentioned that any arbitrarily giveftectance must be transformed into the same PCA-
based space utilized for dimension-reduction of the spegamut. Then, for each reflectance which is inside
the PCA-based space, an individual 2D plane is built (as ssgection) based on two vectors: a vector from the
gamut center to the given reflectance, and another line whkjaotesents the medium gray component.

If the reflectance is on the outside of the boundary of thevagliegamut cross section, clipping is applied towards
an inner point, i.e. an in-spectral gamut reflectance. Thissformation continues until the gamut surface is en-
countered. Bakke et alBFH05 suggested using the center of the gamut cross section asdrepoint. This is

similar to applying clipping towards the center of a coloasp (e.g. CIELAB) in conventional metameric gamut

1The convex hull of a specific set of points is the smallest coset containing all those points.
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mappings BFHOS. The in-spectral gamut reflectances remain unaffectegurEB.1is a schematic representa-
tion of a spectral gamut cross section together with in- artebé-gamut reflectances and the clipped spectrum.

The result of the proposed S-GMA by Bakke et BFH0Y is influenced by the inaccuracies introduced by em-
ploying the PCA and spectral GMA, i.e. clipping in a PCA-ldspectral space. These errors occurred due to the
deviations of the PCA-based and gamut mapped reflectararaglfie original out-of-spectral gamut reflectance.
They used spectral RMS differences in order to calculateetieerors Erpmg).

The spectral RMS difference is a spectral metric defined aspectral root-mean-square error computed be-
tween two spectra (see EQ®.D).

RMS= \l ri;lnzi[rl()\i)—rz()\i)]z, (3.1)

wherery andr, are two arbitrary reflectances, ahds the visible wavelength range (approximately [380,730]
nm) which is sampled im’ separate values.

The comparisons between the original reflectance, the P&&dy and the gamut mapped reflectances were
conducted considering different PCA spaces ranging froo@dimensions. As Bakke and co-workeBHO05
mentioned, one of the issues related to choosing an appteprumber of dimensions is the lack of a precise
metric for determining whether two reflectances are sufiityesqual.

Figure 3.1.: A spectral gamut cross section together vaftthe center, r(*) in-gamut, ¢) out-of-gamut, andr{”
spectrally gamut-mapped (clipped) reflectances. The gnayrépresents the medium gray compo-
nent. This figure has been taken froBHHO05 and re-sketched.

According to their reported results, thgws after applying PCA, i.eErms(PCA), decreases by increasing the
number of dimensions, while, the inaccuracy imposed by lippiag strategy, i.eErmg(S— GMA), increases.
Therefore, for PCA spaces with more dimensions it is impdrta enlarge the approximation of the spectral
gamut using an appropriate number of spectral measurefiFitt0s.
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3.1.2. Shortcoming

One drawback associated with the spectral gamut mappingothgiroposed inBFH05, and with spectral
space-based spectral gamut mapping approaches in gaaerted to the metrics (e.g. RMS error) used in
the spectral space. These metrics are not well correlatédhuiman visual perception. Therefore, even small
spectral differences may lead to large perceptual coloreand, consequently, an inaccurate reproduction.

3.2. Perceptual and Spectral Space-Based Approaches

In contrast to the spectral gamut mapping method present&k¢tion3.1.1, which merely operates in the
spectral space, there are other approaches which are bageidtoperceptual-spectral spaces. In the next two
subsections, two of these methods are presented. Both dsatperate in the LabPQRROE space. Therefore,
prior to explaining them, a short introduction to LabPQRcspis presented. For more information, please refer
to [DRO4.

3.2.1. LabPQR Interim Connection Space

LabPQR is a six-dimension&hterim Connection Spacg@CS) where the first three components, Lab, are the
colorimetric CIELAB values calculated for a specific viegrinondition. These values construct the perceptual
colorimetric space. The next three coordinates, PQR, ibestiremetameric blaclspace.

According to the Wyszecki hypothesi€¢h01, the human color vision processing system only considers a
portion of the color stimulus available, while ignoring trest. The part of the stimulus that gets considered is
called thefundamental color stimulysind includes information required for color sensatione iégmaining part

is termedresidual or metameric blackand does not carry any data for color sensation. Howevevokes the
black which is interpreted as null color sensation. This lsarformulated simply via Eq3(2) [Coh0] using
three vectors containing tristimulus (CIEXYZ) values.

C=C*+E, (3.2)

whereC represents any color stimulu€;” is the fundamentalof color stimulusC, andE is its residual or
metameric blackoart.

Referring to Eq. 2.2), identical color sensation is experienced by metameflea@nces (e.gr1 andry). In

this case, their computed tristimulus values are exactlyaktpr a certain viewing condition (an illuminant
and observer), i.eX; = Xo, Y1 = Yo, andZ; = Z,. A reflectance is callechetameric blackvhen it results in:

X =Y =Z=0[vT94]. Theoreticallymetameric blackefers to any reflectance that does not evoke color sensa-
tion [CohO1.

For composing the LabPQR ICS, the first step is building tHerouetric space. For this purpose, each re-
flectance givenr( needs to be converted to CIEXYZ tristimulus values (see(E®)) and thence to CIELAB
colorimetric coordinates for a specific viewing conditian, L : CIEXY Z—— CIELAB (for exact transformation
from the CIEXYZ tristimulus values to CIELAB coordinatedease refer toBer0Q).

The next step is finding the metameric black space for each ABEvalue, in order to construct the spectral
space. The spectral differences between the original aatld metameric reflectances reconstructed from each
CIELAB value are calculated thereby. These spectral diffees yield the metameric black space. By applying
the PCA to the resulting spectra, and choosing the first ttwegonents (eigenvectors), a spectral PQR space is
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constructed for each CIELAB valu&@ RBO7).

Therefore, we can refer to the LabPQR space as a 6-dimehhbigéd ICS obtained from the transformation of
the spectra into three explicit colorimetric coordinatesly) and three spectral reconstructed axes (PQR). In this
ICS, there is a nested 3-dimensional spectral gamut (PQRaich CIELAB value, providing an easy strategy
for reducing the complexity of the spectral gamut, in terrhgisualization (see Fig3.2).

3.2.2. Spectral Gamut Mapping in LabPQR - Approach |

Rosen and DerhakRD0g proposed a spectral gamut mapping approach based on tiQJRispace. In this
method, there are two main steg®lorimetricandspectral

After converting any spectral request for printing to LatiP@lues, e.g. L*a*b* = (75, 65, 60) and PQR =
(0.161, 0.01, 0.004), it must be determined whether theutatled CIELAB values are inside the colorimetric
gamut of the printer. In case they are out-of-gamut, a ti@thi colorimetric gamut mapping approach (C-GMA)
[Mor08] is used to obtain in-gamut colorimetric values. This psxcis performed in the first (i.e. colorimetric)
step. Figure3.2[TRBO7] represents an approximation of a nested PQR gamut (vialsdrppints) for an in-
gamut CIELAB value. This figure has been taken frofRB07] and re-sketched. Although an approximation
of the entire colorimetric gamut of an arbitrary printingssym is illustrated in this figure via sampling, only one
of the sampled PQR-nested gamuts associated with one obliyéncetric values, is shown.

CIELAB PQR

-1007-100

Figure 3.2.: Simplistic representation of the LabPQR ICBisTigure has been taken fromiRB07] and re-
sketched.

In the second (i.e. spectral) step, a nested PQR spectraitgamsociated with the in-gamut CIELAB value, i.e.
L*a*b* = (75, 65, 60) in our example, must be found. Then, itshbe determined whether the initial PQR
values, i.e. PQR = (0.161, 0.01, 0.004) in our example, aieénthe extracted nested PQR gamut. If they are
out-of-gamut, spectral PQR gamut mapping must be performed

Different spectral PQR gamut mapping strategies were eyaglby Rosen and DerhaRP0g), which are called:
closest PQRclosest (scaled PQR) = (normalized PQRpsest Pclosest Qclosest Randfurthest PQRAII of
these techniques are based on the spectral PQR distandkeiteuclidean distance between the requested PQR
values and those inside the spectral PQR gamut. In the ficsirtethods as well as the last one, all of the three
PQR coordinates were considered for the comparison, whtleei rest, only one of them (P or Q or R) took part
in the gamut mapping strategy.

According to their experiments, minimizing the PQR disesteads to lower spectral RMS errors. Since the
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PQR values are calculated by applying the PCA to the speatrat, it is expected that spectral minimization
would be achieved by minimizing the PQR values, which is icoadance with their reported result. However,
the lowest spectral RMS error does not necessarily enseiewrest CIEDE2000 color-difference for all illumi-
nants. This result is also predictable because spectral &fi#8ences are not well correlated with human color
perception and colorimetric errors.

3.2.3. Spectral Gamut Mapping in LabPQR - Approach Il

Itis noteworthy that the spectral gamut mapping strategg by Rosen and DerhaRDO06 was tested only in the
PQR space, while no evaluation was performed in the entibf QR ICS. Moreover, their methodology consid-
ers the colorimetric and spectral mappings in two sepatapssTherefore, Tsutsumi and co-workerRB07)
conducted research in order to investigate the feasilafigpectral gamut mapping in the entire LabPQR space,
considering theolorimetricandspectralcriteria dependently and in a single stage. Their objectiedined as
follows, was to minimize the weighted sum of spectral andGoietric parametersIRBO7].

Minimize(AEqo + K'APQR), (3.3)

whereAEqg is the CIEDE20001[CRO01]] color-difference formulapAPQRis the normalized Euclidean distance
in the PQR space which is proportional to the spectral RM& §ftRB07], andK’ is a weighting parameter that
is set empirically.

This objective can be used in any case, regardless of whttherquested reflectance is inside the printer
colorimetric or spectral gamut. If the reflectance requievithin the colorimetric gamut, the first parameter
of this objective is discarded and only the second part resactive (see Fig3.3[TRBO07)). If the spectrum
requested is outside the colorimetric gamut, both parts@rsidered in the gamut mapping process. A traditional
colorimetric gamut mapping strategy followed by a spedeahut mapping method based on the spectral RMS
error, are employed in this scenario (see Big.[TRBO07]).

L*

b*

ALY
- / . J

O: Requested Reflectance

@®: Response Reflectance

CIELAB

Figure 3.3.: Spectral gamut mapping when the requestedtailee is inside the colorimetric gamut. This figure
has been taken fronTRB07] and re-sketched.

A compromise between colorimetric and spectral accuranybeaachieved by tuning the weighting parameter
K’. Larger values oK’ lead to higher relative importance of spectral accuracylendgmallerk’ values result in
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L*

b*

ALY
X

PQR

O: Requested Reflectance

®: Response Reflectance

CIELAB

O: Requested Reflectance
@®: Response Reflectance

Figure 3.4.: Spectral gamut mapping when the requestecttafiee is outside the colorimetric gamut. This
figure has been taken fromiRB0O7] and re-sketched.

higher colorimetric accuracy. The best performance wasdday settingk’ = 50. However, this value is based
only on a set of experiments conducted by Tsutsumi eT&B07].

They explored the feasibility of the proposed spectral gamapping approach in comparison with two other
cases: 1) Using the high-dimensional (31-d) (d refers tcedision) spectral space instead of 6-d LabPQR ICS.
2) Employing only the colorimetric part of the objective shoin (3.3) by ignoring the weighting parameter
(K’ = 0). The full 31-d and colorimetric-only approaches are ek to show better results in terms of spectral
and colorimetric accuracy respectively.

In order to compare their method to the first case mentiohedytoposed objective shown iB.8) was also con-
sidered in the 31-d spectral space. Instead of normalized #i§ances, spectral RMS differences were used.
They conducted experiments using different arbitrary spedata-sets containing the patches generated by a
spectral printer model using a CMYKRG printer, GretagMabl@olorChecker, and Munsell samples.

In their results, the LabPQR and full-spectral approachvelioequivalency in terms of spectral accuracy (spec-
tral RMS error). No significant difference was found betwées reconstructed reflectance from the LabPQR
values and 31-d spectra. In comparison with the colorimetnly approach, the LabPQR method showed no-
ticeable improvements at longer wavelengths and wherertgmal spectral curve had high fluctuations.

From the colorimetric point of view, no significant CIEDEZDEolor differences were obtained for the CIED50
illuminant and 2 colorimetric standard observer. However, no informatiasweported regarding the colori-
metric accuracies for other illuminants.

It is worth mentioning that in the spectral gamut mappingrapphes mentioned in SectioB2.2and3.2.3
before applying the gamut mapping strategy the printingesganeeds to be spectrally characterized either by
an empirical approach or a spectral printer model. This ggsds required in order to predict reflectances
from fractional area coverages of the inks utilized in a timo system. Afterward, another conversion from the
high-dimensional spectral space to the low-dimensionaH@R ICS, is required. Finally, a mapping from the
fractional area coverages of the colorants to LabPQR vatues be performed. These three steps are illustrated
in Fig. 3.5[TRBO07]. After conducting the gamut mapping process and obtaittiegn-gamut LabPQR values,
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3. Spectral Gamut Mapping - a Survey

an inversion of the aforementioned steps must be performeddeer to find the fractional area coverages of the
colorants required for printing the gamut-mapped LabPQRe&m

Fractional Predicted Shoot e Mapped Values
Area Spectral Spectra petz ra (Fractional Area Coverages
Coverages 1;;1;:: (-31-d) LabPQR LabPQR Fractional Area Coverages to LabPQR values)
(SPM) Transform to
(6-d) LabPQR
Mapping
|\
Input Output

Figure 3.5.: Simple diagram representing the forward mapfsom fractional area coverages to LabPQR values.
This figure has been taken fromRRB07], re-sketched and slightly modified.

3.2.4. Shortcoming

The explained approaches in Secti@3.2and3.2.3 and the spectral gamut mapping methods which are par-
tially performed in spectral (e.g. PQR) space in generiilhstve the tendency for large perceptual color errors.
Although this probability has been reduced in comparisdualtg spectral space-based approaches, via mappings
in colorimetric spaces, the usage of spectral metrics MS errors, etc.) in the spectral space (e.g. nested
PQR gamuts) may be the source of perceptual colorimetricserr

3.3. Multi-llluminant Perceptual Space-Based Approaches

Unlike the approaches explained in Secti@$ and 3.2, which totally or partially operate in spectral space,
there are two other spectral gamut mapping methods, whilghoperate in perceptual (color) spaces, by taking
different illumination conditions into account. In the lfmhing two subsections, these approaches are presented.

3.3.1. Metamer Mismatch-Based Spectral Gamut Mapping (MMSGM)

Urban et al. URBO§ proposed a framework for spectral gamut mapping which sgtdlan human color vision.
A hierarchy of application-dependent illuminants sortemhf the most to the least important og)l, ..., 1, is
considered in this framework. The result of final reproduttiising this framework varies by changing either
the considered set of illuminants or their order.

Interestingly, if the reproduction matches the originab@e under all of the considered illuminants, it also
matches the original image under any mixture of these ilhamis Jrb05. Therefore, this multi-illuminant
structure is especially useful for environments where tbeination condition is blending between pre-set illu-
minants JRBOS.

In this framework, the metameric/colorimetric gan@f of the printer has to be determined for the first illu-
minant in question. This can be done in different ways dejppendn the implementation strategy. However,

2The metameric/colorimetric printer gam@tis the set of all colors printable via a printing system cdasing a specific illuminant.
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the most straight-forward way is to go from the printer catirspaced? to the colorimetric printer gamu®

in two steps: 1. Applying the spectral printer model (SPMjite whole set of printable colorant combinations
Q to approximately predict the spectral printer gamgifit 2. Computing the corresponding tristimulus CIEXYZ
values of all in-gamut spectra via EQ.2) for the first considered illuminamt. The colorimetric values and con-
sequently the colorimetric gam@ of the printer are then determined via another transfoondtom CIEXYZ
values to coordinates of a hue-linearized color space@E|L.AB [HB95] (i.e. L : CIEXY Z— CIELAB). The
printer colorant spac@, the spectral printer gamgt, and the metameric printer gam@tfor the first illuminant

I; are shown as schematic representations inF:&.

The input to this framework is the spectral image In the first step, this image must be rendered in colorimet-
ric (CIELAB) images for alln illuminants,ly,...,1,. The result of this rendering processn€IELAB images
denoted byLy, ..., Ln.

In the next step, the rendered CIELAB image for the first ilioamt, L1, must be transformed into the metameric
printer gamutG using atraditional metameric gamut mappirggorithm [MLO1, Mor08] denoted byl 154. It

is noteworthy that in addition to the pixel-wise traditibgamut mapping methodspatial gamut mappingp-
proachesBSBBO0§ can also be employed in this stage. The result of the afonépreed process is an in-gamut
CIELAB image denoted bi;.

The same procedure, i.e. applyifigrag, cannot be performed for the CIELAB image rendered for tleasd
illuminant, L,. This is because the traditional gamut mapping strategpatansure the reproduction of gamut-
mapped CIELAB colors for both illuminants (first and secobg)jn-gamut spectra. Therefore, the reproduction
must be adjusted for the second illuminant.

Due to the colorimetric printer redundancy, there are pobbdifferent colorant combinations that can be used
to print each in-gamut CIELAB value. Therefore, for each gmaixel pp, a metameric sef(po) is defined.
Each pixel- and device-dependent metameric set contdipsirtiable colorant combinations which result in
exactly the same colorimetric (CIELAB) value for the firsnstdered illuminant;. Equation 8.4) represents
the definition of a metameric set.

2po) = {x € Q | AEoo(Pi(X),1(po)) =0} (3.4)

wherey is any colorant combination in the printer’'s colorant spceé\Eqg is the CIEDE2000 color-different
formula [SWDO0S, Pyi(X) is the color prediction of the printout under illumindatgiven the colorant combina-
tion x, i.e. Pi(X) = L(Y(I1,SPMY))) for a spectral printer model SPM (e.g. Cellular-Yule-NézisSpectral-
Neugebauer (CYNSN) modeYN51, YC51,Vig85,Vig90]) and color transformatioh : CIEXY Z—— CIELAB,
I_Al(po) is the CIELAB value at pixepg extracted from the gamut mapped CIELAB image for the firgtilinant,
1.

Each metameric séf po) leads to metameric reflectances (metanfeim)the first illuminantl;. These device-
and pixel-dependent metamers have to be intersected witpictral gamut of the printgrto ensure in-spectral
gamut metamer spectra.

Consequently, a device- and pixel-dependeatamer-mismatch gamuy, is defined for each image pixph by

3The printer colorant spad® is defined as the whole set of colorant combinations printayple printing system.

4The spectral printer gamgt is the set of all reflectances printable via a printing sysa@ahis independent of the illumination condition.

5The spectral imag® is captured via a multi-spectral camera and has high dimensitims number of dimensions (per image pixel) is
defined via the number of sampled values in the visible wavéteragmge, e.g. 31-dimensions if the sampling is performed ssté 10
nmin the range of [400,70Gm

6The metameric reflectances (metamers) are reflectances rgsnlixactly the same colorimetric (e.g. CIELAB) value for acifie
viewing condition.
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converting the corresponding metameric spectra — detedhfor I, and pg — to CIELAB values for the second
illuminant, I,. Note that since these CIELAB values may not be equal, time terismatch"” is used.

The CIELAB values of the image rendered for the second ilhant,L,, have to be mapped into their corre-
sponding metamer-mismatch gamuts. Using this strategy,eosures almost similar metameric reproduction
of the gamut-mapped CIELAB image for the first illuminabt, with non-noticeable changes. This is required
since the aim of spectral reproduction is to be as good asmeeia reproduction for at least one illuminant
considered (herR) and be superior for the rest (hdge..., I).

Different strategies can be used for pixel-wise metamenmatch gamut mapping (denotedfyets) in order to
choose an appropriate CIELAB color — within each metamessmaitch gamupt — and consequently to select a
colorant combinatiory for reproduction of this color which belongs to the metamegt{(pp).

These strategies include minimizing color differencesua angle preservation. The pixel-wise equatid§){
(3.7) represent three strategies for metamer mismatch-basedt gaappind veta Used in URBOS.

Mveta(X') = argmin AEZ(X,Y) (3.5)
y'en
Mveta(X) = argmin AEgy5.5.1)(X,Y) (3.6)
y'ep
Mmeta(X') = argmin AEgg2.2.0) (XY ), (3.7)
Y ep

wherex refers to a CIELAB color to be printed, which is extractednfrethe rendered CIELAB image for the
second illuminant. The metamer-mismatch gamuliffers depending on the CIELAB value for each image
pixel. AE},, AEg,, andAEy are CIE76, CIE94CIEQY, and CIEDE2000 CIEO]] color-difference formulas
respectively. In equation8(6) and B.7), theky, kc, andky coefficients used in CIE94 and CIEDE2000 color-
difference formulas are set to 2, 2, and 1 respectively ieioral provide hue accuracy with double the accuracy
of lightness and chromaJRB0§. Generally, by settindy , ke > k4, distances in the hue direction are weighted
more BB83], [CBTIO03J].

Urban et al. URB0Og employed the "hue and lightness preserving, chroma ciggp@pproach as the strategy for
traditional gamut mappind,trag- Minimizing CIEDE2000 QEg) color differences was utilized for the metamer
mismatch-based gamut mappifigseta, Within metamer-mismatch gamuts.

The procedure applied to the second illuminaaf, must also be performed for any additional illuminant,
I3,14,..., 1, in a similar way. The CIELAB color of each pixel of the imagendered for any remained illu-
minant, can only be mapped into the corresponding specificeleand pixel-dependent metamer-mismatch
gamutp derived from the associated metamers and metamer{c set

Each set of metameric reflectances for the remaining illamisiis obtained via the intersection of two things: 1)
the spectral printer gamgt, 2) the intersected set of metameric spectra related tortheously gamut-mapped
CIELAB values for all of the previous illuminants. Thesedrgections are required firstly to ensure that each
set of metameric reflectances is within the spectral gamthefprinter and, secondly, to protect the previous
gamut mappings from noticeable changes. The intersectioeeps is individually performed for each image
pixel [URBOS.

The results of the mappings performed proceed to the nege sia parameters leading to other transforma-
tions along with the corresponding illuminant. In this weye reproduction is adjusted to a hierarchical set of
application-dependent illuminants.
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Finally, a separation imag® is generated as the result of hierarchical mappings andsatgappropriate in-
gamut colorimetric (CIELAB) values and their corresporgprintable colorant combinations.

Figure 3.6 is a simplified representation of thrmetamer mismatch-based spectral gamut mappgSGM
framework proposed inJRBO§. For the sake of brevity, only two illuminants are consetim this figure.
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Figure 3.6.: Simplified representation of timeetamer mismatch-based spectral gamut mapgMiylSGM)
framework proposed by Urban et dURB0§, considering two illuminants.

Note that the spectral image can be reconstructed from theigaapped CIELAB images across all illuminants
considered. This spectral image will be in the spectral gavhthe printer.

"The separation imag®is an image containing the printable colorant combinationsilidmage pixels.
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In general, performing a traditional gamut mapping stnateg,q for the first illuminant decreases the degree of
freedom possible for subsequent hierarchical mappings.i§klue to the restriction applied by mapping merely
in metamer-mismatch gamuts. Urban and BethB11] extended the aforementioned spectral gamut mapping
framework in such a way that it theoretically leads to expanef mismatch-gamuts. The corresponding ap-
proach is explained in the next section.

3.3.2. Paramer Mismatch-Based Spectral Gamut Mapping (PMSGM)

The main concept of the PMSGM approach is based on the MMSGMatdgthe only difference is that in
this approach, Urban and Beridg11] extended the MMSGM method by expanding the degree of frecdo
gamut mappings inside mismatch-gamuts for the second dsgquent illuminants.

For this purpose, they defined and computed device- and-getndenparameric setss and their correspond-
ing parameric reflectances (paramers), instead of metasetsa.s and metameric reflectances (metamers). Con-
sequently, they determingzhramer-mismatch gamuytgs, instead of metamer-mismatch gamuss,

As mentioned previously, two reflectances are caftextamersvhen they result in exactly the same color for
a certain viewing condition (an illuminant and an obseryvieg) their corresponding color difference is exactly
zero. Two reflectances are callpdramerswvhen they represent a non-noticeable color differenceyb#ie Just
Noticeable Difference (JND)) for a specific viewing conaiiti This definition is in accordance with Urban and
Berns UB11]. No other definition of paramers, determining a specifieshiold value for distinguishing them
from metamers, was found in the literature.

Based on this definition, each pixel-dependent parametic(gg) is defined as all printable colorant combi-
nations which lead to parameric reflectances (paramerspansequently almost the same colorimetric (e.qg.
CIELAB) values — with color differences below the JND — foetlirst considered illuminant;.

The paramer-mismatch gamups, are determined by transforming the pixel-dependentnperia reflectances
(paramers) to colorimetric (CIELAB) values for the secoliuhiinant,l,. These paramer-mismatch gamus,
are defined instead of metamer-mismatch gamugsin order to increase the spectral variability of mismatch
gamuts, by utilizing the properties of the human visualays{HVS). Figure3.7 is a schematic representation
of a comparison between metamer- and paramer-mismatchtggnamdp.

Similar to equations3.5)-(3.7), paramer mismatch-based gamut mappipg:4 can be performed by minimizing
color differences or hue angle preservation, in order tmsb@ppropriate colorimetric (CIELAB) values within
paramer-mismatch gamuts and, consequently, the corréspprintable colorant combinations. For the sake
of brevity, only the first adjusted equation (analogous to Bd)) is presented here. Equatior&) and @.7)

are similarly modified.

Mpara(X') = argmin AEZ (X, Y), (3.8)
yep

where all notations are as defined previously.

Urban and BerndJB11] employed the "hue and lightness preserving, chroma cligpapproach as the strategy
for traditional gamut mappingd,trad. Minimizing AE}, color differences was utilized for the paramer mismatch-
based gamut mappingpara, Within paramer-mismatch gamuts.

For each illuminant, a procedure similar to the one givereiat®n3.3.1must be performed in the 3-dimensional
and hue-linearizedHB95] CIELAB color space using the concept of parameric setsaipars, and paramer-
mismatch gamuts. The results of the mappings performeceptbto the next stage as parameters, leading to
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other transformations along with the corresponding illoamt. In this way, the reproduction is adjusted to a
hierarchical set of application-dependent illuminants.

Figure3.8is a simplified representation of tharamer mismatch-based spectral gamut mappiMBGM frame-
work proposed by Urban and BerridB11]. For the sake of brevity, only two illuminants are consiteim this
figure.

A separation imagé& is generated as the result of hierarchical mappings andsatp@ppropriate in-gamut
colorimetric values and their corresponding printablecaht combinations.

Note that the spectral image can be reconstructed from theigaapped CIELAB images across all illuminants
considered. This spectral image will be in the spectral gavhthe printer.

3.3.3. Shortcoming

The PMSGM method was shown to be a promising approach fotrghgamut mapping, since it is performed

in multi-illuminant perceptual color spaces using coldfedence formulas which are better correlated with the
human perceptual color difference than the metrics uselderspectral space. However, this method generates
unwantedbanding artifacts This is because, in this approach, the gamut mapping i®mpeed pixel-wisely
and independently of the spatial neighborhood. Therefeeghboring pixels with almost similar colors (in the
original rendered images) may be printed by completelyediffit colorant combinations, which leads to discon-
tinuities in the generated separation im&eeven where the original image is smooth. Through the hatitp
process, abrupt changes in dot placement may occur as aoéthubse discontinuities in the separation image
which eventually lead to banding artifacts.
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Figure 3.8.: Simplified representation of fh@ramer mismatch-based spectral gamut mappRrigSGM) frame-
work proposed by Urban and BerridB11] in a multi-illuminant perceptual space, considering two
illuminants.

For avoiding such artifacts, Urban and BerkHi[L1] suggested adding noise to the a* and b* channels of the
CIELAB image rendered for the first illuminant prior to ganmiépping. Although this could solve the banding
problem, it would also increase tlggaininessof the separation image and the printout. FigBr@shows this
problem. In this figure, a cutout of the METACOW spectral iredigJ04 is shown in (a). This cutout was taken
as the input to the PMSGM framework.

It should be noted that the artificially-made METACOWUIP4 image is a spectral image composed of 24 cows
which has two specific aspects: 1. The rear part of each cowhieaspectral reflectance of the GretagMac-
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beth Color Checker, while the front part is the metamericlbleomputed so that it shows metameric effect
under CIEDG5 illuminant with maximum color difference un@dEA illuminant, 2. It is completely noise-free.
Therefore, the METACOWHRJ04 image is considered as a challenging spectral image instefmits spectral
reproduction.

The aforementioned cutout of this image was rendered foD68and CIEA illuminants. The corresponding
colorimetric images are shown in Fig.9 (b) and (c) respectively. By applying the PMSGM method, tbe-s
aration image shown in (d) is generated. As can be seen, tidingpartifacts are visible in this image. The
separation image obtained as the result of adding noisesta*tland b* channels of the CIELAB image — ren-
dered for the first illuminant — prior to gamut mapping, iswhain (e). In this image, the banding artifacts
are diminished; however, the image graininess is increaBéshse note that for the sake of brevity, only one
channel of the 7-channel (CMYKRGB) image is shown in this figwhere the increased amount of colorant
combinations — per image pixel — is represented by a grafliemt white (no ink = 0%) to black (full ink =
100%).

In the next chapter, we propose an approach based on the PM&@&Mwork for minimizing its associated
banding and graininess artifacts.

3.4. Summary

In this chapter, five spectral gamut mapping approaches\8s3}were explained which are categorized in three
main groups based on their working space: fully spectradsiimased methods, approaches which are employed
partially in perceptual and spectral spaces and methodshvelne conducted only in multi-illuminant perceptual
spaces.

In general, there is a major shortcoming associated witthoast fully or partially performed in spectral space.
This drawback is related to the metrics (e.g. RMS error) usetis space, which are not very well correlated
with human color perception. Consequently, they can be dlecs of inappropriate mappings. The multi-
illuminant perceptual space-based approaches are mongigang. This is because they use color-difference
formulas for gamut mappings which are better correlatetl thie human color perception compared to spectral
metrics.

The second explained approach from this category, PMSGBIL[] (which is the extended version of the
first approach MMSGMUJRBO0E)), leads to colorimetric accuracy across a hierarchy ofiegiion-dependent
illuminants. However, due to its pixel-wise strategy, thedl spatial content of the image is not considered which
leads to unwanted banding artifacts.

In the next chapter, an approach is proposed as an improveshéms method for minimizing its associated
artifacts by taking the colorimetric and spatial contentha&f image into account.
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Figure 3.9.: A cutout of the METACOWHJO04 spectral image (a), the rendered colorimetric images unde

CIEDG65 (b) and CIEA (c) illuminants, the separation imageseyated by applying the PMSGM
method without addition of noise (d) and with noise additionthe a* and b* channels of the
CIELAB image — rendered for the first illuminant — prior to gainmapping (e). Théandingand

graininessartifacts are visible in (d) and (e) respectively. For thieesaf brevity, only one channel
of multi-channel separation images is shown where white s#r0@and black = 100% ink deposited.
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4. Spatio-Spectral Gamut Mapping and
Separation

In this chapter, a novel approach callgpatio-Spectral Gamut Mapping and Separa&8GMS FU15aSU150

is presented. This approach is considered an improvemeamtropreviously proposed and published method
calledSpatially Resolved Joint Spectral Gamut Mapping and Sejper&GMS [SU13 which to our knowledge

is the first attempt to combine spectral gamut mapping andragpn. The SGMS and its improved version
SSGMS are based on the multi-illuminant PMSGM framewatB11] — explained in SectioB.3.2— which aim

to minimize its associated drawback of generatirgdingartifacts. Prior to detailed explanation of SSGMS
method, the SGMS approach is briefly explained and discuagbé next section.

The content of this chapter is mostly based on the followinligations:

e Sepideh Samadzadegan and Philipp Urban, "Spatially Reddieint Spectral Gamut Mapping and Sepa-
ration", 2! Color and Imaging Conference (CIC21), pp. 2-7, Albuquerdisv Mexico, USA., (2013).

e Sepideh Samadzadegan and Philipp Urban, "Spatio-Sp&araut Mapping and Separation”, Journal of
Imaging Science & Technology (JIST), Vol. 59, N. 4, pp. 404020402-12, (2015),
239 Color and Imaging Conference (CIC23), Darmstadt, Germ@o45).

4.1. SGMS Approach

As mentioned in SectioB.3.3 the drawback associated with tharamer mismatch-based spectral gamut map-
ping PMSGM [UB11] method is related to its pixel-wise strategy. Since thetiapaeighborhoods of image
pixels are not considered in this approach, the adjacertgixith almost similar colors in the original rendered
colorimetric (e.g. CIELAB) images may be printed with coetely different colorant combinations. This leads
to discontinuities in the generated separation im&geven in areas in which the original image is smooth.
Consequently, through the halftoning process abrupt amimdot placements occur, which eventually result in
bandingartifacts visible in the spectral print. As Urban and BefdB11] suggested, adding noise to the a* and
b* channels of the image rendered for the first illuminanoptdo gamut mapping, solves the banding problem.
However, adding noise adversely increases the ingagjainess(see Fig.3.9).

In order to avoid these banding and graininess artifactgyreposed an approach callspatially resolved joint
spectral gamut mapping and separatiBiGMS [SU13 taking into account the local spatial neighborhoods of
image pixels in incomplete 8 3 windows. In this approach, the image is traversed from tipeléft to the
bottom-right pixel. A cost function is applied through ingatyaversal for selecting a colorant combination from

1The separation imag®is an image containing the printable colorant combinationsilidmage pixels.
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4. Spatio-Spectral Gamut Mapping and Separation

the parameric sat(po)? — previously defined in Sectidh3.2— associated with the under-process ppglcon-
sidering the colorimetric criteria (as itUB11]) and the colorant combinations of already processed pixeh
local spatial neighborhood.

4.1.1. Shortcoming

Although the SGMS$U13 approach leads to a smoother separation in&ayed spectral printout, it suffers from
another sort of artifact callesinearing The smearing artifacts occur due to the accumulation diaparors

in the image traversal direction (top-left to bottom-rigas the result of the incomplete spatial neighborhoods
(windows) considered in this approach. Figdr& shows a comparison between thending(c), graininess(d),
andsmearing(e) artifacts generated via PMSGMB11] and SGMS EU13 approaches. In this figure, a cutout
of the METACOW [FJ04 spectral image was used and rendered under CIED65 (a) @8 @) illuminants.

For the sake of brevity, only one channel of the 7-channel Y8BRGB) separation images is shown in (c) - (e)
where the amount of colorant combinations (per image pizepresented by a gradient from white (no ink =
0%) to black (full ink = 100%).

Figure 4.1.: A cutout of the METACOWHJ04 spectral image rendered under CIED65 (a) and CIEA (b) il-
luminants. Thebanding graininess and smearingartifacts generated via PMSGMIB11] and
SGMS [SU13 methods are shown in (c), (d), and (e). For the sake of yemitly one channel of
the 7-channel separation images is shown in (c)-(e) wheitewh0% ink and black = 100% ink
deposited. This figure has been taken fr@/154.

2A parameric set is defined as all printable colorant combinativhich lead to parameric reflectances (paramers) and, agersig almost
the same colorimetric (e.g. CIELAB or LAB2000HL) values — wittior differences below the JND — for the first consideradhilinant
(1) in a multi-illuminant framework.
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4.2. SSGMS Approach

As mentioned, there are some drawbacks associated witiMIS&RI [UB11] method and our previously pub-
lished approach, SGMS$[13. These drawbacks are related to the generation of unddsareding graininess
andsmearingartifacts visible in separation images (see Bid) and printouts.

In this section, the improved version of the SGMBJ[L3 approach — based on the PMSGM multi-illuminant
framework — is presented in order to minimize the aforenoswetil artifacts, resulting in smoother separation
images and spectral prints. This approach is explainedtailde the following section.

4.2.1. Methodology

As mentioned, thespatio-spectral gamut mapping and separat®8GMS BU154 method is based on the
concept of the PMSGMUB11] framework shown in Fig3.8. However, in the SSGMS approach, the paramer
mismatch-based gamut mappingsara, are replaced by an improved strategy which takestherimetricand

the spatial criteria into account. The steps required for applying t8&$S method to an arbitrary spectral
image are presented in the following subsections.

4.2.1.1. Step 1: Rendering the Spectral Image

Suppose there is a set of application-dependent illumgriat), ..., In(A) sorted based on their priority (from
the most to the least important one) in an underlying apfiioa In the first step, the spectral imaBe- with

the size ofN’ x M’ — must be rendered (transformed into colorimetric (e.g. RB@OHL) values) for all of the
illuminants considered and a CIE standard observer. Phegteethat although this approach is not dependent on
any specific color space, using a perceptually-uniform aretlmear color space such as LAB2000HIU[12]

is recommended. As the result of the rendering/transfaomairocessn LAB2000HL imagesLi,...,L, are
generated (see Fig.2).

730 nm

Rendering
—

380 nm

Figure 4.2.: Rendering a spectral imagéto LAB2000HL images. In this example, two illuminants a@n-
sidered: (a) CIED65 and (b) CIEA.

Each pixel of the spectral imadreis rendered inte LAB2000HL pixels via Eq. 4.1).

Ixy(i) = L(Y(li,rxy)), (4.1)

where the illuminant index is representediby 1, ...,n, Y'is a vector of tristimulus values (see E8.3)), L is a
transformation from the CIEXYZ to LAB2000HLLU12] color spacel( : CIEXY Z— LAB200(HL), and each
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4. Spatio-Spectral Gamut Mapping and Separation

pixel position is shown by andy coordinates. Thusyy represents any pixel of the spectral imdandly.y (i)
is referred to the corresponding pixel of the LAB2000HL iraagndered for illuminar. Consequently, th&
rendered LAB2000HL image can be defined by E@.

! !
L { N’ x M’ — LAB200CHL 4.2)

() = lxy(0),

whereN’ =1,...,N andM’ =1,..., M’

4.2.1.2. Step 2: Initialization by Averaging

In this step, an average LAB2000HL value is computed for iaktlg of each rendered LAB2000HL image via
Eq. @.3.

N/ M’ B
L Y1y lxy(i)
|Avg(|) - N/ » M/ B (4.3)
wherei = 1,..,n represents the illuminant index, ahgq(i) is an averaged LAB2000HL value computed for all
image pixels of the LAB2000HL image rendered for illumingnt

By employing the PMSGMUJB11] method — explained in Sectio®3.2— on thesen averaged LAB2000HL
colors, one colorant combination is computed. iAitial separation image S with the size ofN’ x M’ —is
created by assigning this colorant combination to all imgigels.

4.2.1.3. Step 3: Traditional Gamut Mapping

Since our goal is to be as good as metameric reproductiorast fer the first considered illuminait, and

to be superior to the metameric reproduction for the restefiluminants considereds, ..., I, we apply a
traditional colorimetric gamut mapping algorithm (C-GMPy, o4 to the LAB2000HL imagé.1 rendered for the
firstilluminant,l;. This process is represented via E44.

Mrad[G(11,G)] : L1 — Ly (4.4)

The input to this transformation is the metameric printengg G, determined for the first illuminari via the
spectral printer gamut;*. The relationship between the metameric and spectralgprg@muts is represented
via Eqg. .6). The result of this transformation is the gamut—mappecgima — with the smallest perceptual
color difference from the original imagé;. Note that any colorimetric, as well as, spatial gamut maggian
be used.

4.2.1.4. Step 4: Cost Function

In this approach (similar to the SGMSP13 method (see Sectioh.1)), by traversing the image from the first
top-left to the final bottom-right pixel, we select the apggmiate printable colorant combinations for all image

3The metameric printer gam@is defined as a set of all colors reproducible by a printingesypsconsidering a specific illuminant, hdie
4The spectral printer gamgtis defined as a set of all reflectances printable by a pringistes. Thus, it is independent of the illumination
condition.

74



4.2. SSGMS Approach

pixels. From the colorant combinations chosen,fthal separation imagés computed. Please note that since
the final separation image is generated by updating thelisigiparation image, it is also denotedy

Unlike the pixel-wise PMSGMUB11] method, in the SSGMS approach, both tedorimetric and spatial
content of the rendered LAB2000HL images are taken intowaticdn the spatial part, a local neighborhood of
pixels in a complete & 3 spatial window (except for any bordering pixel) is consadefor each image pixel,
po. Figure4.3is a schematic representation of image traversal. The laghager-process pixel and its direct
neighbors are denoted lpy and ps, ..., pg respectively. Note that, for bordering pixels, the humbfedicect
neighbors in a spatial window is less than eight.

Py P P3

Ps

Pgs Py Pg

Figure 4.3.: Image traversal from the top-left to the botiaght pixel. The actual under-process pixel is denoted
by po, and its direct pre-processed neighbors are denoteyd by, ps in a 3x 3 spatial window. This
figure has been taken fror8{U13 and slightly modified.

To compute the final colorant combinations for each imagelpie. S(po), the following optimization problem
has to be solved:

S(po) = argmin Feost(X), (4.5)
XET(Po)

whereSis the separation imagEgs; is a cost function explained in Eqt.{) and belowy is a printable colorant
combination, and(po) is the parameric set for actual pixaJ.

As mentioned previously, a parameric $€po) is defined, for each image pixgh, as all printable colorant
combinations which lead to parameric reflectances (pagnaerd consequently almost the same colorimetric
(LAB2000HL) values — with color differences below the JNDor the first considered illuminant;. Equa-
tion (4.6) represents the definition of a parameric set.
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t(po) = {x€Q | | P(x)~La(po) |2 <D}, (4.6)

whereQ is the printer colorant space composed of all printable remiocombinationsPy (X) is the color pre-
diction of the printout under illuminarig given the colorant combinatioy i.e. P1(X) = L(Y{l1,SPMX))) for

a spectral printer mod&PM ((e.g. Cellular-Yule-Nielsen-Spectral-Neugebauer (CX\&odel [YN51, YC51,
Vig85, Vig90]) and color space transformatian CIEXY Z— LAB200MHL, Ifl(po) is the LAB2000OHL value
at pixel pp extracted from the gamut-mapped LAB2000HL image for the fiksminant, andD is the JND.
Note that using the 2-norm for computing the color diffeesin the LAB2000HL color space can almost be
interpreted as utilizing the CIEDE2000 color-differencenfiula in the CIELAB color space.

The cost functiorfcest: Q — [0, 1] is defined via Eq.4.7) and composed of two partsolorimetricandspatial

Feost(X) = 1— feol(X) fspatiaI(X)a 4.7)

wherey is a printable colorant combination, afig and fspatial are the colorimetric and spatial parts of the cost
function used to balance the colorimetric and spatial amyuwhich are explained in detail in sectioh2.1.4.1
and4.2.1.4.2 Note thatfspatia and consequentlyost depend on each actual under-process gigeind its direct
neighbors in a local & 3 spatial window.

4.2.1.4.1. Step 4.1: Colorimetric Part — In the colorimetric part of the cost function, the colorfeliénces
between the colorimetric values extracted from the rertl&®B2000HL imagesL;(po) and the predicted
LAB2000HL values B (x) = L(Y{li,SPMX))),X € t(po),L : CIEXY Z— LAB200CHL) for the second and
subsequent illuminantsy, ..., 1, are computed as follows:

folX) = [~ IR0 -L(pl l2)  xex(ro) 4.8)

wherey is any colorant combination within the parameric sgty) associated with each actual under-process
pixel po, i = 2,...,nis the illuminant indexP (x) is the color prediction of the printout under illumindngiven
the colorant combinatiog, anda; > 0 is a weighting parameter.

If the given pixel reflectancg po) is within the spectral gamit of the printer, then the aforementioned computed
color differences across all illuminants will be zero anohgequently, the result of the colorimetric part of the
cost function will be one. However, for other (most likelygses where(pp) is not within the spectral printer
gamutg, the color differences become larger than zero; thus, thdtref the colorimetric part will be smaller
than one, but still remain positive.

As mentioned previously, thie; image was mapped into the colorimetric gamut of the pri@etefined for
the first illuminant,l;. Thus, this illuminant is not considered in E4.§). This is because, by computing
each parameric sefpp), we already knew that all available colorant combinatigndelonging to this set will
eventually lead to nearly the same colorimetric (LAB200QM&lues for the first illuminanit; with unnoticeable
color changes.

4.2.1.4.2. Step 4.2: Spatial Part — In the spatial part of the cost function, all direct neigisof any image
pixel pg in a 3x 3 spatial window are considered. Their corresponding epiocombinations, which are com-
puted through the initialization process (see Secti@nl.2, are also used to determine the colorant combination
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of the actual under-process pixg and, eventually, to update the separation im8gequation 4.9) represents
the spatial part of the cost function:

1

fspatial(X) = €xp (—D EBw(pj)S(pj) —X ) X € 1(po), (4.9)
Je 2

wherey is any colorant combination within the paramericggl), B is a set of all direct neighboring pixels of
any actual pixefpg within a 3x 3 spatial neighborhood (window§( p; ), j € B is the actual colorant combination
for the neighboring pixep;, w(p;) > 0, j € B is aspatial weight(defined via Eq.4.10) assigned to pixep;,
andl is aweightused to make a balance between ¢b®rimetricandspatial parts of the cost function which
is explained via Eq.4.17).

The colorant combinations of neighboring pixels are weighin order to facilitate edge-preserving which is
adopted from bilateral filtering. However, the color difaces across all illuminantk,, ..., 1, are considered
instead of spatial distances and range differences. Thmiolg equation represents the spatial weights:

Misexp(—& || Li(po) ~ Li(P) [2)
w(p) = ; . ,
SjenMaexp(— & I Li(po) — Li(py). II2)

wherep is a neighboring pixel, and; > 0 is a weighting parameter.

(4.10)

The spatial weights are assigned to the neighboring piadedyon the degree of color deviations considering all
illuminants. If the computed color differences betweendbtial pixellL;i(po) and its neighbot;(p) across all
illuminants are small, the associated spatial weight toieeghboring pixel is larger than the case where there
are large color differences — representing a sharp edgeddi@minator is used to ensure that all spatial weights
sumuptol,iey;gw(pj)=1.

In Eqg. @.9), if the weighted average of the neighboring pixels’ coldtreombinations is equal tg, the spatial
part of the cost function becomes 1. If the weighted averay@ates frony, the spatial part becomes smaller
than 1 but still remains positive.

According to the optimization process defined in Efy5), the minimization of the cost function leads to a sep-
aration imageS which follows the colorimetric and spatial content of thégoral image in terms of preserving
the metameric and parameric edjes/oiding banding artifacts, and maintaining the locatispaorrelations.

As mentioned, the weighting parameteris required in order to balance the colorimetrig,() and spatial
(fspatia) parts of the cost function, based on the image content. igtkiis trade-off is essential for generating
a separation imag® so that it mimics the content of the original image. If thet&daart becomes dominant,
the local spatial correlation of the original image will beeperved at the expense of possibly large colorimetric
errors under the second and subsequent illumingnts, I. In contrary, if the colorimetric part becomes dom-
inant, the colorimetric errors will be reduced at the exjgenbanding artifacts, which is similar to the result
obtained via the PMSGMJB11] method — explained in Sectidh3.2 In the PMSGM [UB11] approach, only
the colorimetric criterion is considered, leading to cotwtric accuracy, but also causing unwanted banding
artifacts.

Therefore, in smooth image regions, the contribution ofietial part must be increased in order to avoid band-
ings, while in areas with low spatial correlation, the cotwetric part should be dominant. Thus, we defined the
following weighting parametér, adapted to the image content.

SMetameric and parameric edges are referred to edges whichrappeer one illumination condition, but are invisible undaother one.
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0= 03+f].TéiQ (_i(” Li(po) — Li(pj) ||2)2> : (4.11)

whereas > 0 is a weighting parameter.

The contribution of the spatial part in the cost functionastolled by the magnitude &f so that more dominant
fspatial IS Obtained via smalléd values. If there is a neighboring pixel which has a similaocdo pixel po
across all considered illuminantts ..., 1, (a smooth area), the maximum impact of the spatial part iseaetd
with 0 =~ a3 in order to avoid banding artifacts. It should be noted thatdpatial weights used ifypatia and
defined via Eq.4.10 alleviate the influence of other neighboring pixels witmssimilar color considering all
illuminants. In non-smooth regions (such as edges), théribation of fspaia decreases via largér values,
resulting in higher impact of; and the consequent preservation of metameric and paraeugyés.

By traversing all image pixels, the optimal colorant conabions and, as a result, the final separation infage
are computed by minimizing the cost function (see Bd)j. For controlling the printer and eventually printing
the spectral sprints, this separation image is furthergssed (ink limited and halftoned) and then sent to the
printer.

4.2.2. Remarks
4.2.2.1. Additional (Optional) Step 1: Initialization by Segmentation

In order to improve the colorimetric accuracy — specificédly preserving the metameric and parameric edges
— initialization of the separation imageby segmentation, can be replaced with initialization byragag (see
Section4.2.1.9.

In this process, the colorimetric (LAB2000HL) images remdifor all considered illuminants are segmented into
different clusters using e.g. a color-based segmentat&thod such as K-means clusteri@10]. Afterwards,
for each segmented image, an average LAB2000HL value musirbputed for all pixels within each cluster.

Note that the segmentation process may not necessarilydébd same number of clusters for all LAB2000HL
images. For instance, we applied the aforementioned segtm@mnmethod to a cutout of the METACOW.J04
image, rendered for CIED65 and CIEA illuminants, which ledwo and three clusters respectively. Figdré
shows the result of this segmentation as well as the clugitsr-averaging process.

The initial colorant combinations for all image pixels andnsequently, thanitial separation image @re then
computed by applying the PMSGNUB11] method — explained in Sectid3.2— to the segmented and cluster-
wise averaged LAB2000OHL images.

The colorant combination from each paramerictépb) with the highest colorimetric accuracy across all consid-
ered illuminants, is more likely to be similar to the weighte/erage of colorant combinations of the neighboring
pixels (used infspatial (€€ EQ.4.9))) if the initialization is performed by averaging withing actual cluster rather
than the whole image. Therefore, using segmentation, selohamt combinations are more likely to be selected
by the optimization process (defined in E4.5)), leading to improved colorimetric accuracy and presgova

of metameric and parameric edges between the clusterss aWsiding banding artifacts within the segmented
parts.

Please note that this is an optional step and not necessagjlyred for all images. This is because we didn'’t
find metameric or parameric edges in natural images; howagecannot exclude the images which may contain
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(2) (b)

Figure 4.4.: Segmented and cluster-wise averaged LAB2D0@idges for two illuminants: (a) CIED65 and (b)
CIEA. A cutout of the METACOW FJ04 image was used. This figure has been taken from our
published article$U153.

such edges in general. For instance, the METAC@OR image is one of the special cases containing sharp
metameric edges.

4.2.2.2. Additional (Optional) Step 2: Noise Addition

This step is also optional and need not be applied to all sgleéotages. This is because most spectral images
taken from natural scenes and paintings, contain some sodige such as short and thermal noise. However,
for completely noise-free artificially-made images suchhesMETACOW [FJ04 image, employing this step
leads to an improved reproduction.

Adding a small amount of noise to the colorimetric image s¥ed for the first illuminantl(;) adds high fre-
quency components into the separation im&eThese high frequency components break up the unwanted
remaining low frequency patterns (bandings) in the sejmaréihage and eventually the final spectral printout.
We added zero-mean Gaussian noise with a standard devad&dsb to all channels of a cutout of the completely
noise-free CIELAB METACOW FJ04 image — rendered for the first illuminant — prior to gamut piag. This
amount of added noise does not affect the printout’s gragsinn a visually detectable way. The black channel
of the obtained multi-channel separation image is illusttan Fig.4.8, (e).

Figures4.5and4.6represent the methodology, using a pseudocode and a blagiadi.

4.2.3. Experiments
4.2.3.1. Printing System and Implementation

For conducting our experiments, we used a HP Designjet Ztioer controlled by the ONYX Production-
House RIP Version 7. The CMYKRGB standard inks and the HP Rmaninstant-dry Gloss Photo paper were

79



4. Spatio-Spectral Gamut Mapping and Separation

Rendering the spectral image into LAB2000HL i nages Sec4.2.1.1
I F(no metaneric/paraneric edge) THEN
Aver agi ng each LAB2000HL i mage into a single LAB2000HL val ue Sec4.2.1.2
Initialization of the separation inmage by averaging
ELSE
Segnent ati on of each LAB200OHL i mage and then averaging within each cluster Sec4.2.2.1
Initialization of the separation inmage by segnentation and averagi ng
END I F
I F(conpl etely noise-free inages) THEN
Adding a smal| anpunt of noise to the image rendered for the first illum nant Sec4.2.2.2
END | F
Tradi tional gamut mapping for the first illum nant Sec4.2.1.3
Appl ying the cost function (colorinetric and spatial parts) Sec4.2.1.4

Figure 4.5.: Pseudocode implementation of the method. fighise has been taken fror8{J153.

utilized.

We restricted the number of overprints to four obtained Vff2iint combinations of the black (K) ink together
with three other colorants from the CMYRGB set, assuming thase colorant combinations approximately
covered the spectral gamut of the printer. This restricivas also employed previously, ifiB00,UB11,SU13.

In order to spectrally characterize and model the printe€&llular-Yule-Nielsen-Spectral-Neugebauer (CYNSN)
spectral printer sub-model¥N51, YC51, Vig85, Vig90] were used for all combinations composed of four inks
including the black: CMYK, CMKR, CMKG, CMKB, CYKR, CYKG, CYIB, CKRG, CKRB, CKGB, MYKR,
MYKG, MYKB, MKRG, MKRB, MKGB, YKRG, YKRB, YKGB, and KRGB.

The 4-dimensional colorant space of each of these 20 préntemmodels were sampled in steps of 1%. Thus,
100x 100x 100x 100= 10® colorant combinations were considered within each subaida total 20x 28 = 2
billion colorant combinations were computed to approxihatdefine the printer colorant spa€e Conse-

quently, the spectral gamut of the printgwas defined implicitly by applying the aforementioned 20c$rze

printer models (SPM) to the colorant combinations withia tirinter colorant space, i.e. tiee 3™ ¢ The

colorimetric printer gamuG was defined for the first considered illumindaf by computing the tristimulus
values (by applying the Eq2(2) to the spectral gamut of the printg§) and then employing two consecutive
transformations from the CIEXYZ to CIELAB and from the CIEBAo LAB2000HL [LU12] color space.

For computing the parameric sets) — defined in Eq.4.6), the LAB2000HL color spacd U12] was divided

into cubes with side length of approximately 0.4 CIEDE20@bijch is below the JND considering the office
viewing condition. The colorant combinations which thedrresponding predicted LAB2000HL values (pre-
dicted by the printer model under the first illumindpy fell into the same cube, were considered as parameric
colorant combinations (defining a parameric set) and stioredist for later quick access. Thus, separate lists
were created representing different parameric sets. Tti@iaation process — defined in EdL.5) — was applied

to each individual colorant combination within each paremset, in order to finally select a colorant combi-
nation (from each set) that would minimize the cost functiotlefined in Eq.4.7). From the chosen colorant
combinations, the separation imageas generated.

Note that we considered two illuminants:= CIED65 andl, = CIEA
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Methodology
Yes Noise addition
reflectance to LAB2000HL
Rendering Additional (optional)
step 2

No

reflectance to LAB2000HL

., Step 1 j—

Segmentation

Additional (optional)
step 1

Summary

Step 1: Rendering No
Step 2: Initialization by Averaging
Step 3: Trad. Gamut Mapping Trad. gamut mapping

Step 4: Cost Function
Additional (optional) step 1:
Initialization by Segmentation
Additional (optional) step 2:
Noise addition Initialization
Initial separation image

Step 4 Final

separation
image

Step 2

Figure 4.6.: An overview of the proposed methodology, usinglock diagram. This figure has been taken
from [SU158.

4.2.3.2. TestImages

We used the following 11 spectral images to test the prop8S€&eMS BU154 method and adjust the weighting
parametersdi, 02, andos) defined in equationsi(8), (4.10, and @.11).

e A cutout of the METACOW FJ04 spectral image (containing metameric edges).

e Eight captured spectral images of natural scenes takentfrerRoster databaseANFO06|.

e Two spectral images captured from two paintings.
We applied the proposed method to each of the aforementiperal images in order to obtain the correspond-
ing separation imageS These images were further processed via ink limitation fadttoning and then sent

to the utilized printing system. The resulting spectrahfwuts were captured using a Canon EOS 5D Mark Ill
camera. No chromatic adaptation or white balancing was imseabturing the prints.
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4.2.3.3. Adjustment of the Cost Function’s Parameters

In order to adjust the weighting parameteos,(02, ando3) used in the cost function (see equatioAs3),
(4.10, and @.11)), we used a cutout of the completely noise-free METACOMIO4 spectral image in order to
preserve the metameric edges and avoid banding artifactsbglly inspecting the 7-channels of the generated
separation images. Note that banding artifacts occurredtal@brupt changes in dot placements through the
halftoning process as a result of severe discontinuititisdrseparation image. Therefore, in order to avoid these
cases, spatial correlations in locak 3 windows of surrounding neighbors were considered indegetty of the
image resolution.

The following table represents the cost function’s weigfptpbarameters together with their adjusted values. We
are aware that these parameters were suboptimally adjusted

Table 4.1.: Weighting parameters of the proposed SSGMSadédtgether with their adjusted values. This table

has been taken fronsU154.
Parameter Value
01 3
02 2
03 9

4.2.4. Results and Evaluation

The obtained results via applying the proposed SSGBI$154 method on 11 spectral images mentioned in
Sectior4.2.3.2 were evaluated by visually inspecting the printouts. Tdlerimetric error and the computational
time (associated with each image) were computed also.

4.2.4.1. Printouts

As mentioned in Sectiod.2.3.2 in order to test the proposed SSGMSJ153 method, we used 11 spectral
images. From these images, two of them — a cutout of the METATRJ04 image and a natural image (House
image) from the FosteFANF0§ database — were selected in order to compare the spedtred generated by
the proposed SSGMSPJ154 method and PMSGMUB11] and SGMS BU13 approaches. The other images
also showed the same result.

Figures4.7 and 4.8 show the separation images obtained via the PMSGBI1[1] method (a) without addition
of noise, and (b) with addition of a zero-mean Gaussian neitea 2.55 standard deviation, to all channels of
the CIELAB image, rendered for the first illuminant (CIEDg&)or to gamut mapping, (c) the SGMS13
approach, and (d) the SSGMSU 1538 method. The banding, graininess, and smearing artifaetgisible in (a)

to (c), while (d) shows the improved result.

Please note that for obtaining the separation image shovngird.8 (d), the segmentation process was used
and led to two and three clusters for the CIED65 and CIEA ilhants respectively. In this figure, (e) shows
the separation image achieved by applying both optionalsste that the same number of clusters as (d) was
defined; the same amount of aforementioned Gaussian nosals@a added. As can be seen, (e) shows a
smoother separation image than (d).
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4.2. SSGMS Approach

In figures4.7and4.8, for the sake of brevity, only one channel of the 7-channBY&RGB) separation images
is shown, where the increased amount of colorant combimatitilized (per image pixel) is represented via a
gradient from white (= 0% ink) to black (= 100 % ink).

(d)

Figure 4.7.: Separation images of a natural scé#aNF0€ (House image) generated by these approaches:
PMSGM [UB11]: (a) without, and (b) with addition of a small amount of rmigc) SGMS §U13,
and (d) SSGMS$U154. Note that only one channel (K) of the separation imagesidsve where
white = 0% ink- and black = 100% ink-deposition. This figure haen taken fromqU154.

(@) (b) (©) (d) (e)

Figure 4.8.: Separation images of a cutout of the METACCOWOHY image generated by these approaches:
PMSGM [UB11]: (a) without, and (b) with addition of a small amount of rmigc) SGMS §U13,
and SSGMS$U153: (d) with additional step 1 (using 2 and 3 clusters for CIEzhd CIEA illu-
minants respectively), and (e) with additional step 1 (3sddd additional step 2 (addition of a small
amount of noise). Note that only one channel (R) of the s¢jparanages is shown where white =
0% ink- and black = 100% ink-deposition. This figure has baden from FU154.

Figure 4.9 shows cutouts of captured images of real spectral printsirmdd via the separation images shown
in Fig. 4.7. The capturing was performed under two illuminants: (fissty CIED65 and (second row) CIEA.
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4. Spatio-Spectral Gamut Mapping and Separation

The banding, graininess, and smearing artifacts are wigib(a) to (c) specifically inside the areas of marked
rectangles; while, (d) shows the improved reproduction.

Please note that the capturing process can lead to colosefiioe images are reliable in the zoomed-in electronic
version of this dissertation and not its printed versionteNbat we used a printing system (composed of a printer,
halftone, set of inks, and a paper type) for printing thesages, which is different from the printing system that
may be used for printing this dissertation.

(a) (b) (c) (d)

Figure 4.9.: Cutouts of captured images (under illumina@i&ED65 (first row) and CIEA (second row)) from
spectral prints obtained via separations shown in &ig. The banding, graininess, and smearing
artifacts are visible in (a)-(c). (d) represents an impdoreproduction. Please note that the capturing
process can lead to color errors. The results are reliabteeonoomed-in electronic version of this
dissertation. This figure has been taken fr@w154.

The separation images shown in Fig8 (a) and (e) were also printed in order to compare the PMSGBIL[]
method and the novel approach, SSGMBB[L53. The corresponding captured images under CIED65 (a) and
CIEA (b) illuminants are shown in Figl.10 in the middle and bottom rows respectively. In order to shiosv
advantage of spectral printing, the same cutout of the MEDAC[FJ04 image was printed via an ICC-based
metameric workflow and then captured under the same illunténaThese captured images are shown in the
top row. As can be seen, the metameric edge apparent und@ifeilluminant is preserved via PMSGM
[UB11] and SSGMS $U153 methods, and it has vanished in the print generated viaGkhased metameric
reproduction workflow. The colors of original images (seg.Bi1 (a) and (b)), are mimicked by the spectral
prints. The banding artifacts generated by the PMSG&N11] method (middle row) are minimized by the
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4.3. Spectral Prints for Light Indicators and Security Brin

SSGMS BU154 approach (bottom row).

It should be mentioned that for natural images and paintusggl for testing the proposed SSGMSJ[L53
method, we didn’t find apparent colorimetric improvementsémparison to the metameric reproduction.

4.2.4.2. Colorimetric Error

In order to investigate whether the spatial pdp4tiar) Of the proposed cost function in the SSGMB.J154 ap-
proach adversely affects the colorimetric accuracy of ésalt in comparison with the PMSGNUB11] method
which is based merely on the colorimetric criterion, therage and 98 percentile CIEDE2000 color differ-
ences were computed for all 11 tested spectral images: 8ahanages from the Foster databaBANFOg], 2
paintings, and a cutout of the METACOWJ04 image shown in Fig3.9 (a), (b), and (c). These 11 spectral
images are listed in Table2

The color differences between the original colorimetriagas — rendered for CIED65 and CIEA illuminants —
and the predicted colorimetric values from the printoutsted via the PMSGMUB11] and SSGMS $U154
approaches were calculated pixel-wisely. Figutekl and4.12 show the deviations between the colorimetric
errors caused by employing the PMSGWVH11] and SSGMS $U154 methods.

As can be seen in these figures, the deviations correspotuding average and $5ercentile CIEDE2000 color
differences are smaller than 0.2 and -1 CIEDE2000 unitscsly. Note that the negative values indicate the
higher accuracy of the proposed SSGMS method in comparstmtPMSGM approach; the positive values
indicate lower accuracy. According to these results, amgidminimizing) banding artifacts by considering the
spatial criterion {spatia)) does not lead to a significant drop in terms of colorimetdcuaacy across considered
illuminants (blue bars: CIED65 and red bars: CIEA).

4.2.4.3. Computational Time

As mentioned previously, we applied the proposed SSG®IELF4 method to 11 spectral images. In order to
calculate the extra amount of computational tilA& ) required by the spatial computation in comparison with
the colorimetric-only strategy used in the PMSGNMH11] method, we also employed the PMSGM approach
on the same set of spectral images. Table 4.2 representiafiseé time associated with applying the SSGMS
and PMSGM approaches — implemented in C++ —to 11 spectrgidmasing amntel®Core™i7-3820 CPU @
3.60 GHzprocessor.

According to the results obtained based on the spectralémaged in our experiments (see Table 4.2), the
maximum computational time of the SSGMS method was 1wirbwhich corresponds to the imagainting

1. The maximum computational time differena®T() between the PMSGM and SSGMS approaches was 7.69
min (showing approximately 65% computational percentagedifice) which corresponds to tNETACOW
(cutout)[FJO4 image.

4.3. Spectral Prints for Light Indicators and Security Prints

As mentioned previously, spectral printing can be used ifterént applications and purposes. Here, our aim is
to use spectral printing for generating light indicafoasid security prints. For this, we need to find metameric

8Here, light indicators refer to printed samples which haveost the same color when viewed under one illuminant, and diffesolors
when viewed under another illuminant. Using these lightdatbrs, one can determine which illuminant is using based @oliserved
color.
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4. Spatio-Spectral Gamut Mapping and Separation

(@) (b)

Figure 4.10.: Captured images of real prints generated bZ&rbased metameric reproduction workflow (top
row), the PMSGM UB11] approach (middle row), and the SSGM3J154 method (bottom row).
The capturing process was performed under CIED65 (a) and @tilluminants. Please note
that the capturing process can lead to color errors. Thdtsem@ more reliable on the zoomed-in
electronic version of this dissertation. This figure haste&en from SU153.

pairs and, consequently, metameric colorant combinafigmitable by a printing system. For this purpose, a

"Here, each metameric pair refers to colorimetric (LAB2000H4l)res that are metamers under one illuminant, but showing themmax
color difference under another one.
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0.20
0.15
0.10
0.05

—0.05
—0.10
—0.15
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Paintings

METACOW
(cutout) |

Averaged CIEDE2000 Difference
(=)

—-0.20
1 2 3 4 5 6 7 8 9 10 11

Spectral Image

Figure 4.11.: Deviations between average CIEDE2000 emonsputed between the original colorimetric im-
ages and the predicted colorimetric values from the pristobtained via the proposed SSGMS
approach and the PMSGM method for CIED65 (blue bars) and Gt&d\bars) illuminants. Nega-
tive values indicate a higher colorimetric accuracy forgheposed method. Positive values indicate
a lower accuracy. This figure has been taken fr&td]53.

simple strategy for generating and printing some targepgsasented and explained in detail in the subsequent
sections.

4.3.1. Generating the Targets

To generate the artificial targets for finding metameric gaind, consequently, printable metameric colorant
combinations, a set of grid points was considered by sagtie LAB2000HL LU12] color space in lightness
(L* € [0,70]) and color-opponent dimensiorns* (¢ [—50,50 andb* € [—50,50]) in steps of 5 units. Thus, the
LAB2000HL [LU12] color space was characterized byx21 x 21 = 6615 sampled LAB2000HL values (grid
points).

We considered two arbitrary illuminantg @ndl,), and we planned to find the printable colorant combinations
which are metamers under the first illuminantbut showing the maximum color difference under the second
illuminantl,.

All of the aforementioned sampled LAB2000HL values wereexan two matrices with size 66159, where
the rows of these matrices referred to all 6615 differenesgsampled LAB2000HL values) and the columns
referred to sampled values within metamer- or paramer-atismgamuts (see Fi@.7) corresponding to 6615
LAB2000HL colors. Note that 9 is an arbitrary number usedstimpling these spaces. The first matrix relates to
the first illuminantl;. The columns within each row of this matrix are equal LAB28Q0salues; consequently,
their color differences are exactly zero, indicating megesn This matrix was stored as an image califedge
(see Fig4.13(a)).

8Metameric colorant combinations are referred to colorant ¢oations resulting in metameric reflectances (metamers) undpedific
illumination condition.
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Figure 4.12.: Deviations between®percentile CIEDE2000 errors computed between the origiolarimetric
images and the predicted colorimetric values from the putst obtained via the proposed SSGMS
approach and the PMSGM method for CIEDGE5 (blue bars) and Gied\bars) illuminants. Nega-
tive values indicate a higher colorimetric accuracy forgheposed method. Positive values indicate
a lower accuracy.

The colorimetric values of the columns of the second matixenobtained by applying a mask to colorimet-
ric values of each row within the first matrix. This mask is siolered as a vector of 9 elements with these
LAB2000HL values:(0,0,0), (0,—d,+d), (0,0,d),(0,d,d), (0,—d,0),(0,d,0), (0,—d,—d),(0,0,—d), (0,d, —d),
whered = 20. Thus, the color differences between the LAB2000HL w&lofecolumns within each row of the
second matrix are no longer zero. This matrix was also sti@ednother image calldthage (see Fig4.13

(b))

It should be noted that the generation of the artificial tergenage andimage) is completely independent of
any illumination condition. Thus, we may assume that thessgies are obtained by rendering a spectral image
Runder any arbitrary pairs of illuminants.

Figure4.13shows a small number of sampled grid points (LAB2000HL vsjxtracted from these images. As
can be seen in (a), all nine columns within each row have thmee42AB2000HL value, representing metamers.
However, this is not the case for (b).

These two images are used as inputs to the proposed SSSWIS§ approach — explained in Sectidn?— in
such a way that only the colorimetric part of the cost funti®activated. This is because these artificial images
should be treated exclusively in a pixel-wise manner. Simee@re not considering the spatial neighborhood, ap-
plying the SGMS §U13 approach — explained in Sectidnl— also leads to the same result, by taking only the
colorimetric part of the cost function into account. Moregwthe pixel-wise PMSGMUB11] method proposed
by Urban and Berns (see Secti818.2 can also be used.

As a result of applying one of the aforementioned approathdise artificial images considering a pair of il-

luminants (see Tablé.3) and 2 CIE colorimetric standard observer, a separation infagentaining printable
colorant combinations was generated. We predicted (stedjlahe colorimetric (LAB2000HL) values of the
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4.3. Spectral Prints for Light Indicators and Security Brin

Spectral Image

Sizeh x w)

PMSGM SSGMS AT Percentage Difference

METACOW (cutout) FJ04 1024 x 1024

Natural Scene 1
Natural Scene 2
Natural Scene 3
Natural Scene 4
Natural Scene 5
Natural Scene 6
Natural Scene 7
Natural Scene 8
Painting 1
Painting 2

74% 820
706 820
73% 820
663 721
819 810
755 467
68% 418
706 608
1941x 1410
1410« 1941

7.92
5.22
5.57
5.74
7.01
5.82
6.26
6.13
541

11.79
11.39

15.61 7.69
6.10 0.88
6.55 0.98
6.65 0.91
9.46 2.45
6.23 0.41
6.51 0.25
7.55 1.42
5.56 0.15
17.15 5.36
17.00 5.61

65%
15%
16%
15%
30%

%
4%
21%
3%
37%
39%

Table 4.2.: Computational time and time differedce in minutes (in) together with computational percentage
difference associated with running the PMSGNB[11] and SSGMS$U154 approaches on different
spectral images. The sizes of the images are given in piketsd w refer to height and width

respectively). The natural scenes are taken from the FHi5A®F06] database.

(@)

Figure 4.13.: A small number of grid points (LAB2000HL vad)extracted from the artificial imagebnage
andlmage). As can be seenin (a), all columns within each row have threedaAB2000HL values
representing metamers. However, this is not the case folM{lg)assume that these LAB2000HL
values are obtained by rendering a spectral image undebéraay pair of illuminantsi, andl,.

printout for the same considered pair of illuminants. Thawelicted values for illuminantg andl, were stored
as two other image$red, andPred,.

Assuming that all nine columns (representing LAB2000HLuea)) within each row of themage image led to
printed metamers under the first considered illumingnive were aiming to find the metameric pairs indicating
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4. Spatio-Spectral Gamut Mapping and Separation

the largest color differences under the second considiuedmantl,. Therefore, for each row within thered
image — simulated from the printout under the second illamify — we computed eight color differences (based
on Euclidean norm) between the predicted (simulated) LABR{ values extracted from the first column and
the other eight columns. Consequently, eight pairs (eaohkists of LAB2000HL values extracted from the first
column and one of the eight remaining ones) were defined nvéhth row, representing different color differ-
ences under the second illumindpt In total, 6615x 8 = 52920 pairs were considered, with different color
differences.

We know that these pairs are values simulated from the prirtblmage under the second illuminaig. This
means that the colorimetric values used inlthage target will approximately lead to these simulated colotime
ric values — under the illuminamg — when the target is printed. In order to understand whicbraoktric values
will eventually result in these simulated pairs, 52920atiint cases (pairs) were determined fromlthage
target, where each pair corresponds to a simulated pairisganetamers under illuminaht and non-metamers
under illuminant,. These pairs were then sorted in descending order from #tefie representing the largest
color difference to the last one with the lowest colorineéiror under the second illuminant.

From the 52920 different cases, we selected the first 135amaezic pairs representing the largest predicted
color differences under the second illumindnt Their corresponding LAB2000HL colors were extracted from
thelmagg andIimage images, and were stored as other images c&8ldamage andSublmage. Figure4.14
shows a small number of metameric pairs belonging to theages

| | }one pair
@ O

Figure 4.14.: A small number of metameric pairs extractednfthe imagesubimage and Sublmagg) rep-
resenting the LAB2000HL colors that lead to (a) metamerseutige first considered illuminant
and (b) non-metamers under the second considered illutyinaicating possibly the largest color
differences.

90



4.3. Spectral Prints for Light Indicators and Security Brin

4.3.2. Printing the Targets

In order to print theSublmage and Sublmagg images, four illuminants were considered in two pairs (see T
ble4.3and Fig.4.15. For each pair, we planned to find the printable colorantlboations which are metamers
under the first illuminant;, and non-metamers under the second illumingant

| Type of Light Sources (Pairs) || llluminant I; [ llluminant I |
Flashlights Halogen-Based LED-Based
Caddon Viewing Booth Illluminants 3200K D65

Table 4.3.: Two types of light sources representing twospafrilluminants used for generating the artificial
targets for finding the printable metameric colorant corabiams.

0.050 ;
—— LED-Based Flashlight
— Halogen—Based Flashlight -
—— Caddon D65

LED-Based Flashlight —— Caddon 3200K =

0.045-

0.040{-

0.0351-

0.0301-

0.025-

0.0201-

Reflectance Value

0.015\-

0.0101-

0.005(-

0 Halogen—Based Flashlight
\ \ \
400 450 500 550 600 650 700

Wavelength (rnm)

Figure 4.15.: Spectral power distribution (SPD) of fouutiflinants: LED-based and halogen-based flashlights
as well as D65 and 3200K light sources embedded in the Cadéwaing booth. The SPDs were
sampled in the range of 400 to 786, by steps of 10m

We used thé&sublmage and Sublmage images — computed for a pair of illuminants indicated in €&&hBand

2° CIE standard colorimetric observer — as inputs to one of pleetsal gamut mapping approaches mentioned in
Section4.3.1 The generated separation imeégeas then used to print the corresponding real spectralquint
with HP Designjet Z3100 and Canon iPF6450 printers with seaks (CMYKRGB). It should be noted that
the HP Designjet Z3100 printer was controlled by the ONYXdRiionHouse RIP Version 7, while the Canon
iPF6450 printer was controlled by a self-written rastergamarocessor (RIP). Both printers were spectrally char-
acterized via 20 spectral printer sub-models as previouglgtioned in Sectiod.2.3.1 Two paper types were
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4. Spatio-Spectral Gamut Mapping and Separation

utilized: HP Premium Instant-dry Gloss Photo paper and Gad@n:proof MaxGamut 200 cd semimatt.

We visually inspected the spectral printout under bothmilants considered, in order to find those pairs rep-
resenting the largest visible color differences under #wsd illuminant, that match undekr;. Based on the
colorimetric (LAB2000HL) values of the chosen pairs, wenped the spectral print samples under the two pairs
of illuminants mentioned in Tablé.3. It should be noted that, although we expected to have almmsblor
difference between colors within each pair when viewed uttgefirst illuminant;, we found cases (pairs) with
color differences even above the just noticeable diffeegdblD). This was caused because of the inaccuracy of
the employed spectral printer sub-models used to chaizetiie printing system.

It should be noted that since we controlled the HP Desigrdi0D printer via an RIP, each generated 7-channel
separation imag& was sent directly to the printer. The halftoning processhef separation image was per-
formed by the printer as an internal process. However, irrotad print each sample via the Canon iPF6450
printer, we halftoned the generated 7-channel separatiagéS, using a halftoning strategy combining a tonal-
value-adaptive error-diffusion algorithn®ft0] with a threshold modulation metho®F03. The halftoned
channels were then sent individually to the printer in thefof 1-bit files (per channel).

Figure4.16shows one of the spectral print samples captured by a Can@3B0OMark 11l camera. As can be
seen, the rear and front of the logo are metamers under tH@K3#0mination provided by the Caddon view-
ing booth. However, they (the rear and front of the logo) @spnt a noticeable color difference under the D65
light source embedded in the same viewing booth. No whitarw#thg or chromatic adaptation was used for
displaying the images.

to match: view under light source 3200K

(a) S (b)

Figure 4.16.: A captured spectral print representing metarand non-metamers under the 3200K and D65 il-
luminations respectively. The embedded light sourcesefdaddon viewing booth were utilized.
Please note that the printing and capturing process cartdeealor errors. The results are more
reliable in the zoomed-in electronic version of this ditston.

Figure4.17 shows other captured spectral prints (without white bafanor chromatic adaptation) under two
light sources: (a) halogen-based and (b) LED-based fldghlig\s can be seen, noticeable color differences are
visible in the samples of the second row. Please note thagirthBng and capturing process can lead to color
errors. The results are more reliable in the zoomed-in @it version of this dissertation.
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trueprl
tru

» trueP
triiek

Figure 4.17.: Captured spectral prints under two light sesir (a) halogen-based and (b) LED-based flashlights.
Noticeable color changes are visible in the samples of tbergkrow. Please note that the printing
and capturing process can introduce color errors. Theteeatg more reliable in the zoomed-in
electronic version of this dissertation.

4.4, Summary

In this chapter, an approach call&gatio-Spectral Gamut Mapping and Separat{@sGMS) BU154 is pre-
sented for spectral printing leading to almost an artifee¢-reproduction. This method is an improvement of the
PMSGM [UB1]1] and SGMS BU13 approaches, because it minimizes their associated bgagid smearing
artifacts.

This approach is performed within a multi-illuminant fram@k composed of a hierarchy of application-dependent
illuminants sorted from the most to the least important i timderlying application, with the aim of being as
good as metameric reproduction for the most important ithamt and superior to the metameric reproduction
for the rest of the illuminants considered.

To achieve this aim, a traditional metameric gamut mappsngeiformed for the first illuminant. For each re-
maining illuminant, all image pixels are traversed and gamappings are performed into paramer-mismatch
gamuts. The paramer-mismatch gamuts are determined \aanparc sets consisting of printable colorant com-
binations leading to paramers under the first illuminantl different colorimetric values under the second and
subsequent illuminants. The gamut mappings within paraniematch gamuts ensure that color changes under
the first illuminant will be unnoticeable.

For choosing appropriate colorant combinations withirséhparameric sets, an optimization process is per-
formed by minimizing a cost function considering tb@orimetric and spatial content of the image. The col-
orimetric part is used to optimize the colorimetric accyra€ the reproduction under the set of illuminants
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4. Spatio-Spectral Gamut Mapping and Separation

considered, and to preserve the metameric and paramess.etige spatial part is considered to avoid banding
and smearing artifacts. A locally-adaptive trade-off bedw the colorimetric and spatial parts, leads to high
colorimetric accuracy across considered illuminants,raddced artifacts.

As a result of the aforementioned optimization processparsgion image, containing printable colorant com-
binations, is obtained. This image mimics the content ofdhiginal image, by preserving the metameric and
parameric edges while avoiding banding and smearing etsifa smooth image regions.

We tested the proposed SSGMS method using 11 spectral imagesspectral prints obtained via generated
separation images by applying this approach, showed inegroesults in comparison with the PMSGMB11]

and SGMS §U13 methods. We computed the colorimetric errors between therimetric images rendered
from spectral images under a pair of illuminants, and thdstained via simulation of the printouts using the
PMSGM and SSGMS approaches. The average alidp@8centile CIEDE2000 color deviations between these
two methods were found to be small (below 0.2 and 1 CIEDE2G@0raspectively). This means that mini-
mizing artifacts is not obtained at the expense of a notieediop in colorimetric accuracy across considered
illuminants.

According to the images used in our experiments, the aveaagenaximum extra time required by the spatial
part, for computation of the SSGMS method in comparison ¢éociblorimetric-only PMSGM approach, were
found to be 237 and 769 minutes which correspond to approximately 23% and 65%ep¢age difference re-
spectively.

In this chapter, we also present a simple strategy for géngrartificial targets, in order to find printable colori-
metric values (colors) that lead to metamers under oneiilant, but noticeable color differences under another
illumination condition. These printable colorimetric uak were used to generate spectral printouts representing
a light indicator and security prints.
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5. Specular (Gloss) Reproduction - Background
and Related Work

As mentioned in the introduction (Chapt#), four main attributes affect the visual perception of ajeots
material, calleacolor, gloss opacity(translucency or transparengyandtexture In Chapters, 3, and4 the first
attribute (color), which is related to tlspectral reflectance propertiewas discussed in colorimetric and spectral
image reproduction workflows. The second attribute (gloa$lich is associated witHirectional reflectance
properties is considered as the focus of this chapter and the next aiing gloss effects in a wide range of
gloss values, gloss measurement and its relationship &s glerception, the effect of color on perceived gloss,
and the interrelation between perceived surface glossextalre, are discussed in these chapters.

Printing masterpieces (paintings) is one of the applicaticeas in which gloss reproduction is required. The
gloss appearances of paintings are usually non-homogsnasa result of different painting materials used by
the artist which lead to different reflectance propertiesiting these masterpieces so that they perfectly resemble
the original paintings, requires accurate measurementegmduction of perceived local surface glossiness,
alongside the reproduction of other appearance attrilzutels as color.

Other areas in which the reproduction of gloss effects isired, include cultural heritage, aesthetic purposes,
packaging, improving overall print quality (avoiding géeeelated artifacts), and security printing.

In this chapter, the general information on definition ofsglogloss measurement and perception, together with
basics of psychophysics used to study the human visual t&sneare presented in Sectiénl More detailed
explanation of related work conducted to understand diffecues affecting the visual gloss perception and the
relationship between gloss measurements and gloss percepe given in Sections.2and5.3. In Section5.4

a summary of the chapter is presented.

5.1. Gloss Perception and Measurement

Gloss is an attribute of an object’s material related to ihectional-oriented specular reflection of light from the
object’s surface. A surface is perceived as shiny if it haigla specular reflection, while it is perceived as matt in
the case of low specular reflection. Figéd represents a comparison between diffuse and specularti@flec
and the most common specular angles’, 80P, and 85.

There is a relationship between the amount of specular tigifeand the perceived surface glossiness. The
former can be determined based on rules of physics, dewtkipadards, and measurement devices. However,
determining a surface’s perceived glossiness requiredumimg visual experiments. Finding the relationship
between these two concepts (measured gloss values anivpdrgl®dss magnitudes) is essential for perceptually
accurate reproduction of gloss.

Gloss Perception— Gloss-related studies began in 1914, when Ingersodl4] made investigations of the
appearances of glossy papers. Later, in 1936, Hunter amaldH&tH87] conducted studies of gloss perception
and found six visual phenomena determining the perceivessgiess of different surfaces. These visual gloss
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Figure 5.1.: Specular vs. diffuse reflection (left). The trammmon specular angles used by gloss meters, (20

60°, and 85) (right).

dimensions are listed as follows, with their intuitive défons [FFTR13, [FPG0]1. Figure 5.2 represents a
scene in which different visual gloss dimensions can be eteand compared.

Specular gloss It is the specular reflection at specular angles with resjpeibe surface normal. In other
words, it is the perceived brightness determined by speceflection from an object’s surface.

Sheen It is the specular reflection at grazing anglés the surface. In other words, it is the perceived
shininess at grazing angles to the surface (e.g).85

Contrast gloss It is the perceived difference between highlighted andeeljt areas. In other words, itis
the perceived relative brightness as a result of the speg@ad diffusely reflecting areas on an object’s
surface.

Haze It is related to the spread of the specular reflection. Iriotords, it is the perceived cloudiness or
milky appearance of the areas adjacent to the speculartieflec

Distinctness-of-image (DOI) It is related to the potential of a material to reflect a baokgd image on
its surface. In other words, DOI is the perceived sharpntaseflected image on a material’'s surface.

Surface uniformity: It refers to the absence of any visible texture or defects. (eorange peélor
scratches). In other words, it is the perceived smoothnegssmaterial’'s surface.

Gloss Measurement- Many attempts to measure the glossiness of surfaces havecheried out by ASTM,
ISO?*, DIN®, and JIS. Specular gloss is defined by ASTM D5283T14, ASTM D2457 [AST13, ISO 2813
[ISO144, ISO 7668 [SO1(Q, DIN 67530 [DIN82], and JIS Z 8741 JIS97. Distinctness-of-image (DOI)

1Grazing angle refers to the angle between the incident bemhire encountered surface. It is more common to use the graagilg a
instead of the angle between the incident beam and the suttamal in cases where the incident light is nearly parailéhé surface.

20range peel refers to bumpiness on the object’s surface hvigigsually caused by the coating process. It resembles tfecewf an
orange skin.

3American Society for Testing and Materials

4International Organization for Standardization

5Deutsches Institut fiir Normung/German Institute for Stadidation

6Japanese Industrial Standards Committee
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¥ Surface unifo
e o o

Figure 5.2.: A representation of different visual gloss @itsions according to Hunterd H87].

gloss is defined by ASTM D576 ABT12, and Haze gloss is determined by ASTM E42(B[T11], and I1ISO
13803 [SO14H. There are some measurement instruments available falithet measurement of some of the
aforementioned visual gloss attributes such as: glossre@fte measuring specular/sheen gloss), haze meters
(for measuring haze gloss), and orange peel/DOI metersn@asuring orange peel artifacts and distinctness-of-
image (DOI) gloss).

In this dissertation, we focus mainly @pecular glos&nd use gloss meters to measure it. Gloss meters obey a
physical conceptNITOQ] generalized by the aforementioned universal standatidiza According to these stan-
dards, the glossiness of surfaces is measured based dnthi@dtion angle and relative to a standard mirror-like
black glass with a refractive index of 1.567. The illuminoatangles include 20, 30, 45, 60, 75, and 85 degree of
specular gloss. Among them, 2G>, 75°, and 85 are the most popular specular angles in the printing inglustr

In general, 20, 60°, and 85 are the most commonly used specular gloss angles. The Giosg3W) of 100 is
defined for the black glass independently of the incideamihation angle I TOQ], [NTOQ].

In general, the measurement of gloss using gloss meterpisxamated by sampling the BRDF function (see
Section2.2.1 where the incident and reflected angles with respect toutface normal are equad;(= 6;), and
correspond to the aforementioned specular angles. Byingteither the gloss meter or the underlying substrate
around the surface normal, different gloss values may karedd. This occurs only for materials with anisotropic
BRDFs such as brushed metal, satin, or wood. However, foenadd with isotropic BRDFs, the rotation does
not result in noticeable changes in measurements. Pleds¢hat the flat samples used in this dissertation have
isotropic BRDFs.
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According to gloss meters, specular gloss is measured astibeof theluminous flux reflected from a test
sample in the specular angle, to the luminous flux reflectexh fa black glass reference sample (embedded in
gloss meters) in the same specular direction (seébH)).(NZM*03, SPMO0S:

qJGR;\I'est

Specular Gloss- 100x (5.1)

K
e7R)I\?eference

where®g RTest and®, rererenceare the emitted flux of the test and reference samples resglgctThe specular
’ A
angles of incident and reflected light are equal and reptedday®.

In order to distinguish different samples based on theirsuesal gloss values, it is necessary to consider an
appropriate measuring geometry (illumination/viewinglah [JPLDOg.

As mentioned, many developments of gloss measurement wesigneéd and performed by taking into account
different geometries. According to the ASTM D5289T14 standard, three angles (2060°, and 85) were
considered for the specular gloss measurement. Three rgigisss and two gloss thresholds were determined
approximately via a visual gloss experiment conducted by-8gardner HH87]. In this experiment, 13 samples
of black glass were ranked visually, from matt to high gloss.

The visual gloss ranks were then compared to the gloss valeasured at the aforementioned specular gloss
angles. Three gloss regions (low, medium, and high gloss) determined based on parts of graphs representing
higher slopes (see Fi§.3taken from JPLD0G). The measured gloss valuesifi GU) related to these gloss
regions are:g < 10, 10< g < 70, andg > 70, representing two gloss thresholds at 10 and 70 GU, which
distinguish three gloss regions. The higher slopes in loggiom, and high gloss regions are associated with the
curves plotted as a function of perceived gloss levels arasored gloss values at 8%0°, and 20 specular
angles respectively. Therefore, any sample is usually uredsat 60 geometry at first. If the corresponding
gloss value is higher than 70 GU (high gloss), it is then r@sneed at 20 In cases where the gloss value is
smaller than 10 GU (low gloss), the sample is re-measureB°at 8

However, according to Figh.3, in a wide range of gloss values from 10 to 70 GU, gloss measemes at 20,
60°, and 85 lead to corresponding curves with almost identical slopes.

In Sections.1.1and5.2 useful information about human visual perception andifipally visual gloss percep-
tion is presented.

5.1.1. Basic Psychophysics Used to Study Human Visual Perdem

The term "Psychophysik" (in German) (English translatii®sychophysics") was introduced by Fechner, with
the aim of establishing a scientific approach for studyiregredationship between the physical (objective) and
perceptual (subjective) worlds. The former is based on ore@as a physical quantity, while the latter comes
from the sensorial/perceptual abilities of the human. &laee also other pioneers in the field of sensory research
such as Weber and Stevens, who discovered the fundamehsalissmry mechanismg&E99.

Measuring Human Perception— A problem arises in psychophysics research, which is hoabjectively
measure humans’ subjective/sensorial perception, fosdake of understanding their relationship. To solve this
problem,psychophysical methodsr relating human perception and physical stimuli, werBngel. The basic
principle of these methods is to use a physically measusdintieilus as a consistent source for multiple subjec-
tive comparisons. The parameters of the stimulus are a&djystecisely, and observers are asked to report their

“Luminous flux is the energy radiated from a source over visilgieelengths, resulting in visual sensation.
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Figure 5.3.: Fundamental of the specular gloss measurenaset on the specular angle. This figure has been
taken from PPLDO0G and re-sketched.

perceptions with respect to the modifications. Fechnerestgg using variations in observers’ judgements to
determine the minimum required difference for sensing tbdifitations made in the magnitude of the underly-
ing stimulus. This minimum difference is called Just Nodible Difference (JND)EE9Y.

Different psychophysical methods, suchrasthod of adjustmentethod of limits method of constant stim-
uli, category judgmentpair comparisonrank order, scaling methodsand so on, were defined. In general, in
psychophysical scaling methods, observers are askedigmassmbers (scales) to the stimuli presented. The
main aim is to assign magnitudes to perceptual sensatidresere different types of scaling methods, such as
category scalingandmagnitude estimatiorFor more detailed explanation of each of these methodaselesfer

to [EE99 and [Ges84.

Before conducting any psychophysical experiment, a metbod combination of methods) must be chosen
carefully determined by the aim of the experiment. The nunalbgubjects (observers) and test and/or reference
stimuli required, must be chosen depending on the tasktsdl@nd the experimental design, to ensure the fi-
delity of the experiment and reliability of the result. liisportant to test the color vision and/or visual acuity of
the observers prior to the main experiment, using coloobwisind/or visual acuity tests.

Determining Psychophysical Functions- After conducting an appropriate psychophysical expeninmeeset of
perceptual values is obtained. The relationship betweesetsensorial values and psychical measurements can
almost never be determined by a simple straight line in a pdzs representing the perceptual and physical co-
ordinates. However, the function representing the afordimeed relationship becomes steeper as it approaches
the JND defining the threshold of sensati&EPg.

In 1975, Stevens suggested subtracting the JND from theurezhphysical value of a specific quantity. His
suggestion was based on reasoning that, after passingriéshtihd corresponding to each specific quantity,
the relationship between sensorial (perceived) valuegplgdical measurements might be defined by a power
function. Equation§.2) represents his explanatioBE99.

W=n(y-v)", (5-2)
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whereW is the perceptual magnitude predictgds the stimulus intensity measured (physical vali®)js the
perceptual threshold (just noticeable difference (JNB¥paiated with a specific quantity, ancgandv are con-
stants.

However, a power function may not be appropriate for deswyibny physical-perceptual relationship. Thus, fit-
ting different functions to the obtained data points is galynecessary in order to estimate the aforementioned
relationship in different cases.

Psychophysical Methods Used in this Dissertation Because, two of the aforementioned psychophysical meth-
ods are used in the next chapter, a brief explanation of thethods (in such a way that they are used in our
experiments) follows.

e Rank order method: In this experiment, some stimuli (in asec printed samples) are presented to the
observers. Their task is to rank or sort the stimuli based gpeaified criterion.

e Scaling method: In this experiment, the observers are geavivith some reference and test stimuli (in
our case: printed samples). The reference samples prdgerte observers have some predefined scales.
The observers are asked to give a scale (magnitude) to esicttiteulus, based on the degree of similarity
or difference they perceive between the reference anddesgtlss.

Please refer toGes84, [EE9Y, and [Keh13 for more information about the methods, theories, andieatbns
used in psychophysics and psychophysical experiments.

5.2. Different Cues Affecting the Visual Gloss Perception

Based on the visual gloss dimensions suggested by Hurdté87], different studies have been conducted in
order to understand the influence of different cues on glessgption. Interactions between surface gloss and
texture HLMO8], shape FTA04, NTO04 VLD07, WFEM10], color [WFEM10, XB08, MvV03, DNH99], and
illumination geometry [PDH11] have all been reported in the literature, mostly based splay-based experi-
ments.

For example, Ho and co-workerslLM08] conducted a display-based psychophysical experimeingen
LCD® monitor) to study how surface 3D (relief) texture affectsgeéved surface glossiness and vice versa.
In their experiment, samples with variation in 3D texturbufhpiness") and specularity ("glossiness") were
presented to observers. The observers were asked to juedgbumpiness” and "glossiness" of the samples.
According to the obtained results, they found that theseapmearance attributes affect the perception of each
other so that the samples with physically glossier appearane perceived as bumpier and the samples with
physically bumpier appearance are perceived as glossier.

Marlow et al. MKA12] extended the above display-based study and included @neémiable: illumination
angle with respect to the surface normal. Two illuminatioiemmtations were considered: frontal and oblique.
Surfaces with different reliefs yet the same gloss valueeveansidered. Although all of the surfaces had the
same reflectance properties, most of the observers peddabieesurface with lowest reliefs and illuminated with
the frontal light source, as glossier than the others. Tisisal gloss confusion or misperception occurred due to
the non-linear and complex interactions between the diffevariables considered. Based on a hypothesis made
by Marlow and co-workers, this gloss misperception can Iséfjad by the fact that both relief and illumina-
tion conditions affect specular highlights in terms of th&ke, contrast, distinction (sharpness), and so on (see
Fig.5.4).

8Liquid Crystal Display
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5.2. Different Cues Affecting the Visual Gloss Perception

Figure 5.4.: Some of the proximal gloss cues related to daebighlights according to Marlow et aMKA12].

Therefore, they conducted another experiment with diffeobservers, and asked them to scale only properties
related to perceived highlights such as the size of the igigtdd area, contrast, and distinctness. The new set of
observers was not asked to judge surfaces based on theveergédss per se, or any intrinsic properties of the
surfaces. They had only to focus on the part of the image septiang the highlights.

Interestingly, Marlow and colleagues found that a weigltechbination of the judgments based on simple and
proximal attributes has almost the same trend as the gessindgment considering the non-linear effects of
relief depths and illumination angles. According to theisult, it seems that when observers are asked to judge
the glossiness of surfaces, they automatically focus ompéneeived "highlights" as a "proxy" for the surface
glossiness and related physical properties. Based onrtipgesand proximal features related to those highlights,
such as size, contrast, and sharpness, they judge therglesif the surface. Simply speaking, the brain in-
terprets the surfaces representing large and sharp Highlig have a glossy appearance. In contrary, surfaces
with blurred and small highlights are observed to have adésssy look. This brain interpretation might be in
contrast with the intrinsic physical properties of matisrlaading to some so-callegdoss misperceptions

Marlow and colleagues were not certain that only the sizetrast, and sharpness of the highlights determine the
perceived glossiness; there probably exist some othévets affecting the highlights and, as a result, affecting
human gloss perception. Broadly speaking, it seems thariabperception by the human visual system (HVS)
is not based on complex computations of the physical prigseof materials per se. What the brain seems to
carry out is an exploration process for collecting some jnakimperfect cues (heuristics) from images. Then,
by performing statistical analysis on the information agted, the brain finally judges the material’'s appearance.
Therefore, along with the correct perceptions of the malgrhuman visual perception might also fall into some
misperceptions depending on various circumstaneksl]. Figure5.5is an example representing perception
and misperception of surface glossiness. However, we msynas that in those cases which lead to visual
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misperception (e.g. Fig.5), it is very likely that the information received from thes@wver is not accurate.
For instance, in Fig5.5, the BRDF-related information is transported to the obsebased on three different
viewing angles ((a), (b), and (c)). Therefore, visual glossperception occurs.

Glo, S
Nelss i,
Css "%s Hoss
0 S

‘ s N,
| . ! "B
(@) (b)

Figure 5.5.: Perception and misperception of gloss: As easden, the glossiness of the surfaces seems to

increase from left to right. This gloss perception is carieccomparing the samples denoted (b)
and (c). However, gloss misperception may be occurring énatiner comparisons. Samples (a)
and (c) have the same measured gloss level (95 GU). The gbss of the left sample (95 GU) is
higher than that of the middle one (50 GU). Although all theges were captured under CIED65
illumination with an equal ambient light source, changeshim viewing angle lead to these gloss
misperceptions. It should be noted that these samples leavethken from the NCS Gloss Scale fan
deck. Their gloss values have been measuredaspécular gloss angle.

In accordance with the aforementioned study, Flemiig]4 suggested a general theory of material perception,
based orstatistical generative modelather thanphysically-based modelsHis suggested theory — which is
based on computer graphics and visual research — is as $ollow

"When we look at an object and experience a vivid subjeatiygassion of its material properties, we are not
actually perceiving its physical properties at all. Insteave have learned a set of appearance
characteristics—i.e., properties of the way the matemlds to appear in the image—that capture its distinctive

'look’ [ Fle14."

Based on the aforementioned statement, the brain doesawitpthe properties of the BRDF in order to estimate
the glossiness of objects. However, it does use some prbkimage measurements in order to understand the
extent to which the material represents specular reflexiibighlights). Based on this information, it generates
a statistical appearance model for gloss perception auicaig.

However, we believe that although the brain may not compugeproperties of the BRDF (according to its
equation), the perception or misperception of materiabapgnce attributes suchglessdepends on the BRDF-
related information received by the observer. This illuation- and viewing-angle-dependent information is
a key factor of the stimulus received, for detecting the pnak cues used for building thgenerative models
proposed by FlemingHle14 and, eventually, for judging the attributes of object'paprance, e.g. their surface
glossiness.

It is noteworthy that the proximal cues (heuristics) memid in MKA12] and [Fleld, representing the features
of highlights used for gloss discrimination, can be mappaat@ximately to some of the visual gloss dimensions
defined by HunterHiH87], e.g. contrastandcontrast glosssharpnessindspecular glossandhaze
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There are also some discussions based on the visual glossglons defined by HunteHHH87] in the context
of their real usability from the observer’s point of view,tlre form of a single or multiple cue(s) used for gloss
perception determining the observer’s gloss sensatiategly.

Leloup and co-workerslHPD12 conducted a psychophysical experiment on real black sssnpl order to
understand the observers’ strategy for gloss evaluati@eoiling to their result, a dichotomy was realized be-
tween the observers. Some of them considered the distsgtsfemage (DOI) as the main feature for gloss
evaluation, while another group was concentrated primarnil differences in brightness of highlights (which is
mostly associated with specular and contrast gloss). Tiarexethey inferred that in conflicting situations (e.g.
when a sample has a higher DOI gloss yet lower specular orasirgloss in comparison to another one), the
observers do not have the same criteria for gloss evalualibarefore, some discrepancies in terms of cue se-
lection for gloss perception may occur. They suggested wdirdy more research to investigate whether gloss
characterization can be performed more precisely usingasingle feature or a combination of multiple cues.

Ferwerda and colleagueBRPGO01] also argued that although the visual gloss dimensionsgseg by Hunter
[HH87] can be measured and observed, few attempts have beerdcarti® really understand whether they are
really used by people for gloss evaluation. Therefore, t@yducted an experiment using achromatic (white,
gray, and black) glossy synthetic images shown on a disfiag-study the dimensionality of gloss perception.
Their work was based mainly on computer graphics modelisigg.a physically-basedonte Carlo path-tracer
modekwhich works based on a version\wrd’s light reflection modgWar92— to generate the computer-based
images. They utilized thenultidimensional scalingMDS) technique to understand the dimensionality of per-
ceptual gloss. The MDS is a statistical method that takesstistances measured between the pairs of stimuli
used in a dataset. From the distances measured, the MDStgrétk overall structure of the database under
consideration by revealing the hidden potential dimersi@ased on this method, a psychophysical experiment
was designed, in which two synthetic, display-based imagge shown at each time to each observer. The task
was to determine the apparent perceptual gloss differenoe® (small difference) to 100 (large difference), by
adjusting a slider below the images.

According to their results (via display-based experiméait)glossy synthetic images, apparent gloss has two
dimensions similar to distinctness-of-image (DOI) andtcast gloss, defined by HuntddH87] earlier. From

the visual gloss dimensions suggested, they established-diinensional visual gloss space with perceptually
meaningful axes.

They conducted two scaling psychophysical experimentsvkrmsmagnitude estimatiofor DOI and contrast
gloss separately. Magnitude estimation is a scaling metised for determining the relationship between the
physical properties of a stimulus and its perceptual festulhey found that the DOI gloss is related inversely
to the spread of the specular lobe denoted tay Ward's light reflection model, i.dDOI =1 — ¢.

Moreover, they realized that contract gloss can be definddeaselationship between the diffusely and specu-
larly reflected lights denoted g andps in Ward’s light reflection model respectively, i.€ontrast Gloss=
V/Ps+pa/2—3/pa/2.

Based on the aforementioned equations, they found that D@tantrast gloss are independent of each other.
Thus, they considered them to be orthogonal axes formingeheeptually meaningful gloss space.

The relationship between the observers given gloss saalagnitudes) and the DOI, as well as contrast gloss
values — predicted via the aforementioned equations — waglfto be linear. They used the linear regression
to fit the data points achieved by the observers’ scales amddmputed magnitudes, based on the suggested
equations.

In order to establish a perceptually uniform gloss spa@y; trad to define distance metrics based on the Gloss
Just Noticeable Differences (G-JNDs) for DOI and contrdssg separately. According to Torgersdof5§,
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the Just Noticeable Differences can be computed based ahgarities in the ratings given to any stimulus in
a scaling experiment. Ferwerda et &IP[G0] also used this concept to determine the G-JNDs. They cozdput
the average standard deviations between the gloss scateslyi the observers and the gloss values predicted
by the linear regression lines mentioned. Based on thaifteedwo G-IJNDs were acquired separately for DOI
and contrast gloss, which are 0.031 and 0.017 respectively.

The limitation of their method is the usage of Ward’s lighfleetion model which cannot describe all BRDFs.
Ward’s model was defined in 1992 for anisotropic BRDFs, arebdmt take the isotropic BRDFs into account.

Obein et al. PLKVO03] argue that gloss is a second-order feature of visual sensathich is obtained by the
brain’s interpretation of first-order signals (images).céing to their point of view, this is the reason why
subjects usually need to observe an object from differeawivig angles to obtain enough first-order information
(images) to finally make a conclusive judgment of the obgeglibssinessLKVO03]. This point of view is very
similar to the basic idea used iIMKA12], [Fle1d, and [Fle14.

In the next section, the related studies conducted to iigastthe relationship between gloss measurements and
gloss perception, are presented.

5.3. Specular Gloss Measurements and Gloss Perception Relationship

In order to understand the relationship between specutamsgheasurements and gloss perception, Billmeyer
and O’Donnell BJO87 prepared painted panels in a wide range of gloss valuesratidae achromatic (white,
middle gray, and black) colors. They conducted a glossrsggisychophysical experiment for estimating the
visual gloss dissimilarities between each pair of paneie Jurface glossiness of the samples was also measured
using a gloss meter. According to their results, the aforgioeed relationship does not obey a simple linear
function. However, they reported thatabic equatiorcould describe this relationship better.

By conducting a psychophysical experiment using paintadkbsamples, Obein et alD[KV03] also showed
that the visual gloss scales and measured gloss valueg @gioss meter) are not linearly correlated.

In another study by Obein and colleagu€d<V04] using black samples, a nonlinear relationship betweessglo
perception and specular gloss measurements was also fGuedter sensitivity of the human observer in terms
of gloss perception in both gloss extremes (i.e. matt anld §igss) was also reported. Moreover, they defined
the termgloss constancin a manner analogous tolor constancy This means that the observers are able to un-
derstand the glossiness level of surfaces approximatggrdless of the illumination geometry (e.g° 20 60°

of specular angle). The same concept applies to color, sohtbgerceived color of an object remains relatively
constant, regardless of variations in the illuminationditan (e.g. a green apple is perceived as green during the
day, afternoon and midnight). However, based on a dispéseth psychophysical experiment, FlemiRte[L4
realized that the observers’ gloss perception is unstatderuartificial and unnatural illuminants. Therefore,
they argued that the human observer has partial gloss caystaiich can be affected by changes in illumination
conditions.

A psychophysical scaling experiment known msagnitude estimationvas conducted by Ji and co-workers
[JPLDO§ to understand the relationship between gloss measursra@it perception. The test samples used
in their experiment contained both neutral (white, grayl black) and colored real flat patches. A neutral (gray)
patch was utilized as the reference sample. Two instrunfargloss meter and a sphere-based spectrophotome-
ter) were utilized for measuring the glossiness of the sam value of approximately 50 GU (measured &t 60
specular angle) was defined for the reference sample. Theralrs were asked to assign a scale (magnitude)
to each of the randomly-given test samples, based on a gidedb comparison with the reference sample. The
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lowest acceptable given gloss value was defined as zerm@.perceived glossiness), while no upper limit was
chosen, because of the principles of the magnitude estimttsk. Observers were allowed to hold the reference

and each of the given test samples at arm’s length and tikah®ples in order to find the best viewing angle for
gloss perception.

According to their result, the graph obtained from the Vilsjuscaled data and gloss measurements using a gloss
meter (for 60 specualr angle), does not show a linear relationship. Twakpoints at approximately 20 and 80
gloss units (GU), can be seen. Their result shows a siméadtto that presented by Obein et @LKV03]. Ji

and co-workersJPLDO0§ have shown that the data can be fitted eithethige-part, linear least-square curves
considering three separate parts (gex 20 (matt gloss), 26 g < 80 (medium gloss), ang > 80 (high gloss),
whereg is a measured gloss value in GU); or bgubic functionwith higher coefficient of determinatiofiRf).

This result agrees with two other related studiBd@®87 and [OLKVO03]. Figures5.6 and5.7 show the three-
part linear and cubic function used by Ji et dP[ D04 to fit the data points. Please note that these figures are
re-sketched from the original images showndR[.D04; thus, the number and position of data points as well as
the fitted functions are approximately represented theér@igmages.
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Figure 5.6.: Three-part linear function used by Ji et 3PLDO0§ to represent the relationship between mea-

sured gloss values and visual gloss scale magnitudes. anetsvo breakpoints in this graph, at
approximately 20 and 80 GU.

As mentioned, Ji and co-worker3HLDO0§ also utilized a sphere-based spectrophotometer. Thisimgnt is
based ordif f /8> geometry, wherelif f refers to the diffuse illumination inside an integratindiepe and 8
represents an angle to the surface normal considered fectatat of the reflected light. With this instrument, it

is possible to include (SPRAY or exclude (SPEJ) the reflected light at a specular angle via a so-called gloss
trap. They conducted two sets of measurements without atidtiaé gloss trap, to measure the reflected light

9Specular included
10gpecular excluded
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Figure 5.7.: Cubic function used by Ji et alPLLD0g for representing the relationship between measured gloss
values and visual gloss scale magnitudes. According todJcarworkers JPLDO04, the data points
can be better fitted via cubic equation rather than thretlipaar function with higher coefficient of
determination R?).

considering SPIN and SPEX cases respectively. The CIEXYuegavere computed from the measured reflec-
tion data. The difference between the luminance faftbof the SPIN and SPEX cases (i = Yi, — Yex) Was
calculated to find the light reflection at the specular anglereximately. Based on these measurements, they
reported an almost linear relationship between the vislaasgscales and differences in the luminance factor,
AY.

There is another study by Fores et &F[TR13 in which three psychophysical experiments were condugsaty
black samples to compare the sensitivity of the human obsémterms of gloss perception when viewing real
prints, when viewing synthetic images shown on a LCD dispday when viewing joint real-synthetic images
(i.e. the cross-media experiment).

According to their result, significant differences in thesiévity of gloss perception were found to be dependent
on the medium used. The highest gloss sensitivity was repevhen real samples were used in the assessment.
Slightly less sensitivity was found in the experiment whitie synthetic images on the display were utilized. A
large sensitivity difference was found for the cross-mediperiment where the glossiness of real vs. synthetic
display-based images was compared.

Although no specific fitting function was suggested by théarg, to represent the relationship between visual
gloss perception and gloss measurements, the graphsdpiottee related paper representhaee-linearor a
cubic function at least for the experiment conducted with the real sampleshould be mentioned that the
glossiness of the samples used in this study was limited oat,rto the medium gloss range (i.e. 2@ < 80
according to JPLDO04, whereg is the measured gloss value in GU).
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In another study, Ng et aINZM*03] conducted a psychophysical experiment with printed blsakples to
investigate the relationship between the measured glasShss Just Noticeable Difference (G-JND). In their
experiment, two adjacent samples were shown simultangtusiach observer. The task was to select a sample
with higher perceived glossiness from each comparisono#ticg to their statistical analysis of the observers’
judgments, the aforementioned relationship can be repteséy thePower Law, i.e. G-JND= 0.14 x g% ~
0.14 x g, whereg is the measured gloss value in GU af &pecular angle. Based on this result, they wrote that
the differences in gloss perception are analogous to diffegs in light intensity perception so that they both can
be described via theé/eber’s Law?.

As mentioned, in order to understand the relationship betvgoss measurements and gloss perception, in al-
most all studies, either achromatic real samples or achiosgnthetic computer-based images were utilized,
with some exceptions such a#LD0§. In the next chapter, we propose three printing stratefgiegrinting
colored flat samples with different gloss levels covering@ewange of gloss values, from full matt to high gloss.
Afterwards, three psychophysical experiments (based wk oeder and scaling methods) are conducted in or-
der to investigate the relationship between measured ghiges and perceived gloss magnitudes, utilizing the
colored-gloss printed samples. Moreover, another psygysigal experiment is conducted using 2.5D-printed
samples (in gray color) varying in gloss and texture levelsrder to investigate the interrelation between per-
ceived surface gloss and texture levels.

5.4. Summary

In this chapter, the definition of gloss (specifically spacyloss), the strategies used for its measurement, and
useful information on visual gloss perception, were presinRelated studies, concerning the dimensions of
visual gloss perception and the latest hypothesis on howuh@an visual system (HVS) interprets image cues
with respect to gloss, were discussed. Related investigabf the relationship between gloss measurements and
gloss perception were briefly explained also.

According to these studies and the current state of the arteption of gloss is complicated. There are some
subsets of attributes — mentioned by researchers in diffevays, yet sharing the same fundamental concept —
which determine the observer’s final judgments of a matemgbssiness level. On the other hand, there are var-
ious parameters, such as the illumination conditions andgtry, the object’s shape, the color, and the texture,
which can influence gloss perception. In general, relialdegperception requires adequate BRDF-related in-
formation. If observers receive limited BRDF-related imf@tion, large variance between observer’s judgments
of the glossiness level may result. Thus, gloss misper@eptinay occur.

The related studies found a non-linear relationship batvggess measurements and gloss perception. In these
studies, which were mostly based on neutral samples, therityapf researchers inferred that the relationship
could be explained either bytaree-linearfunction, or by acubiccurve.

It should be noted that visual gloss perception and speglitess measurements have a non-functional rela-
tionship intrinsically. This is because although a singleasured gloss value might be obtained for different
materials, the observer’s gloss perception may lead teréifft visual gloss magnitudes. In this dissertation, we
focus only on printed, flat, and almost homogeneous sampthssetropic BRFDs.

In the next chapter, printing local gloss levels in a widegawof gloss values and independent of the amount

11The Power Law defines a relationship between two quantitrerevthe variation of one of them is influenced as the powenofteer. i.e
f(x) = ax¢
12The Weber’s Law states that an increment threshold to a baskdrintensity is defined via a constant value (%b.: K).
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of deposited inks is investigated using three printingtegi@s in order to avoid gloss-related artifacts that may
occur during the printing process. Moreover, the relatigmbetween measured gloss values and perceived
gloss magnitudes is studied using color-printed and flajpsesn The influence of samples’ colors on perceived
gloss levels was also studied. Moreover, the interreldietween perceived surface gloss and texture levels was
investigated using 2.5D-printed samples (in gray coloryiveg in gloss and texture levels.
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6. Printing Gloss Effects and Conducting
Psychophysical Experiments

In this chapter, three main printing strategies for prigtdifferent gloss levels in a wide range of gloss values
are presented which are based on varnish deposition, fayér; and multi-pass capabilities of the 2.5D printing
systems used. These printing strategies are controllexpamtent of the amount of ink deposited in order to
avoid gloss-related artifacts. Two groups of samples ifeddht colors with almost flat and homogeneous ap-
pearances are printed using these printing strategies sawlin psychophysical experiments to investigate the
relationship between measured gloss values and percelossl magnitudes. The reliability of gloss meters in
terms of sorting printed samples according to their meabgi@ss values compared to perceptual gloss ranks, is
studied. Moreover, the gloss-varnish relationship andrtfieence of gloss (varnish) on color and vice versa are
investigated. Another group of samples in two texture tygrag different gloss and texture levels is also printed
using another 2.5D prototype printing system. A psychojgaysxperiment is conducted — using this set of
samples — in order to investigate the interrelation betvpegneived gloss and texture levels of 2.5D prints.

Prior to detailed explanations, it should be mentionediath of the content of this chapter has been published
previously, in the following papers (ReBEB*14], [SBU14, and [SBU*15]):

e Teun Baar, Sepideh Samadzadegan, Hans Brettel, PhilippnJemd Maria V. Ortiz Segovia, "Printing
gloss effects in a 2.5D system", SPIE Electronic Imaging:Bedings Vol. 9018: Measuring, Modeling,
and Reproducing Material Appearance, San Francisco, U3814).

e Sepideh Samadzadegan, Jana Blahova, Philipp Urban, “@dluied Gloss: Relating Measurements to
Perception”, 22¢ Color and Imaging Conference (CIC22), pp. 207-211, Boskdassachusetts, USA.,
(2014).

e Sepideh Samadzadegan, Teun Baar, Philipp Urban, MariatiZ. 8govia, and Jana Blahova, "Controlling
colour-printed gloss by varnish-halftones”, SPIE Elegitdmaging Proceedings Vol. 9398, Measuring,
Modeling, and Reproducing Material Appearance, San Fsanc¢iCalifornia, USA., (2015).

e Teun Baar, Sepideh Samadzadegan, Philipp Urban, and Mafiatiz Segovia, "Interrelation between
gloss and texture perception of 2.5D-printed surfaceslt:&rectronic Imaging Proceedings, Measuring,
Modeling, and Reproducing Material Appearance, San FsanciCalifornia, USA., (2016) — Accepted.
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6. Printing Gloss Effects and Conducting PsychophysicakEments

6.1. Printing Gloss Effects

One aspect important in assessment of print quality is tipea@ance of gloss across the printout. We know
that the materials’ optical surface properties and theifase roughness have a large impact on overall mea-
sured/perceived glossiness. This is because of the itindietween the incident light and the surface encoun-
tered. The result of this interaction determines the diffysind specularly reflected lights associated wiitor
andglossrespectively. For instance, a coated metallic surfacetissically and perceptually glossier than a
piece of coarse wood. Different factors affect surface hmaggs/glossiness in a printing procedure, such as the
substrate, colorants (inks), the printing technologyhodt and the printing parametetdZM*03].

Different printing parameters influence the printout'sfaoe roughness. Controlling these parameters gives us
local control of surface glossiness and consequently allosvto avoid some common printing artifacts, such as
bronzindg and gloss-differentidl(see Fig6.1and6.2). Besides improving the print quality via locally conted
gloss, printing gloss effects also has other applicatioraeas such as artwork (e.g. painting) reproduction, aes-
thetic purposes, packaging, security printing and scHodp3.

Figure 6.1.: A cutout of an image captured from a printoutespntingoronzingartifacts (visible in the marked
ellipses) occurred due to aggregation of deposited inks.

Figure 6.2.: A cutout of an image captured from a printoutespntingyloss-differentiahrtifacts (visible band-
ing in the marked ellipse) occurred due to variations in dépd ink area coverage.

In this chapter, three color-gloss printing strategiesciontrolling surface roughness are presented. By using
these printing strategies, we printed color samples whigted in their gloss levels from "Very Matt" to almost
"High Gloss" using three 2.5D (also called relief) printisigstems. In this context, the 2.5D printing refers to a
simplified version of 3D printing in which a flat surface alvgagkists. Relief printing is performed on a layer-by-
layer basis, rising to different heights (per voxel) on tla¢ $ide of the printout, laid on the print bed. Unlike 3D
printing, usually no support material is used in 2.5D prigti The aforementioned proposed printing strategies
are explained in detail in SectiolBsl.1land6.1.2

It should be noted that all of the printing strategies usetiimchapter dependent on the printing systems utilized
and their corresponding control values/parameters. Qdseilts might therefore be obtained when using other
printing systems.

1Bronzing refers to some sort of metallic lustrous appearaisible on some image areas when viewed at specific viewing angleis
undesirable effect is mostly due to aggregation of ink inedéht spots. Some hue shifts as well as overall unevennedessingss
appearance may occur, as a side effect of this artifact.

2Gloss-differential refers to inconsistent gloss appezgatross an image, caused mostly by variations in deposkeatéa coverage in
each single spot during the printing process.
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6.1. Printing Gloss Effects

6.1.1. Gloss Control via Multi-Layer and Multi-Pass Printing

We conducted a simple preliminary experiment using a priniystem with three inks: CMY (C = Cyan, M

= Magenta, and Y = Yellow). In this experiment, a number ofthat with different total ink area coverages,
ranging from 0% to 300%, were printed on a substrate irtrtgitional (standarg way®. The glossiness levels
of the printed patches were measured atagjfecular angle usingBYK Gardner Micro-Tri-Glosgloss meter.
We found an almost monotonously direct relationship behatée ink area coverages, from 0% to 170%, and
the gloss values measured. Our results showed some slighitdtions for the area coverages in between 170%
and 300%; however, their glossiness levels were still antbadnighest measured gloss values (see6:R).

251

60° specular gloss measurement (GU)

1 1 1 1 |
0 50 100 150 200 250 300
Ink (CMY) area coverage (%)

Figure 6.3.: Relationship between ink area coverages ahdgirular gloss measurements. In this experiment,
the samples printed with thteaditional printing method were utilized. This figure has been taken
from [BSB*14].

This result shows that gloss-differential artifacts argyvikely in traditional printing because the glossiness of
the printout dependents on the local ink area coverage.eldntifacts occur due to interactions between inks and
the substrate surface roughness with the result that tisefilhknicroscopic holes within the substrate, resulting
in smoother (glossier) appearance. In order to avoid thiseaieve a printout with almost uniform gloss ap-
pearance, we devisedulti-layerandmulti-passprinting strategies using two prototype 2.5D printing syss (a
wet-on-wet and a wet-on-dry).

Unlike thetraditional printing strategy in which all colorant combinations arafed on the substrate in a single
layer, amulti-layer printing strategy can print different layers, resultingairso-called relief print. Printing of
each layer can be performed either only at once or via a seguapasses (steps) controlled by the print head’s
movement. This is callethulti-passprinting, and it leads to variations in the print surfacepdgraphy (rough-
ness). It should be noted that ttraditional, multi-layer, and multi-passprinting strategies are terminologies
have specific definitions in this dissertation, in order i€y the work. Since there is no general agreement on
these terminologies, one might find other definitions inedéht literatures.

In Sections6.1.1.1and6.1.1.2 two printing strategies are proposed using the aforermeatimulti-layer and

SThetraditional or standardprinting way is a term exclusively defined in this dissedatio refer to ordinary type of printing where colorant
combinations (inks) are all deposited/printed in a singfetan a substrate.
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6. Printing Gloss Effects and Conducting PsychophysicakEments

multi-passprinting capabilities which lead to color-printed samphgth surface roughness in the range of "Very
Matt" to "Semi Matt". The gloss levels of these samples candmgrolled almost independently of the ink area
coverage, in order to avoid gloss-differential and brogzrtifacts.

6.1.1.1. WCMY and WWCMY Print Modes

In order to control the substrate surface roughness, wearsetk as a coating material. We chose the white ink
(W) because it maximizes the reflectances achievable by & soldracting printing system, which eventually
leads to a larger printer color gamut. Thus, the white ink (Viswleposited on the substrate to make an inter-
mediate layer between the substrate surface and the imédagepiinted on top as the finish color layer, using a
combination of cyan (C), magenta (M), and yellow (Y) inks.

As expected, the printout showed a glossier appearanceawitbre homogenous surface structure. We denoted
this printing strategy bWCMY (W = White,C = Cyan,M = Magenta, an® = Yellow). To control the surface
gloss appearance better, we deposited another base laykit@ink (W) as a coating layer between the substrate
surface and the top color layer. Consequently, glossietquts with more uniform appearance were created.
Printing another base white layer did not lead to noticeabhlnges; thus, two white layers were considered as
the basic structure used for smoothing the roughness ofutb&trate surface to be covered by the finish color
layer. We called this printing strategyy WCMY (W = White, W = White, C = Cyan,M = Magenta, and/

= Yellow). Figure6.4is a schematic representation of three print modésndard(traditional), WCMY , and

WWCMY .
e ooen o an
W
Standard (traditional) print mode WCMY print mode WWCMY print mode

Figure 6.4.: Schematic representation of three print mostasdard WCMY , andWWCMY . Here, (W) refers
to base white layers and CMY represents the top color layeaed via combinations of C, M, and
Y inks. This figure has been taken froB$B*14].

From initial printing experiments, we realized that chamgihe printing time (in other word, drying timAT))
between two base layers of white ink, leads to variationbénsubstrate surface structure (roughness) and con-
sequently the gloss appearance.

In order to control the drying time\T) between applying the two base layers of white ink, we usedthlti-
pass capability of a 2.5D printing system. In the init@/VCMY print mode, 1 second passes between printing
the two base layers of white ink (W) and 1 second passes betpregimg the second white layer and printing
the top finish color (CMY) layer. By changing the strategyla# printing process for printing white layers using
multi-pass printing, we are able to change the ink depasiiibe (drying time AT)) between the white layers
locally, in steps of 1 second as the result of print head’'senwnt. The time between the second white layer and
the top CMY color layer was kept constant (1 second), to enthe minimal effect of ink area coverage on the
gloss appearance.

We conducted a preliminary experiment to understand trezedff AT on surface glossiness. Thus, we consid-
ered 10 different cases where the time between two whitedayas varied from 1 to 10 seconds in steps of 1
second. For printing the base white layers, 100% ink arearage was utilized in all cases. Three different ink
area coverages (0%, 50%, and 100%) of C, M, and Y inks were fosgatinting the color layer via randomly
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6.1. Printing Gloss Effects

distributed dots on halftoning screens. In total <13 x 3 x 3 =270 samples were printed using iIMVCMY
print mode.

The glossiness of printed samples was measured°agfiXular gloss angle using tB&¥K Gardner Micro-Tri-
Glossgloss meter. We found that, in theWCMY print mode, the time delay\') between the depositions of
two base white layers and the final glossiness appearaneahnadudirect relationship (see Fig5).

60° specular gloss measurement (GU)

O 1 1 1 1 1
0 2 4 6 8 10 12

Drying time (AT) between deposition of white layers in the WWCMY print mode (sec)

Figure 6.5.: Surface gloss measurements as a function ofgdtiyne (AT) variations in seconds (sec) between
deposition of two base white layers in tié/ VCMY print mode. This figure has been taken from
[BSB*14].

As can be seen in Fid.5, increasing the drying timeATT) generally leads to less glossy surface appearance.
We realized that this indirect relationship is dominant tlyokr time variations from 1 to 6 seconds. How-
ever, no noticeable gloss differences were found betweerdmples printed by th&WCMY print mode and

6 < AT < 10. Some deviations from the general trend were observeidhwhight be due to the properties of
the inks utilized or banding artifacts visible on some of phiated samples affecting the gloss measurements.

Figure 6.6 represents the 60specular gloss measurements of the samples printed withredit ink area cov-
erages (from 0% to 300%) and various drying timaAg §) (from 1 to 5 seconds), using tNéWCMY print
mode. As can be seen, the measured glossiness of the pramgdes is generally decreased by increasing the
drying time @AT) from 1 to 5 seconds. However, the gloss values seem to besatopstant and independent of
the ink area coverage (see separate graphs ir6Fag. There are still some fluctuations in the gloss appearance
that might be due to the influence of banding artifacts — aecliduring the printing process — on the gloss
measurements. However, the graphs represent much smoeshiéis in comparison with the result achieved by
employing thestandardprinting method (see Fid.3). Therefore, applying the aforementioned printing strate
leads to a high independence of gloss appearance fromivagatf the ink area coverage. Consequently, avoid-
ing or minimizing gloss-related artifacts such as bronzangd gloss-differential, is possible using the proposed
WWCMY multi-layer and multi-pass print mode with adjustable dgytime AT € [1,5] sec).

So far, our aim had been to print colored samples varying éir tfloss levels, so that they represent glossier
surfaces in comparison with those printed via ttaglitional (standard printing method. Since we were also
interested in printing surfaces with more matt appearaneeajefined another printing strategy that is explained
in the next section.
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20- .
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60° specular gloss measurement (GU)

Figure 6.6.: Surface gloss measurements as a function of @& coverages and adjustable drying tindds €
[1,5]) using theWWCMY print mode. This figure has been taken froBSB*14].

6.1.1.2. MCMY Print Mode

The printing strategy explained in this section is denote®dIiCMY (M = Matt, C = Cyan,M = Magenta, and
Y = Yellow) and is based on thmulti-passprinting capability of a 2.5D printing system that was poasly
defined.

In MCMY print mode, adjacent neighboring pixels in the halftonesnos are printed at different times (orders).
We divided the image to be printed into 6 passes, so that egas&s were dedicated to one of the utilized
colorants (C, M, or Y) and represented the "odd" and "everelpiof the halftone screens separately. As a
result, the odd and even pixels of each halftone screen wareg at different times (orders) leading to some
variations in the drying time and, consequently, a more amtearance. Figu&7is a schematic representation
of theMCMY print mode.

MCMY print mode

Figure 6.7.: Schematic representation of @MY print mode. This figure has been taken froBSB* 14].

Figures6.8and6.9represent a comparison betweenstendard(traditional) printing strategy and the proposed
print modes WWCMY andMCMY ) presented in Sectior&1.1.1and6.1.1.2

As can be seen in Fid.8, in contrast to thestandardprinting method, the surface glossiness achieved using
the WWCMY andMCMY print modes, is almost independent of the ink area coverages helps to avoid
bronzing and gloss-differential artifacts. On the othendhahigher and lower gloss levels can be controlled and
printed via theWVWCMY andMCMY print modes respectively. Moreover, as can be seen ingigdifferent
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25~
—o— Standard print mode
— WWCMY print mode
—~ MCMY print mode
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Figure 6.8.: A comparison between three print modgandard WWCMY , andMCMY ) in terms of the re-
lationship between gloss measurements and ink area c@geeagwell as different achieved gloss
levels. This figure has been taken froBSB*14].

levels of glossiness can be achieved viaWi¢/CMY print mode with variations in the drying tim&T) from
1 to 5 secondsAT € [1,5] seg.

T T
—AT=1 sec

— AT =2sec
20+ WWCMY print mode AT =3 sec’|
. — AT =4 sec
- — AT =5sec
T —

60° specular gloss measurement (GU)

1
0 50 100 150 200 250 300
Color (CMY) layer area coverage (%)

Figure 6.9.: A comparison between thW@VCMY (AT < [1,5] seg andMCMY print modes. The comparison
was made based on the relationship between gloss measusegnerink area coverages as well as
different achieved levels of glossiness represented iara#p graphs. This figure has been taken
from [BSB*14].

It is noteworthy that using the aforementioned printing e@CMY andWWCMY ), printing samples with
"Very Matt", "Matt", and "Semi Matt" surfaces — covering angee of gloss values approximately from 0.70 to
18.10 GU —is possible. Another printing strategy for prigtsamples with more variations in surface glossiness,
covering a wider range of gloss values from "Semi Matt" to@dhfHigh Gloss," is proposed in the next section.
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6. Printing Gloss Effects and Conducting PsychophysicakEments

6.1.2. Gloss Control via Varnish Halftoning (VH)

Although some research into how to generate surfaces wifiereint glossiness levels using spatially-varying
varnistf [FFTR13 has been already done, only black samples were utilizeludset studies. Here, we are inter-
ested in using varnish halftones to achieve different kewéflossiness appearance of color-printed patches.

Varnish is usually applied either in full (100%) coverageot at all (0%). By using a halftoning method such as
Direct Binary Searci(DBS) ® [BAO03], the varnish deposition can be controlled not only in thsg® extremes
but also in intermediate levels. By conducting some prelary experiments, we realized that the deposition of
varnish at a level of more than 60% does not lead to noticedifferences in terms of surface glossiness in the
printing system utilized. Thus, 60% was considered as thémrman amount of varnish coverage (VC). There-
fore, 13 different varnish coverages from 0% (no varnishllat@ 60% (maximum varnish coverage (VC)) in
steps of 5% were printed. Th&V611 Océ outdoor papel40g/n?) and theOcé Arizona 480 GT printewere
utilized for printing the samples. This is a 2.5D printerhwibulti-layer and multi-passprinting capabilities. It
has a varnish option together with five inks: cyan (C), magém), yellow (Y), black (K), and white (W).

In order to understand the range of gloss values produgbpietéble) via varnish deposition in the printing sys-
tem utilized, the gloss-varnish relationship, and the atilte of varnish on color, an experiment was conducted.
We considered 9 different sets of colorant combinationsMCY, K, W, R = (M+Y), G = (C+Y), B = (C+M),

and CMY = (C+M+Y). For each of them, a color ramp made of 8 défe ink area coverages from 12.5% to
100% in steps of 12.5% was printed. As earlier mentionedptimer employed enables us to use thalti-layer
functionality. First, each color ramp was printed (in te@h-times) generating the base "color” layer. Then, the
varnish-halftoned screens (in 13 different varnish cogesadrom 0% to 60% by steps of 5%) were superimposed
on the color layer, leading to the finish "varnish" layer. dited, 9 (colorant combinationsy 8 (ink area cover-
ages)x 13 (varnish coverages ~ gloss levels) = 936 different patevere printed. Figuré.10is a schematic
representation of the color-varnish printing process.

Varnish halftoned layer
’ .k Lt 1
+ =
Color layer bolor-printed gloss

Figure 6.10.: Schematic representation of generating-golated gloss vid/arnish Halftoning(VH) strategy.

A KSJ MG628-F2nulti-angle gloss meter was utilized to measure the glolsegaf the aforementioned printed
samples. For the 60specular angle, different gloss levels from approximal&yl0 to 89.50 GU were found.
This gloss range covers a wide range of gloss values from 'Skt to almost "High Gloss," according to the
NCS Gloss Scafenaming and product description.

4Varnish is some sort of a liquid coating that can be depositeprimted surfaces to add some appearance effects such as iglaksy to
the final finish. In our printing process, using varnish déjmsleads to a glossier surface appearance.

SDirect Binary Search (DBS) is an iterative halftoning methdthe process starts with an initial halftoned image. Mansatiens are
required for refining the halftone image based on a distortietric used for calculating the perceptual error betweerottgnal and
halftoned images. In each iteration and for each image pixtlerea swapping(the pixel with one of its 8 nearest neighbors) or a
toggling (the pixel to the opposite color) process is conducted, asethe minimization of the considered distortion metric. The
iterations proceed to the next one until obtaining the la#fténed image produced without any changes (swapping ofitay.

6NCS Gloss Scale is a tool composed of 28 samples in a pocket-finedeck format in four neutral colors: white (NCS S 0500-N),
light grey (NCS S 2500-N), medium grey (NCS S 5000-N) and b[&BS S 9000-N). Each color set consists of 7 samples diffénng
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In the following section, the relationship between the igrmeposition amount (varnish coverage (VC)) and the
corresponding measured gloss value is discussed.

6.1.2.1. Gloss-Varnish Relationship

In order to study the relationship between the amount ofisardeposited (varnish coverage (VC)) and the cor-
responding gloss level achieved, we selected a subset afdldZprinted patches out of the 936 samples printed
and mentioned in the previous section.

By visual inspection of the 936 printed samples, we realited some artifacts occurred during the varnish
halftoning process on samples printed with non-full inkeezeverage. Therefore, we considered only the patches
printed with full (100%) ink area coverage and discarde@otiases (samples and their corresponding gloss mea-
surements) possibly affected by these artifacts. Thuspl®r@nt combinations: C, M, Y, K, W, R = (M+Y), G

= (C+Y), B = (C+M), and CMY = (C+M+Y))x 1 (ink area coverage = 1009%) 13 (gloss levels = varnish
coverages (from 0% to 60% in steps of 5%)) = 117 patches wegech Their gloss values were measured using
theKSJ MG628-F3jloss meter.

As can be seen in Fig.11, an almost monotoniccally increasing relationship wasbbetween varnish cover-
ages and gloss measurements for all 9 different color sgisesented by different graphs. This means that by
using of a greater amount of varnish, a glossier surfaceaappee can be achieved as expected.
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Figure 6.11.: Relationship between gloss measurementsaanish coverages. This figure has been taken from
[SBU*15].

To understand the variations between the measured glasssvaf the samples printed with the same amount
of varnish coverage (VC), we computed 13 standard devist{&tds) corresponding to 13 different varnish

coverages. Each Std is related to a set encompassing saniiiiéee same varnish coverage but in 9 different

colors (colorant combinations). Tal#el shows the computed Stds for all varnish coverages.

their levels of glossiness from "Full Matt" to "High Gloss:e( 2 to 95 GU measured at 6@pecular angle according to the ISO 2813
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VC 0% | 5% | 10% | 15% | 20% | 25% | 30% | 35% | 40% | 45% | 50% | 55% | 60%
Std(inGU) || 6.57| 2.78 | 1.05| 261 | 441 | 3.92| 422 | 3.81| 2.80| 0.96 | 1.00 | 0.77 | 0.84

Table 6.1.: Standard deviations (Stds) calculated betvileer60 specular measurements of all color-printed
samples in each set. Each set contains samples printedfiie@dt colors but with the same amount
of varnish coverage (VC). This table has been taken fi8BL[* 15].

As can be seen in Tab®1, the highest value of Std (6.57) is for the case where theme igarnish deposition

at all (VC = 0%). This high Std can be explained by the fact tiass-differential or bronzing artifacts are very
likely for prints without any deposited varnish or any otfiarshing coating. However, there are also relatively
high Stds (e.g. 4.41, 4.22, 3.92, and 3.81) associated witdr @arnish coverages (VC > 0%). These high Stds
might be due to interactions between different inks anddpevairnish layer. In order to find a precise reason for
these cases, investigation on the microscale level ismedjuivhich is beyond the scope of this dissertation.

6.1.2.2. Influence of Varnish on Color

To investigate the influence of varnish deposition on a saimpblor, we considered all of the 117 color-printed
patches used in the previous section. The color of theselsam@s measured via a spectrophotometer with
45°/0° (illumination/viewing) geometry. The CIEDE200@qo) color differences between each pair within
each color set (each color set consists of printed patchibstiaé same colorant combination yet 13 different
varnish coverages) were computed. Tah2shows the maximumMaxag,,), average Avohe,,), and standard
deviation Stdhg,,) of the computed color differences.

[ TestSet | C [ M [ Y | K [W]J[RJ]G] B |[CMY]
Mawxpe,, || 0.71[221]0.31] 1.66] 3.66] 1.29[ 1.25] 2.94] 1.89

Avgpg,, || 028 | 0.61| 0.15] 0.62| 0.92| 0.55| 0.40| 1.09 | 0.69
Stdag,, 0.19| 0.57| 0.07| 0.39| 1.10| 0.30| 0.28 | 0.87 | 0.46

Table 6.2.: The maximunMaxag,,), averageAvahg,,), and standard deviatios{chg,,) of CIEDE2000 QAEqo)
color differences computed for each color set composedropks printed with the same colorant
combination but 13 different varnish coverages. This tallebeen taken fronsBU*15].

Table6.2 shows that although the maximum color differences are madtbve the Just Noticeable Difference
(JNDY, they are small. On the other hand, all of the averaged cifferences are below or almost equal to the
JND. Therefore, according to our results, the influence afiiga deposition on samples’ colors is rather small;
however, this influence is not negligible for critical piitg applications in which color accuracy (around JND)

standard. The samples within each color set have visuallglegdoss steps assessed by human visual experiments in terrescefyed
level of glossiness.

“In general, Just Noticeable Difference (JND) refers to #guired difference between two measured values of the saritittso that
the difference is perceivable. In color science, this dédiniapplies to the color attribute. Thus, it refers to the imimm required
amount of color difference between two measured colorimetiges before observers can reliably detect thBra@3. This required
color difference is denoted as Just Noticeable (color)ebéhce (JND) in relevant literature. The amount of the JNDeddp on
different color-difference formulas developed and the wgcondition. However, for office-based viewing conditidine value of "1"
is mentioned as a rule of thumb.
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6.1. Printing Gloss Effects

is desired. For these applications, the color separatieds® be taken into account for varnish deposition.

In the following section, two examples of real color-prishigloss, based on two images and desired local gloss
levels, are presented.

6.1.3. Printing Local Gloss Effects

In order to drive the printer locally via the local color anldgs values, we used a model. Based on the desired
local gloss value (in the possible printable gloss rangejire pode (eitheWWCMY or MCMY ) is chosen
which is dependent either on the ink deposition (drying)etion the pixels’ printing order in halftone screens.
See Section6.1.1.1and 6.1.1.2for detailed explanations of these printing modes.

Figure6.12shows two real examples of color-printed gloss. In this fig(a) and (d) (denoted koplor image$
represent the colors used in the original images. The gralge¢b) and (e) images (termghbss masKsllustrate

the local gloss values intended to be printed. In these igydlge glossiness level, from matt to glossy appearance,
is represented by a tonal value from white to black.

(a)

(d)

Figure 6.12.: Two examples of real color-printed gloss. Toler images- representing the color information
— are illustrated in (a) and (d). Tlggoss masks- carrying the desired printable local gloss values
— are shown in (b) and (e). Eventually, the results of colimtpd gloss captured from the real
printouts are illustrated in (c) and (f). This figure has btken from BSB*14].

For printing the final printouts ((c) and (f)), a combinatiohprintable color and gloss values has to be chosen
for each image pixel. The choice of printable color is indefmt of the gloss value and can be performed via
traditional gamut mapping methods in case of out-of-garoldrs. A print mode (eithewWWCMY or MCMY )

is selected based on the desired local and pixel-depentbesstigvel. It is worth remembering that it is possible
to print and control different gloss levels by adjusting thiging time @AT) within the range of 1 to 5 seconds
(AT €[1,5] seq in theWWCMY printing strategy. However, tHdCMY print mode is useful for printing more
matt surfaces. Eventually, the gloss level expected camibeegd approximately within the range of gloss values
printable using either th&/ WCMY or theMCMY print mode.
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6. Printing Gloss Effects and Conducting PsychophysicakEments

Original/Desired . Printable
Color Value Color Gamut Mapping =7 Color Value
A
o > " Printer Gloss Mode ||
Original/Desired : | : L[ WWEMY (AT € [1,5) se0) |1 Printable
Gloss Value MCMY Gloss Value
Input Image > . Printout

“Perceptually Equidistant
Gloss Scale

Perceptually-Meaningful
Gloss Space

Perceptually-Meaningful
. and Printable Gloss Space :

Gloss Scale

" Perceptually Equidistant

Gloss Gamut Mapping

Color-Gloss Printing Strategy

Figure 6.13.: A schematic representation of a color-glosgipg strategy (model).

Figure 6.13is a schematic representation of the aforementioned gbbss printing strategy. Although we
treated the color and gloss separately, for more accuratedection, the interaction between these two appear-
ance attributes (represented by a dashed double-head®g arust be taken into account. Moreover, using the
spectral data rather than colorimetric values can leadpmdeictions adjusted for multiple illumination condi-
tions.

It should be noted that we didn’t consider the varnish halftg technique described in Sectiéri.2for driving
the printer and controlling the local gloss levels. Thisassidered a future objective, resulting in a more com-
prehensive color-gloss printing strategy considering@ewrange of gloss values.

It is noteworthy that generating tfiggoss maslkoased on the local gloss values desired is not an easy,Htraig
forward task. For a gloss reproduction from the intendedghmalues which are perceptually meaningful, a
perceptual gloss scale has to be defined and related to thenmental gloss measurements and must be embed-
ded in the color-gloss printing model. The red-dashed Bankd arrows in Fig6.13represent the steps that
can be added to the model used to obtain perceptually mdahgigss reproduction. More information in this
regard, relating gloss measurements to gloss perceptiongh psychophysical experiments, is presented in the
next section.
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6.2. Psychophysical Experiments

6.2. Psychophysical Experiments

As mentioned, it is very important to understand the retesiop between gloss values (objective physical gloss
measurements in GU) and gloss perceptisubjective evaluation of surface glossiness). Undeditanthis
relationship gives us the fundamental knowledge requioedjlioss gamut mapping (see F§13. Moreover,

by taking the color information into account, color-glogsygut mapping is also possible, which is left for the
future work.

Therefore, we conducted three psychophysical experiniee¢sSections.2.3 6.2.4 and6.2.5 based on ranking
and scaling color-printed test samples according to thericgived gloss levels. Using these experiments, we
investigated the relationship between measured and pettsirface glossiness. Thalidity of gloss metefan
terms of sorting printed flat samples (with absorption if&3ed on their measured gloss values, in comparison
with perceptual gloss ranking, was also studied. Moreadver,interrelation between perceived macroscopic
surface texture and surface glossiness was investigatedrgucting another psychophysical experiment based
on gloss scaling, texture rank order and scaling strat€gess Sectior.2.6. The details of these experiments
(the test and reference samples utilized, experimentapsebservers, and the tasks assigned) are explained in
the subsequent sections.

6.2.1. Printed Test Samples

In Section6.1.1, two different print modesWWCMY andMCMY ) were explained using the multi-layer and
multi-pass capabilities of 2.5D printing systems to geteesaurfaces with different gloss levels, ranging from
"Very Matt" to "Semi Matt". In Sectior6.1.2 another printing method, known &&arnish Halftoning(VH),
was explained and employed to print surfaces in a wider gkosge from "Semi Matt" to almost "High Gloss".
Using these three printing strategies, we printed two setamples Group | and Group 1) defined in the
next two sectionsg.2.1.1and6.2.1.3. The gloss levels of these samples covered approximdtelgritire gloss
range. The samples @roup | andIl were used in psychophysical experiments conducted in @adi2.3

to 6.2.5in order to investigate the relationship between measuless yalues and perceived gloss magnitudes.
Another set of samplesSfoup Il ) was also printed and used in another psychophysical erpatj conducted

in Section6.2.§ to investigate the interrelation between perceived nsapic surface texture and gloss level.

6.2.1.1. Group |

For printing the first set of samples, tieWCMY andMCMY print modes were applied in a 2.5D printing
system with three inks: cyan (C), magenta (M), and yellow. & utilized three different area coverages per
ink: 0%, 50%, and 100%. Thus, 8 3 x 3 = 27 colorant combinations were considered. For each aoaior
combination, five patches were printed via W&/CMY print mode with five variations in the drying timAT)
between two layers of white ink (W) from 1 to 5 seconds (€ [1,5] seq. Another sample was also printed for
each colorant combination using tNECMY print mode, representing a more matt surface appearantataln

27 (colorant combinations) 6 (gloss levels) = 162 patches were printed in the size ofeqipiately 9x 4 cm

Due to the time constraint in conducting psychophysicakexpents, using all of the printed patches was not

8According to Hunter iH87], there are six visual (perceptual) gloss attributes: sfg@gloss, sheen, contrast gloss, haze, distinctness-of-
image (DOI), and surface uniformity.

9Note that thevalidity of gloss meters in the sense that is explained in this dissertation — dependhe surface/material used. This is due
to the fact that the gloss meters capture only a very limited atnafunformation. However, the observers judge the glossllebased on
the total surface appearance. Thus, this was studied ottyrvthe scope of common printing systems with absorption inks.
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6. Printing Gloss Effects and Conducting PsychophysicakEments

practical. Therefore, a subset of 42 samples out of theahlaill 62 printed patches was selected for usage in the
experiments.

The samples were selected based on theiface uniformit}®. This criterion was chosen due to the fact that
banding artifacts (see Fi§.14), which had occurred during the printing process, werebléson some of the
samples printed with non-full ink area coverage. Therefordy the samples printed with full coverage were
considered for the experiments. Consequently, 7 coloramibmations in 6 gloss levels were selected. The
chosen colorant combinations in percent were: 1. (C =)(€)M,(100,0,0), 2. (M =)(C,M,Y) =(0,100,0), 3. (Y
=)(C,M,Y) =(0,0,100), 4. (K= C+M+Y =)(C,M,Y) = (100,100,909, 5. (R = M+Y =)(C,M,Y) =(0,100,100), 6.
(G =C+Y =)(C,M,Y) =(100,0,100), and 7. (B = C+M =)(C,M,Y) =@0,100,0).

Banding
Artifacts

Banding
Artifacts

Figure 6.14.: Banding artifacts visible on some of the sawpkinted viaNVNWCMY andMCMY print modes.
These artifacts are more visible on the electronic versfdahis dissertation.

We denoted this subset of samples®roup | (see Fig.6.16as an example of the printed cyan (C) samples).
Gloss values from 0.70 to 18.10 GU were found for the sampi¢Bi® group via gloss measurements at 60
specular gloss angle using tB&¥K Gardner Micro-Tri-Glosgloss meter. These gloss values cover a range of
gloss levels from "Very Matt" to "Semi Matt".

6.2.1.2. Group Il

Another set of samples was printed with another 2.5D prif@é Arizona 480 GT) using five inks (cyan (C),
magenta (M), yellow (Y), black (K), and white (W)) and tiarnish Halftoning(VH) printing strategy. Nine
different sets of color ramps (C, M, Y, K, W, R = (M+Y), G = (C+YB = (C+M), and CMY = (C+M+Y)) were
generated using 8 different ink area coverages from 12.520@06 in steps of 12.5%. Thus»®8 = 72 colorant
combinations were printed. For each colorant combinati@ngloss levels were generated using varnish depo-
sition amounts in the range of 0% to 60% in steps of 5%. In t&#&tolor ramps)x 8 (ink area coverages)

13 (varnish coverages ~ gloss levels) = 936 different sasnpége printed in the size of approximately & 3.5

cm

As mentioned previously, due to time constraint, using &llhe printed patches was not practical in a psy-

10According to Hunter [HH87], surface uniformityis one of the six visual (perceptual) gloss dimensions, whigklated to the degree of
surface smoothness.
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chophysical experiment. Becauseange peel artifacts were visible on some of the printed patches (see
Fig. 6.15, we again selected a subset of samples according tuttfi@ce uniformitycriterion. Thus, a group of
patches in 9 color ramps, with total 100% ink area coverageGadifferent gloss levels generated via 6 varnish
coverages (0%, 5%, 15%, 25%, 45%, and 60%), were selectexlcidsen colorant combinations, in percent-
ages, were: 1. (C =)(C,M,Y,K,W) = (100,0,0,0,0), 2. (M =)(C¥K,W) = (0,100,0,0,0), 3. (Y =)(C,M,Y,K,W)

= (0,0,100,0,0), 4. (K =)(C,M,Y,K,wW) = (0,0,0,100,0), 5. (W(E,M,Y,K,W) = (0,0,0,0,100), 6. (R = M+Y
=)(C,M,Y,K,W) = (0,50,50,0,0), 7. (G = C+Y =)(C,M,Y,K,W) = (50,50,0,0), 8. (B = C+M =)(C,M,Y,K,W) =
(50,50,0,0,0), and 9. (CMY = C+M+Y =)(C,M,Y,K,W) = (33,33,830).

E e =

Orange peel
Artifacts

Figure 6.15.: Orange peel artifacts visible on some of tmepsas printed using th¥arnish Halftoning(VH)
printing strategy. These artifacts are more visible on thetenic version of this dissertation. This
figure has been taken frorSBU*15].

In total, 9 (color rampsk 1 (total ink area coverage = 100%)6 (varnish coverages ~ gloss levels) = 54 patches
were chosen, with more homogeneous appearance.

We denoted this subset of samples®roup Il (see Fig6.16as an example of the printed cyan (C) samples).
The gloss values from 13.10 to 89.50 GU were found for the $esrip this group via gloss measurements at
60° specular gloss angle using tk&J MG628-Fjloss meter. These gloss values cover a range of gloss levels
from "Semi Matt" to almost "High Gloss".

Table6.3represents an overview of the aforementioned two subsstnoplesGroup | andGroup 11 ) together

with their colorant combinations, the utilized printingagegies, the number of generated gloss levels, the gloss
range values, as well as the number of samples in each group.

Figure6.16is an example where the printed cyan (C) samples of both gratgillustrated. As can be seen in
this figure, the surface glossiness of printed samplesaseefrom left to rightGroup | to ).

6.2.1.3. Group lll

Unlike the flat samples dBroup | andll , another set of sample&foup Il ) was printed in two different texture
types: "Bumpy" ellipsoids and macroscopic "Facet"s. Tlszsaples were printed via an Océ 2.5D prototype

11orange peel artifacts are some sort of bumpiness resemblinexiuee of an orange peel. These artifacts can occur dunagdating or
finishing processes. In our case, the orange peel artifactgi@d due to the varnish halftoning procedure and they wedated to the
surface topography of the varnish-halftoned layer.

123



6. Printing Gloss Effects and Conducting PsychophysicakEments

# || Group | | Group Il
1] C C
2| M M
31lY Y
4 || K= (C+M+Y) K
5| R=(M+Y) R = (M+Y)
6 || G=(C+Y) G = (C+Y)
7 || B=(C+M) B =(C+M)
8 w
9 CMY = (C+M+Y)
Printing Strategy || WWCMY andMCMY Print Modes Varnish Halftoning(VH)
# of Gloss Levels|| 6 6
Gloss Range Values| 0.70-18.10 GU 13.10-89.50 GU
Type of Substrate || Océ LFM090 Top Color Paper (90 gfin| Océ 1IM611 Outdoor Paper (140 g/m
# of Samples|| 42 54

Table 6.3.: Two groups of printed sampl&xoup | andGroup Il .

Group I Group II

Figure 6.16.: Printed cyan (C) samples of both sets of patdBsup | andGroup Il . The surface glossiness
increases from left to right.

printing system — with multi-layer and multi-pass capapii only in gray color, as squares ok77cm For ease
of handling, each sample was surrounded by light gray antlboadlers of £tmboth in horizontal and vertical
directions, denoted byandy respectively.

The glossiness of each texture type was controlled usingaish HalftoningVH) printing strategy (explained
in Section6.1.2 in five different gloss levels generated by deposition ahigh in a range of [0,40] percent area
coverages in steps of 10%.

In addition to five gloss levels, six different levels of tesé — in terms of texture elevation (height) — were created
for each texture type which are explained as follows:

"Bumpy" Ellipsoids — The textures of "Bumpy" patches were created based on sgriaged by Ho et al.
[HLMO8] and were adjusted to fit the samples’ dimensions. A grid of 14 points was applied to each sample.
The points of each grid were randomly displaced andy directions, so that:
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Xi,j = 0.5i +0.18[—1,1]
¥i,j = 0.5] +0.1R[-1,1],

whereX[—1,1] is a random number chosen from a uniformly distributed setofbles in the range from -1 to
1. The "Bumpy" ellipsoids were centered on each point,§; ;) with the radii of 05cmin the direction of and

y axes, according to the Cartesian coordinates. The amotentofe elevation of each ellipsoid was determined
by its corresponding radius in tizedirection R, ;) as follows:

Ry, = 0.03(h+4)X[-1,1], (6.1)

wherefi = [0,2,3,4,5, 6] represents texture levels corresponding to the six diftdexture elevations mentioned
in Table6.4in mm

The radius in the directionR; ; was chosen from the uniformly distributed random variabletsveen 0 and the
maximum texture height based on the texture léveAlthough Ho et al. HLMO08] used quadratic spacing to
obtain intermediate texture elevations, we employed fispacing to create different texture heigh ( ~ ).

It should be noted that, because the ellipsoids were irtden each printed sample, the texture elevation of
each particular position was determined based on the mawihmight of the intersected ellipsoids.

Macroscopic "Facet"s — Similar to "Bumpy" patches, the macroscopic "Facet"s weeated based on the
surfaces used by Ho et aHLMO08] and adjusted to fit the samples’ dimensions. A grid o014 points was
applied to each sample. The points of each grid were displesalomly inx andy directions, so that:

X j = 0.5 + 0.248[—1,1]
yij = 0.5] +0.248[—1,1],

whereX[—1,1] is as defined previously.

The "Facet" samples were made of connected triangularsfag#t random orientations. The surface height of
each triangular facet in thedirection (i.e.Hz ;) was determined randomly for each locatian;(y;,j) according
to the texture level = [0,2,3,4,5, 6], so that:

Hz, = 0.0375A+2)R[-1,1], (6.2)
where all notations are as defined previously.

The surface texture height in each local area composed ogfalipoints ({, j), (i+1, ), (i, j+1),and {(+1, |+

1)), was determined based on the interpolation of thesegesmthat two triangular facets were defined. The
separating edge between these triangular facets was cassetiagonal connecting eithérjj and {(+1, j +1)

or connectingi( j + 1) and (+1, j).

The edges of the elevated surfaces for both texture typesn{f®" and "Facet") were smoothed so that no
vertical lengths were visible on the sides.

Using the aforementioned gloss and texture printing giase (5 = gloss variations} (6 = texture variations)
= 30 different samples varying in surface gloss level antutexelevation were printed for each texture type.
Figure6.17and Table5.4represent the printed samples@foup 111 .

In the following section, the general conditions required ¢onducting the psychophysical experiments are
explained.
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Figure 6.17.: Textured samples@foup Il : (left) "Bumpy" ellipsoids and (right) macroscopic "Fatset

Type "Bumpy" "Facet"
Color gray gray
Gloss Variation 5 varnish coverages: 0, 10, 20, 30 and 40%
6 texture levels, 6 texture levels,
Texture Variation max. height: max. height:
1.2,1.8,2.1,2.4,2.7,8m| 0.75, 1.5, 1.875, 2.25, 2.625n3m
# of Samples 30 30

Table 6.4.: Printed gloss and texture sampleSiafup III .

6.2.2. General Experimental Conditions

Since all of the psychophysical experiments conductedeshapproximately the same general conditions, in
this section, an overview of these conditions (observarcsien, reference samples, and experimental setup) is
provided.

6.2.2.1. Observers

Different numbers of color-normal or corrected-to-norrmabservers participated in the psychophysical experi-
ments that will be explained in Sectiof.3to 6.2.6 The exact number of participants in each psychophysical
experiment is reported specifically in the correspondingfiee. Regardless of the number of observers, the
color-vision of all of them was tested prior to the experitsaria two tests: Ishihara Color Visiéh[Ish17 and
Farnsworth Munsell Dichotomus D-135[Far43. Moreover, for conducting the last psychophysical experit,
explained in Sectior®.2.6 the visual acuity of observers were also examined usindgtiellen test $ne62.
This was required in order to ensure that observers couldiffeeent levels of surface gloss and texture clearly.

12The Ishihara Color Vision test is a color-blindness testgtes for verifying red-green color-vision deficiencigsg most common kind
of congenital color vision deficit.

13The Farnsworth Munsell Dichotomus D-15 test is a color-biesb test composing of 15 color hues of the Munsell color BysTéis test
is used mainly for verifying red-green and blue-yellow cel@ion deficiencies. It is the shortened version of the Baorth-Munsell
100-hue and dichotomous te&&r43.
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Figure6.18shows the tests conducted prior to the main experiments; €@hbr normal or corrected-to-normal
observers participated in the psychophysical experiments

(b) (c)

Figure 6.18.: Color vision and visual acuity tests: (a) Bamorth-Munsell Dichotomous D-1%fr43, (b) Ishi-
hara Jsh17, and (c) Snellen$ne62 test.

6.2.2.2. Reference Samples

The reference samples were used only ingless scalingtexture rank ordeandtexture scalingpsychophysical
experiments.

NCS!“ Gloss Scale -Either 5, 6, or 7 reference samples (depending on the came#py gloss scaling experi-
ments explained in Sectios2.4t0 6.2.6 were chosen out of the available 28 samples of the NCS Gloas S
All of these samples had medium gray (NCS S 5000-N) colorirftheasured gloss values at®6§pecular gloss
angle covered the gloss range from 2 to 95 GU ("Full Matt" taghHGloss"). They had visually equal gloss
steps. We assigned some gloss scales (from 1 to 7) to thesenmeé samples in ascending gloss order. Tasle
and Fig.6.19show these reference samples together with their assdaiataes (according to the NCS Gloss
Scale naming), their measured gloss values atsp@cular angle, and the corresponding assigned glossscale

Name Full Matt | Matt | Semi Matt| Satin Matt| Semi Gloss| Glossy | High Gloss
Gloss value (in GU) 2 6 12 30 50 75 95
Gloss scale 1 2 3 4 5 6 7

Table 6.5.: NCS Gloss Scale reference samples used in the ggaling psychophysical experiments. This table
has been taken fronsBU*15].

2.5D Textured Prints —As mentioned previously, the textured sampleS&adup 11l (see Sectio%.2.1.3 were
printed in 6 different texture levels (according to thekttee height) and 5 gloss levels (using varnish halftoning
in different area coverages). Two sets of textured sampléstéd in only "Facet” type), with minimum (= 0%
varnish coverage) and maximum (= 40% varnish coverage)aatigloss were selected as the second group of

14Natural Color System
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Figure 6.19.: NCS Gloss Scale reference samples used inabegraling psychophysical experiments.

reference samples. Each set composed of 6 different tebeveks (see Fig.20. These reference samples were
used in the texture ranking and scaling psychophysicalréxpat explained in Sectio8.2.6

Figure 6.20.: Two sets of 2.5D textured reference samplés'\wacet" texture type printed with minimum (first
set = top row) and maximum (second set = bottom row) glossigu8%s and 40% varnish de-
position respectively. The six samples within each set lifferent texture levels, yet the same
printed-gloss. These reference samples were used in tivedeanking and scaling psychophysical
experiment.

6.2.2.3. Experimental Setup

All of the psychophysical experiments were conducted inr&etged room and inside a viewing booth with D65
illumination. All of the other light sources were switcheff m avoid the interference of any unwanted stray
light on the perception of observers.

All of the observers were asked to use a chinrest to ensureed &rd stable condition for conducting the
experiments so that the distance from the observers’ eytes test and reference samples was approximately 60
cm The observers were also asked to hold the test sampledraditimés length.

The test samples @roup | andll and the NCS Gloss Scale reference samples were attachea/toyjinders
(with diameter of approximately 8m) allowing the perception of gloss in multiple viewing angjket the same
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time. A small margin was left on each tube for ease of handIWen used, the NCS Gloss Scale reference
samples were interconnected and placed at a fixed positieinhe viewing booth to avoid their movement
either unintentionally or on purpose.

Figure 6.21illustrates some of the test samplesG@foup | andll together with all of the NCS Gloss Scale
reference samples used in the gloss scaling experiments.

Figure 6.21.: Some of test samplesGrbup | andll together with the NCS Gloss Scale reference samples. This
figure has been taken frorSBBU*15].

Figure6.22shows the general psychophysical experimental setup.

Figure 6.22.: Psychophysical experimental setup. Thisdipas been taken fronsBU*15].

6.2.3. Psychophysical Experiment 1

The aims of conducting this psychophysical experiment aetioned as follows.

e To study the validity of gloss meters in terms of sorting aoefs according to their measured gloss values
(in a gloss range from "Very Matt" to "Semi Matt"), in compaon with perceived gloss ranks and based
on the printed flat samples used in this dissertation.

e To study the influence of gloss on printed samples’ perceiodats.
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In this experiment, only the test samples@ifoup | (explained in Sectior6.2.1.9) were considered. These
samples were printed vMVWCMY andMCMY print modes (see Sectioisl.1.1and6.1.1.9 in 7 colorant
combinations: C, M, Y, R = (M+Y), G = (C+Y), B = (C+M), and K = (BA4+Y). They covered a range of gloss
values from 0.70 to 18.10 GU ("Very Matt" to "Semi Matt").

Ten color-normal observers (5 male and 5 female) partiegbat the experiment. Three of the participants were
staff of the IDD printing laB® and the rest were from other groups and basically naive tadheept of the
experiment.

6.2.3.1. Task: Gloss Ranking

The main experiment was based owglass rank ordertask. The observers were asked to sort the given test
samples in the ascending order from the least glossy to tiesigist one. The gloss rank order task was conducted
for separate color sets, each encompassing 6 samplesdpniiitethe same colorant combination yet different
gloss levels. Figuré.23shows an image taken during the experiment’s run-time. Asbeaseen, the cyan (C)
color set (i.e. a mixture of 6 cyan (C) samples printed in dint gloss levels) was given to the observer.

Figure 6.23.: Gloss rank order psychophysical experinignis figure has been taken frol8$B*14].

Based on the comparisons made by the observers, they ramkgil/en samples of each color set according to
their perceived level of glossiness. The experiment togt@pmately 20 minutes per observer.

Prior to conducting the psychophysical experiment, theglalues of the test samples were measuredat 20
60°, and 85 specular angles using tiBYK Gardner Micro-Tri-Glosgloss meter. Afterwards, the gloss values
were sorted from the least glossy to the glossiest one.

It has been assumed that the perceptual and instrumentd glokings are directly correlated to each other;
however, their correlation is not perfect. In order to irigeste this correlation, we computed the Spearman’s
rank correlation coefficients (SRCCs) explained in the sextion.

BS|nstitut firr Druckmaschinen und Druckverfahren (Engligtstitute of Printing Science and Technology), Darmstadin@ey
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6.2.3.2. Spearman’s Rank Correlation Coefficient$RCC)

To understand the relationship between the ranked glossurezaents — covering the range of gloss values
between 0.70 and 18.10 GU ("Very Matt" to "Semi Matt") — ane plerceptual gloss rankings of the printed test
samples, the Spearman’s rank correlation coefficients (8R@ere computed. For finding these correlations,
the perceptual gloss ranks given to the samples within ealch set, were averaged across all of the observers
participated in the experiment. Tal#eb shows the corresponding SRCCs forP 260°, and 85 specular gloss
measurements. As mentioned, these SRCCs were computedtegptor different color sets.

| Color Test Set || SRCC(20°) [ SRCC(60°) [ SRCC(85°) |

C 0.6514 0.6514 0.4400
M 0.8057 0.8057 0.7829

Y 0.8800 0.8800 0.8514

R = (M+Y) 0.9314 0.9314 0.0857
G = (C+Y) 0.6800 0.6800 0.3086
B = (C+M) 0.8457 0.8457 0.3714
K = (C+M+Y) 0.9029 0.9029 0.0743

Table 6.6.: Spearman’s rank correlation coefficients (SR@Bmputed between the instrumental and averaged
perceptual gloss ranks. This table has been taken fBSB{14].

As can be seen in Table.6, the computed SRCCs for 2@&nd 60 specular gloss measurements are quite
identical (comparing the same color sets) and vary from2466 0.9029. The averaged SRCC across all sets of
color samples for these two specular angles, is 0.8139 wkjmtesents a high correlation between instrumental
and perceptual gloss rankings. However, the SRCCs comoitettie 85 specular angle show much lower
correlations. These low correlations might be due to thetfaat the 85 specular angle was not supported by
the experimental setup used in this experiment.

In order to understand the influence of each sample’s suglassiness on its perceived color, a small study was
conducted, which is explained in the next section.

6.2.3.3. Influence of Gloss on Perceived Color

Following the completion of the gloss rank order experimienteach color set, each observer was asked to
answer the following two questions:

e "Was it a difficult task to order the test samples (in eachrced)?"
e "Do you see any color change among the samples (in each &t)6f' s

Table 6.7 shows the "Yes" and "No" answers (in percent) given by theenless to the first question and for
different color sets. According to these results, an aveod@ 6% of observers found the gloss rank order task to
be difficult. Since more than 50% agreed upon non-difficuftthe assigned task, and the SRCCs (considering
the 20 and 60 specular angles) were high, we may assume that the glossatiiffes between the printed test
samples were mostly above the Gloss Just Noticeable Ds{&JdND).

An average of 57% of observers reported some color changesde the samples within each color set. Since
this result shows that approximately half of the observessevwnot agreed on the samples’ color changes within
each color set, we may assume that the color changes weré shiéd also follows the same behavior we
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Color Test Sets
2
Hard Task~ c ‘ M ‘ Y ‘ K ‘ R ‘ G ‘ B
Yes 70% | 60% | 40% | 50% | 40% | 20% | 40%
No 30% | 40% | 60% | 50% | 60% | 80% | 60%

Table 6.7.: Observers’ responses to the level of difficuftyhe assigned gloss rank order task. This table has
been taken fromBSB*14].

noticed in deposition of different amounts of varnish orocgdrinted samples which was previously discussed in
Section6.1.2.2 However, for critical printing applications — where verngl color accuracy is required — color
and gloss cannot be treated separately.

6.2.4. Psychophysical Experiment 2

In this section, ayloss scalingpsychophysical experiment on the same printed patdBesup |) used in the
previous experiment (see Sectidh2.3or 6.2.1.0 was conducted, with the following aims.

e To investigate the relationship between a perceptuallydésiant gloss scale and measured gloss values in
the range of "Very Matt" to "Semi Matt".

e To study the effect of printed samples’ colors on perceivethse glossiness.

The samples’ colors (CIE-L*a*b* values) were measured \8pectrophotometer witlP®5° (illumination/viewing)
geometry. Tabl®&.8shows the average of the color coordinates per color seh &taontains 6 printed patches
with the same colorant combinations yet different gloselevThe last column of this table represents the av-
eraged pairwise CIEDE200@q) color differences computed for each color set. As can ba,dbe color
variations are rather small.

’ Color Test Set‘ CIEL* \ CIEa* | CIEb* | AEqg ‘
C 54.38 [ -27.84 [ -44.79 | 0.98
M 41.46 | 69.45 | -10.17 | 1.03
Y 88.10 | -15.40 | 93.80 | 0.56

R=(M+Y) | 4157 | 57.01 | 33.32 | 1.83
G=(C+Y) | 48.78 | -71.24 | 30.76 | 1.44
B=(C+M) | 21.60 | 24.59 | -35.94 | 2.29
K=(C+M+Y) | 22.68 | -0.38 | 0.26 | 3.82

Table 6.8.: The averaged CIE-L*a*b* values together wite #veraged CIEDE200@\Ep) color differences
calculated for samples within each color set. This tablebeas taken from$BU14.

In this experiment, we used 5 samples of the NCS Gloss Sc#be asference samples (see the first five samples
shown in Fig.6.19from left to right). As mentioned previously in Sectiéi2.2.2 these samples had medium
gray (NCS S 5000-N) color. Their gloss values — measured‘asp@cular angle — varied between 2 and 50 GU
(from "Full Matt" to "Semi Gloss").

Since this experiment was based on a gloss scaling task, signad some gloss scales from 1 to 5 to the ref-
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erence samples in ascending gloss order. Téeshows the reference samples utilized together with their
names (according to the NCS Gloss Scale naming), their meggloss values at 8Gspecular angle, and the
corresponding assigned gloss scales. Please note thaherlyst five reference samples mentioned in this table
(from left to right) were used in this experiment.

To conduct the experiment, 15 color-normal or correcteddomal observers (9 male and 6 female) partici-
pated in the experiment. Their color-vision was testedrpigothe experiment using two tests mentioned in
Section6.2.2.1 The experimental condition was similar to the previouseexpent (see Sectiod.2.2.3. Fig-
ure6.24illustrates the experimental setup.

Figure 6.24.: Gloss scaling experimental setup. This figaebeen taken fronsBU14.

6.2.4.1. Task: Gloss Scaling

The test samples were given to the observers randomly anthyenae, in order to avoid the influence of ob-
servers’ color adaptation on their gloss perception. Ttsepkers were asked to hold each given sample at arm’s
length and tilt it merely in the direction of the referencengdes to judge the glossiness level of the sample’s
surface.

They were asked to compare the test samples to the referang@#es and give a gloss scale to each of them,
based on the similar gloss scales perceived from the refersammples. For higher observers’ flexibility, they
were also allowed to give gloss scales in steps of 0.5. Thexhservers gave gloss scales in the range of 0.5 to
5.5,insteps of 0.5,i.e. 0.5,1,15, ...,5,5.5.

The gloss scales given to each test sample were averagess afirobservers, in order to investigate the relation-
ship between perceptual gloss scales and measured glass v&igures.25shows the data points as the result
of averaged visual gloss scales vs.° 8pecular gloss measurements. In order to find the relafijphs&tween
these two coordinates in the gloss range from 0.70 to 18.1Q'"8&ty Matt" to "Semi Matt"), six functions
were fitted to these data points. The employed functions lam@c¢hieved results are explained in detail in the
following section.

6.2.4.2. Coefficient of Determination R?)

To investigate the relationship between the perceptuallyidistant gloss scale and gloss measurements, an
averaged perceptual gloss scale across all observers wgsutad for each test sample. The maximum and
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Figure 6.25.: Averaged visual gloss scales vs. §fecular gloss measurements.

minimum standard deviations were found to be 0.9741 andlQ.2@spectively. As mentioned, Fi§.25shows
the data points as the result of averaged perceptual glagssses. gloss measurements at 6Pecular angle.
We tested 6 different functions for fitting these data poirftable6.9 lists these functions together with their
corresponding equations.

| Fitting Function | Equation \
Linear f(x) =ax+b
Gaussian f(x) = ae~(*s")?
Exponential f(x) = ae™
Power f(x)=ax +c
Polynomial (29 degree) f(x) = a4 bx+c
Cubic (i.e. Polynomial (8 degree))| f(x) =ax +bx®+cx+d

Table 6.9.: Functions used to fit the data points defined bgrémed visual gloss scales" and “&pecular gloss
measurements”. This table has been taken fisBL" 15].

To evaluate the fitting functions, the coefficients of deieation (R%s) were computed. Tabf10indicates how
well different functions fit the data points according toitl@rrespondindR?s. As can be seen, the Polynomial
(2" degree) and Cubic (i.e. Polynomial{3iegree)) functions represent the best fitting curves eguaith
the highesR? = 0.8529. Figures.26illustrates the fitted data points using these two functiepsesenting the
same curve. Note that the corresponding coefficient "a" fabi€function (see Tablé.9) is very small (a =
-2.965e-05).

As can be seen in this figure, the gloss perception is gegpénalieasing from the lowest to the highest measured
gloss values. However, a slightly decreasing trend is sibalmost the end of the curve for the largest measured

134



6.2. Psychophysical Experiments

Coefficient of Determination (R?)
inear | Gaussian| Exponential| Power | Polynomial egree)| Cubic (i.e. Polynomia egree
Li | G jan| E jal[ P | Pol ial (29d )| Cubic (i.e. Pol ial (8d ))

] 0.7010\ 0.8358 \ 0.6022 \ 0.8047\ 0.8529 \ 0.8529 \
Table 6.10.: Coefficients of determinatioR?6) computed for different fitting functions considering déta
points.
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Figure 6.26.: Polynomial™ degree and Cubic (i.e. PolynomidF3legree) functions used for fitting all data
points resulting in the same curve. The yellow dots repitetsendata points correspond to yellow
(Y) samples. This figure has been taken fr@@B[J14.

gloss values. We believe that this is caused by the yellows@fples which were perceived as less glossy,
although their gloss values were larger than the otherss iBhbecause specular highlights are less visible on
samples with higher lightness in comparison to darker onk. is an example of the influence adntrast gloss
(i.e. one of the perceptual gloss dimensions, accordingitatét [HH87]) on overall gloss perception.

In order to have a more accurate transformation from medgloss values to perceived gloss scales, the color
attribute also has to be considered along with the surfazssgiess. For this reason, a small study to understand
the effect of color on gloss perception was performed, aptb@ed in the next section.

6.2.4.3. Influence of Color on Gloss Perception

To understand the effect of color on perceived surface mgiess, the perceptual gloss scales were averaged across
all observers for each sample within each color set (encesiipg 6 samples printed with the same colorant
combination yet different gloss levels). Thus, 6 averaga@gptual gloss magnitudes were considered for each

135



6. Printing Gloss Effects and Conducting PsychophysicakEments

color set.

The Polynomial 2 degree and Cubic (i.e. Polynomial®3legree) functions were used for fitting the data
points representing averaged visual gloss scales vs.s€cular gloss measurements for each separate color
set. These two functions were utilized because they repiresg¢he highest coefficient of determinatid®? for

all data points (i.e. joint-color sets) equally, and apmrately equal performance for separate color sets (see
Table6.17).

Figures6.27and6.28show the fitted curves for separate color sets using theséutvetions.

Coefficient of Determination (R?)

Color Test Set | Cubic | Polynomial (2" degree)| Exponential| Gaussian] Power | Linear
C 0.99 0.99 0.54 0.99 0.79 0.64
M 0.99 0.99 0.78 0.98 0.96 0.87
Y 0.96 0.96 0.83 0.96 0.94 0.91
K = (C+M+Y) 0.98 0.98 0.78 0.98 0.96 0.90
R = (M+Y) 0.96 0.94 0.75 0.92 0.93 0.84
G = (C+Y) 0.96 0.94 0.75 0.91 0.93 0.83
B = (C+M) 0.99 0.98 0.85 0.97 0.98 0.93
Joint-Color Sets  0.85 0.85 0.60 0.83 0.80 0.70

Table 6.11.: Coefficients of determinatioR’6) computed for different fitting functions considering aegie-
and joint-data sets.

As can be seen in Fig.27and6.28 almost all of the curves plotted for different color setggseither Poly-
nomial 2'9 degree or Cubic function, represent an increasing perdejiassiness trend from the smallest to the
largest measured gloss values. The graphs plotted for th@Rjeand green (G) color test sets using the Cubic
function, show slightly constant behavior from approxiehat7 to 11 GU. The cyan (C) curves in both figures
represent a decreasing trend at the highest gloss valoes gjpproximately 10 to 15 GU. We do not have any
specific explanation for that.

As another result, we noticed that lighter samples, withheidightness values, were perceived as less glossy
than the darker ones. This is probably caused by a smalléen&umoe contrast between specular and off-specular
angles. The corresponding visual gloss attribute is caltedrast glossand is not related to the specular gloss
measurements; thus, it is not considered in the measursro@mducted via gloss meter.

Eventually, we believe that the influence of color on gloseggtion can be explained more precisely using two
terms: thegeneral perceived glossiness treadd theperceived gloss magnitude¥Ve found that the effect of
color on the general perceived glossiness trend is notewttie since an increasing function of perceived gloss
scales and measured gloss values can almost always behotigardless of the samples’ color variations, which
agrees with the reported result BHLDOG. However, lighter samples with larger lightness valuesarceived

as less glossy than the darker ones, due to the influencentfast gloson the overall gloss perception. This
means that specular highlights have a larger contrast dredaamples, leading to higher overall perceived
surface glossiness.

6.2.5. Psychophysical Experiment 3

As mentioned previously, the gloss rank order and glossngrpbychophysical experiments conducted in Sec-
tions 6.2.3and6.2.4were based only on the printed samplesGobup | (see Sectior$.2.1.). These samples
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Figure 6.27.: Polynomial™® degree function used to fit the data points within separdte sets. This figure has

been taken from§BU14.
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Figure 6.28.: Cubic (i.e. Polynomial®degree) function used to fit the data points within separaiter sets.

were printed using th&WCMY andMCMY print modes explained in Sectiofsl.1.1and6.1.1.2 Utilizing
these printing strategies, printing color-samples withsglvariations in the range of approximately 0.70 GU
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("Very Matt") to 18.10 GU ("Semi Matt") is possible. Howeyéhne Varnish Halftoning(VH) printing strategy
described in Sectiof.1.2 enables us to print color-samples covering a wider rangglasfs values from ap-
proximately 13.10 GU ("Semi Matt") to 89.50 GU (almost "HiGthoss"). The samples printed via this printing
method composed another set denoteGbyup Il (see SectioB.2.1.2.

In this section, we conducted anotlghoss scalingpsychophysical experiment and idirect gloss rank order
observer study using the sampleGybup Il .

The aims of the experiment and study conducted were:

e To study the validity of gloss meters in terms of sorting atefs according to their measured gloss values
(in a wide gloss range from "Semi Matt" to almost "High Glgs$t comparison with perceptual gloss
ranks and based on the printed flat samples used in this @itsar

e To investigate the relationship between a perceptuallydésfant gloss scale and gloss values measured
approximately in an entire gloss range from "Full Matt" tmakt "High Gloss".

We selected 7 samples of the NCS Gloss Scale (see Sécfdhd as the reference samples. Tablé and
Fig. 6.19show the reference samples used in this experiment, tageitietheir gloss values measured at'60
specular angle and the assigned gloss scales from 1 to 7.

For conducting the experiment, 17 color-normal or cormd¢tenormal observers (6 female and 11 male) par-
ticipated in the experiment. Their color-vision was tegpeidr to the experiment with two tests mentioned in
Section6.2.2.1

The experimental setup was the same as the previous psycicghexperiments and was described in Sec-
tion 6.2.2.3 Figure6.24also shows the experimental setup.

6.2.5.1. Task: Gloss Scaling

The test samples were given to the observers randomly antdyepae to avoid the interference of observers’
color adaptation on their gloss perception. The observerg asked to compare each given test sample to all
reference samples and to give a gloss scale based on siynitatine gloss scale they perceived from a reference
sample. For higher observers’ flexibility, they were aldovaéd to give gloss magnitudes in half steps. Thus,
they could assign gloss scales to the test samples in the &n@5 to 7.5 in steps of 0.5 (i.e. 0.5, 1, 1.5,...,
7,7.5).

In order to examine the reliability of gloss meters, in terofiggloss rankings compared to perceptual gloss
rankings (in a wide gloss range), we computed the Spearnnanis correlation coefficient (SRCC) which is
explained in more detail in the next section.

6.2.5.2. Spearman’s Rank Correlation Coefficient$RCC)

As mentioned in the first psychophysical experiment (se¢i®e6.2.3, we previously conducted a gloss rank
order experiment to understand the rank order correlat&wéden gloss measurements and perceptual gloss
magnitudes in the range of "Full Matt" to "Semi Matt".

To investigate this correlation in a wider gloss range fr@eri Matt" to almost "High Gloss", we indirectly
computed the perceptual gloss ranks from the observershgiloss scales obtained from the gloss scale psy-
chophysical experiment explained in the previous sectidme indirectly computed perceptual gloss ranks for
each test sample were averaged across all observers, o alsiagle perceptual gloss rank for any test sample.
The measured gloss values — af 260°, and 83 specular angles — were also sorted in ascending gloss order
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from the least glossy to the glossiest sample.

Eventually, the Spearman’s rank correlation coefficieBRRCCs) were computed between the indirectly aver-
aged perceptual gloss ranks and the ranked gloss measusdore2(?, 60°, and 85 specular angles. Tab&12
shows the separately computed SRCCs for different coler set

[ColorTestSet]] C [ M [ Y [ K W | R [ G ] B |CMY|]
20° [ 0.90[0.94]0.94]0.82] 1.00] 1.00[ 0.94] 1.00 [ 1.00

SRCC | 60° || 0.84| 094|094 | 0.82| 1.00| 1.00| 0.94 | 1.00| 1.00
85° |1 0.84| 094| 094| 0.94| 1.00| 1.00| 0.94| 1.00| 1.00

Table 6.12.: Spearman’s rank correlation coefficients (SR®etween the instrumental and averaged perceptual
gloss ranks considering a wide range of gloss values fromi'$att" to almost "High Gloss". This
table has been taken frorSBU*15].

As can be seen in Tab 12 very high correlations were found between the instrumeand averaged per-
ceptual gloss ranks for all color sets, covering a wide rafggoss values, from "Semi Matt" to almost "High
Gloss". Therefore, we can deduce that the gloss meterslaigledn terms of ranking printed flat surfaces (with
almost homogeneous surface topographies and isotropicHBR&ccording to their measured gloss values, in
comparison with the corresponding perceived gloss mag@ituPlease note that this conclusion is based on the
samples printed by common printing systems with absorptiks.

6.2.5.3. Coefficient of Determination R?)

To investigate the relationship between specular glossunements (in a wide range of gloss values) and a
perceptually-equidistant gloss scale, we combined thetqutisamples oGroup | and Group 1l (see Sec-
tions6.2.1.1and6.2.1.9 to cover a wide range of gloss values from "Very Matt" to asétntHigh Gloss", i.e.
almost the entire gloss range. The whole set was composéddsafrples = 42 samplesGfoup | + 54 samples

of Group Il (see Tablé.3and Fig.6.16).

Figure6.29represents the data points of both groups as the result ciga@ perceptual gloss scales (across all
observers) and 60specular gloss measurements. In order to find the aforeomentirelationship, we tested the
functions listed in Tablé.9.

For each fitting function, we computed the correspondingdficent of determinationR?) for three cases (data-
sets): 1. samples @roup | ; 2. samples oroup Il ; and 3. both groups of sampl&Srpoup | andll ).

Based on the calculatd®f values, we found that the Cubic, Polynomidl{@egree) and Power functions can be
considered the best fitting curves (among the ones we usédsiexperiment) for relating gloss measurements
to a perceptually-equidistant gloss scale, considerihthede cases. Their performances were approximately
equal to the maximum of 0.05 difference between their cdeffis of determinationRés). Table6.13shows the
achieved?? values based on fitting the three aforementioned data-sitg these three functions.

In literature, it has been shown that the relationship betwgloss measurements and gloss perception in the
entire gloss range is nonlinear. Obein et @KV04] confirmed this nonlinearity and divided the entire gloss
range into three parts: 1. matt, 2. intermediate, and 3. gigbs. They found steeper slopes at two extremes
of gloss range (matt and high gloss regions). This meansthieagjloss perception of the human observer is
more sensitive to samples with low and high levels of glassén Similarly, Obein et alJLKV03] showed that

the aforementioned relationship can be described by a-fhagdinear function. In another study, Billmeyer
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Figure 6.29.: The data-setsGfoup | andll .

Data-Set Coefficient of Determination (R?)
Polynomial (29 degree)| Cubic | Power
Group | 0.85 0.85 | 0.83
Group Il 0.93 0.94 | 0.93
Group | andll 0.90 0.93 | 0.95

Table 6.13.: The coefficients of determinatid®?$) computed for three data-sets by fitting Polynomiaf (-
gree), Cubic, and Power functions. This table has been tagen[SBU*15].

and Q’Donnell BJO87 explained this relationship via a cubic function. Ji et[dPLD0§ also confirmed the
validity of both functions with a higher correlation, usitige cubic curve. It should be noted that the data-set
used in PKV04], [OLKV03], and BJO87 were all neutral samples, while a combination of neutral eolor
patches was utilized inJPLDO4.

According to our results (see TalBel3), the Polynomial (2¢ degree) and Cubic functions give equally the best
result in terms of fitting the data-set@foup |, with the highesR? = 0.85. On the other hand, the Cubic function
can be considered the best choice for fitting the data poin@raup Il with the highesR? = 0.94. However,

the samples of both groups togeth@rdup | andll : representing almost the entire gloss range) can be fiteed vi
the Power function with the higheBf = 0.95. Figure6.30shows all averaged data points of both groups fitted
via the Power function. In this figure, all of the data poirgartiples) are considered together regardless of their
colors (colorant combinations). The parameters of thedfftewer function (see Tab&9) are: a = 2.9950, b =
0.2300, and ¢ =-1.9820.

Therefore, according to our results, the relationship betwspecular gloss measurements and a perceptually-
equidistant gloss scale in almost the entire gloss range fidery Matt" to approximately "High Gloss" can
be modeled well via the Power function, with an exponent 8§ lhan 1, which is in accordance wistevens’
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Power Law[Ste6]. This indicates that the gloss perception is very simitettie light intensity perception. Ng
et al. NZM*03] also showed that (for the black samples used in their espai) the relationship between gloss
measurements and perceptual Gloss Just Noticeable Differ&-JND) can be explained by tRewer Law
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Figure 6.30.: Relationship between specular gloss measnts and a perceptually-equidistant gloss scale in
almost the entire gloss range. The Power function was usétath data points withinGroup |
andll . This figure has been taken fro@BU*15].

Figure6.31shows different graphs fitted by the Power function to sépamalor sets: C, M, Y, K, W, R = (M+Y),

G = (C+Y), B = (C+M), and CMY = (C+M+Y). Because there were nmgdes with W and CMY colors within
the first group Group 1), only the corresponding samples @foup Il were considered for these two colors.
As can be seen in this figure, the lighter samples (Y and W) weregived as less glossy than the darker ones.
As we previously mentioned in Secti@?2.4.3 we believe that this was due to the influencecoftrast gloss

on overall gloss perception. In other word, because spegldas highlights have greater contrast on darker
samples, these samples are perceived as glossier thasr kgimiples.

6.2.6. Psychophysical Experiment 4

Although some attempts have been carried out previouslywestigate the effect of surface texture on the
perceived level of surface gloss and vice versa, usingaljspased images, (to our knowledge) this interrelation
has not been investigated using real printed samples withticans in texture types, texture elevations and gloss
levels. The aim of conducting this psychophysical expeninig

e To investigate the interrelation between gloss and texiareeption of 2.5D-printed samples.

In this experiment, only samples Gfroup Ill (see Sectioi6.2.1.3 with two texture types ("Bumpy" ellipsoids
and macroscopic "Facet"s), each type printed in 6 diffetexture levels and 5 variations of surface glossiness,
were used. In total, 15 color-normal or corrected-to-ndromservers (6 female and 9 male) participated in the
experiment. The experiment was composed of two tasks (A am@ained in two subsequent sections.
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Figure 6.31.: Relationship between specular gloss measnts and a perceptually-equidistant gloss scale in
almost the entire gloss range. The Power function was uséitl ttee data points belonging to
different color sets withirsroup | andll separately. This figure has been taken fr@B{J*15].

6.2.6.1. Task A: Gloss Scaling

In order to investigate the influence of macroscopic surfexgire on the perceived gloss level, a gloss scaling
task was performed. Six samples of the NCS Gloss Scale (sg#m®1$6.2.2.9 from "Matt" to "High Gloss"

(i.e. 6to 95 GU) were used as reference samples in this taklssGcales from 1 to 6 were assigned to this
reference samples in order of ascending gloss. All 60 tegtaamples o&roup 11l were given to the observers
one-by-one and in a random order in two separate sets of "Buan "Facet" texture types. The observers
were asked to compare each test sample to all NCS Gloss &talence samples, and to assign a gloss scale to
each of them based on a similar gloss scale perceived frofeenee sample. For more flexibility, observers
were allowed to give gloss scales also in 0.5 steps, i.e.10.5,6, 6.5. Tilting the reference and test samples in
small viewing angles was also allowed. Fig@#.82shows the gloss scaling experiment performed using 2.5D
textured samples.

6.2.6.2. Task B: Texture Ranking and Scaling

In order to investigate the influence of surface glossinagk® perceived level of texture, the texture ranking and
scaling task was performed. In this task, firstly, the 2.50ueed reference samples (see Sec6dh?2.3, with
minimal surface glossiness (generated by 0% varnish déposand six variations in texture elevation, were
given to the observers in a random order. The observers wg&egldo rank the reference samples from 1 to 6 in
ascending order according to their perceived levels obserfexture.

Secondly, all 30 "Facet" texture type sampleszobup 11l (see Sectios.2.1.3 were given to the observers in
a random order and one-by-one. They were asked to compandesicample to the texture scale of reference
samples made for the experiment, and to assign a texturetteeach of the test samples based on a similar
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Figure 6.32.: Gloss scaling psychophysical experimenhgudexture- and gloss-varying 2.5D-printed test
samples.

texture scale perceived from a reference sample. For mofdibifiy, assignment of texture scales in 0.5 steps
was also allowed, i.e. 0.5, 1,..., 6, 6.5.

This task was repeated for the second time for 2.5D textigfmiance samples (see Sectél.2.3 with maxi-
mum glossiness level (generated by 40% varnish deposition)

It should be noted that due to the time restriction necessazgnducting psychophysical experiments, only the
samples printed with the "Facet" texture type were usedigtdisk. Figures.33shows the texture rank order
and scaling task.

EEEH;E@
A

Figure 6.33.: Texture rank order and scaling psychophysixperiment using 2.5D-printed samples with the
"Facet" texture type and different variations in gloss andure levels.

6.2.6.3. Influence of Macroscopic Surface Texture on Percesd Gloss Level

In order to investigate the influence of macroscopic surfaxtire on perceived gloss level, the perceptual gloss
scales given by observers to each textured-sample ("Buammy"Facet" texture types), were extracted from Task
A and averaged across all 15 participants. The averagedmtesd gloss scales together with the corresponding
standard deviations vs. macroscopic texture levels, wipect to the texture height, are plotted in Big4 for

the "Bumpy" and "Facet" texture type samples separately.

The averaged perceptual gloss scales corresponding togsatéth identical gloss levels (varnish coverages) but
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different texture levels (texture elevations), were fittgda second order polynomial curve in accordance with
related studiesHLMO8] and [QCSD14. Thus, five curves were plotted, according to five differgloss levels,
for each texture type.

As can be seen in Fi$.34 the type of texture influenced the observers’ visual pdicepf surface gloss level
so that the "Bumpy" samples were perceived as slightly gdosisan the "Facet"s, when the maximum perceived
levels of surface glossiness were compared. This can baieegl by the fact that specular highlights are gen-
erally more visible on "Bumpy" patches than on the "Facetfijgas. In "Bumpy" samples, each bump (printed
ellipsoid) covers a wide variety of surface normals and eqaogntly it almost always produces specular high-
lights independently of the sample’s orientation. But,tthéure of samples printed with the "Facet" texture type,
covers only a few surface normal orientations and therefangproduce fewer specular highlights. However, this
is not always the case, especially for samples with averageejved gloss scales below 4.5.
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Figure 6.34.: Influence of surface macroscopic texture iy’ and "Facet" texture types) on perceived gloss
level. For a better demonstration, the standard deviati@te multiplied by a factor of 0.5.

Moreover, a slight influence of surface texture elevatiothenperceived gloss level was observed (seeF3d),
indicating that surfaces are generally perceived as gloagien the texture level increases. This is in accordance
with related studiesHLMO08] and [QCSD14 using display-based images. However, for both the "Bumpy"
and "Facet" samples printed with 0% varnish coverage — septé1g matt appearances — the plotted graphs
dropped when the texture elevation increased to a certagh khowing a similarly non-monotonic result to that
reported by Qi et al.QCSD14 previously. In the display-based experiment conducte@bgt al. [QCSD14,

the observers were asked to judge the glossiness of sirdidatéaces varying in roughness levels. According to
this experiment, Qi and co-workers reported that althongheiasing the surface mesoscale roughness generally
increases the perceived gloss level, the perception cdsaiglossiness drops when a certain level of surface
texture is reached. This can be explained by the fact thatusgrehighlights may not be clearly visible on
surfaces with complicated texture (e.g. "Facet" sampled usour experiment), when a certain level of surface
texture (complexity) is reached. Another reason might teged to the limited illumination/viewing geometry
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provided in the experimental condition, which has a greaffiect in the case of display-based experiments, due
to the rendering process.

6.2.6.4. Influence of Printed Gloss on Perceived Texture LeV

As mentioned previously, the aim of Task B, explained in ®ad.2.6.2 was to investigate the effect of printed
gloss on perceived texture level. Fig@g@5shows the perceived texture scales of samples printed vffineht
levels of gloss (generated by varnish deposition in the gafd0,40] percent area coverage in steps of 10%),
and an identical texture level. In this figure, each elligsanss the number of observers who agreed on a specific
perceived level of texture. According to our results andasloe seen in this figure, a large variation between
observers’ judgments of the perceived texture levels wasdoMoreover, no significant influence of the surface
gloss level on the perceived texture level was observedcatidg texture constancy regardless of glossiness
level. This is, however, in contrast to related studldsN108] and [QCSD14 in which the influence of surface
gloss on the perceived surface texture is defined by a moitatbnincreasing function, showing that samples
with higher glossiness appearance are generally percas/atbre textured.
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Figure 6.35.: Perceived texture scale vs. printed glossl.lew this figure, five "Facet" type samples with an
identical texture level, but in five different gloss levelgenerated with varnish deposition — were
used. A large variation between observers’ judgments ooepaxd texture levels was observed.
The influence of printed gloss on perceived texture levelfwasd to be negligible.

A possible reason for the different results obtained in ogreeément from those reported in previous studies
[HLMO08] and [QCSD14, is the difference between two different types of experitse one used real 2.5D-
printed samples (our experiment), and the others usedagidaised simulated and static image$i(}108]
and [QCSD14). In general, in experiments with conditions which are eneimilar to real world situations,
observers can acquire more information (e.g. BRDF and 3Ehdaformation by stereo vision); consequently,
more accurate judgments are may be possible in these cases.
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6.3. Summary

In this chapter, we studied the following topics:

e Printing flat gloss-variant color samples using the sameuatnof ink area coverage to avoid gloss-
differential and bronzing artifacts and to control the age glossiness locally.

e Testing the validity of instrumental devices (gloss metarserms of ranking gloss values measured from
flat samples with almost homogeneous appearance, compgpedceptual gloss ranks.

e Finding the relationship between instrumental gloss nreaisents and perceptual gloss magnitudes based
on color-printed flat samples with almost homogeneous appee.

e Investigating the effect of printed gloss on color.
e Investigating the effect of printed color on gloss peraapti

e Investigating the interrelation between perceived glosstaxture levels of 2.5D samples printed in two
texture types and different variations of gloss levels a&xdutre elevations.

In order to print samples with different gloss levels, thpemting strategies were proposed and denoted by
WWCMY , MCMY , and Varnish Halftoning(VH). Using 2.5D printing systems capable of multi-layer and
multi-pass printing, three groups of color sampl&sdup I, 11, andlll ) were printed. The first set of samples
(Group ) — printed viaWWCMY andMCMY print modes — covered gloss values between 0.70 and 18.10 GU,
representing a gloss range from "Very Matt" to "Semi MattheTsecond set of sampleGroup II') — printed
using theVarnish Halftoning(VH) printing strategy — covered another range of gloss valuges 13.10 to 89.5

GU, representing a gloss range from "Semi Matt" to almosgfHBloss". The gloss values were measured at
the 60 specular angle. The samples@foup Il were also printed using théarnish Halftoning(VH) printing
strategy. In contrast to flat samples®foup | andll, the samples oGroup Il were printed in two texture
types and different texture heights.

Considering the samples &roup | andll, printing gloss-variant color samples which span almostehtire
gloss-range is possible, independent of the amount of ipksieed, which means bronzing and gloss-differential
artifacts can be avoided.

We conducted four psychophysical experiments based os glud texture ranking and scaling tasks, using the
samples of the aforementioned three groups. Accordingetodimputed Spearman’s rank correlation coefficients
(SRCCs) between the instrumental and perceptual gloss, rarik confirmed the reliability of gloss meters in
terms of gloss measurements from printed flat samples wittostl homogeneous appearances and isotropic
BRDFs.

We found that the relationship between instrumental glosasurements and perceptual gloss magnitudes can
be described via the Polynomial"@degree), Cubic, and Power functions with almost equal pexdace. The
Polynomial (29 degree) and Cubic (according tdHLD06 OLKV03, BJO87 OKV04]) functions showed the
best results for the lower gloss range, from "Very Matt" teft8 Matt" equally. The Cubic function (according

to [JPLDOGOLKV03,BJO870KV04]) was found to be the best fitting curve for the upper part efgloss range,
from "Semi Matt" to almost "High Gloss". However, the Powenétion led to the best result when considering
approximately the entire gloss range from "Very Matt" to aéih"High Gloss", which is in accordance with
Stevens’ Power LaSte6]. This confirms the result found ilNZM*03], based on the relationship between
gloss measurements and perceptual Gloss Just NoticedfdecDtes (G-IJNDs) and extends it to color-printed
patches.

We found varnish to have a small influence on the sample’s.coluus, for critical printing applications where a
very accurate reproduction is required, color and glosea@e treated separately. In these cases, the interaction
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between color and gloss has to be taken into account usirzgatem methods.

In our opinion, the effect of color on gloss perception canbbter explained using two terms: the general

perceived glossiness trerahd theperceived gloss magnitud@e realized that color does not have a noticeable
influence on the general perceived glossiness trend sonhateeasing function of perceived gloss levels and
measured gloss values can almost always be noticed regaadlhe sample’s underlying color. However, lighter

samples are perceived as less glossy than darker ones ira€eftas is because specular gloss highlights have
lower contrast on lighter samples, which shows the influei@®ntrast gloson overall gloss perception.

According to a psychophysical experiment conducted usibD Bextured samplesfoup 1l ), a slight influence

of printed texture type and texture elevation on the peezkyloss level was observed. No noticeable influence
of printed gloss on perceived texture level was found, iatiligjtexture constancyegardless of different printed
gloss levels.
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7. Summary and Conclusion

In a comprehensive printing workflow, reproduction of appeae attributes such as color, gloss, opacity (translu-
cency or transparency), and texture must be taken into atéouaccurate printing, especially for reproduction
of 2.5D and 3D objects. Such a printing workflow is not yet llade. However, different attempts to investigate
the reproduction of the aforementioned appearance attstseparately, have been carried out. Among this re-
search, the most effort has been expended on color reprodudh this dissertation, the reproduction of color
and gloss appearance attributes are addressed as twotséppies:spectral and specular reproduction

In the printing workflows that are used nowadays, accurgisotkiction of colors is important only for a pre-
defined illuminant (i.e. an illuminant that the reproduntis adjusted to; e.g. daylight). Therefore, due to
metamerism, color-mismatches may occur when the printoditiae original are compared under another illu-
minant (e.g. tungsten light). This printing workflow is knows ametameric printing workflowAlthough this
printing workflow is useful and sufficient for many applieats, for some special cases, such as artwork (e.g.
painting and cultural heritage) reproduction, securityimg, accurate industrial color communication and so
on, when accurate color reproduction of an original undeargety of illuminants (e.g. daylight, tungsten light,
museum light, etc.) is required, using metameric repradoatan lead to satisfactory results only by chance.
Therefore, in these cases, another printing workflow knosvthaspectral printing workflowmust be used. In
this workflow, printing beyond color, i.e. reproduction pkstral raw data (reflectances in the visible wavelength
range) rather than reproduction of colorimetric valuedqis) under only a predefined illuminant, is taken into
account. The aim of spectral reproduction is to achievelamihant-invariant match between the original and
reproduction. This is an ideal goal; however, colorimeinaccuracies across considered illuminants are ex-
pected. Spectral reproduction is discussed as the firsséattopic in this dissertation (see Chapr3, and4).

In a spectral printing workflow, due to the limitations of thenting systems now extant (even multi-channel
(multi-colorant) printers), reproduction of all reflectas is not possible. Therefore, non-reproducible spectra
must be mapped into the printable reflectances which defaprihter spectral gamug;,. This process is called
spectral gamut mappingn the next stage, appropriate printer colorant combamatimust be selected in order
to print the gamut-mapped reflectances. This process isdsdparation In this dissertation, for answering the
first research question defined in Sectlo® an approach calle8patio-Spectral Gamut Mapping and Separation
SSGMS BU153 was proposed, which combines the spectral gamut mappithgegparation stages in a spectral
printing workflow. This approach is an improvement on Hagamer Mismatch-Based Spectral Gamut Mapping
PMSGM [UB11] andSpatially Resolved Joint Spectral Gamut Mapping and Sewr&GMS [SU13 methods,

as it minimizes their associatb@ndingandsmearingartifacts.

The infrastructure of each of these three methods is baseal ranlti-illuminant framework composed of a
hierarchy of application-dependent illuminamts..., I, sorted from most to least important in an underlying
application. The input to this framework is a spectral imRgendered ta colorimetric images.s, ..., Ly for all
illuminants. Since our aim in spectral reproduction is taasegood as metameric reproduction for the first illu-
minant and to be superior to the metameric reproductionfferé¢maining illuminants, a traditional metameric
gamut mapping is performed fbg, considering the printer metameric gam@t,defined for the first illuminant

l1. This results in a gamut-mapped image called The remaining gamut mappings are performed in paramer-
mismatch gamutp(pg)s, computed individually for each image pixgb, from the corresponding parameric set
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1(po). Each parameric sefpp) is composed of printable colorant combinations, resulimgaramers unddg
and non-paramers under the rest of the illuminants. Gamppings within these smaller gamugssj ensure
unnoticeable color changes for the gamut-mapped inhage

Unlike the pixel-wise and semi-spatial strategies usethénRMSGM PB11] and SGMS §U13 methods for
gamut mappings within paramer-mismatch gamuts, botledh@imetricandspatial content of the original im-
age is considered within local>33 spatial windows of surrounding neighboring pixels of eahge pixelpo.

An optimization process is performed by traversing the ienigm the top-left to the bottom-right pixel. The
aim of employing this optimization process is to select a@it combination from each parameric sgbg)

so that it minimizes a cost function composed of two pattiprimetricandspatial The purpose of the col-
orimetric stage of the cost function is to ensure coloriineiccuracy across all considered illuminants and to
preserve metameric and parameric edges (edges appeatiagane illuminant, while not visible under another
illumination condition.). The spatial stage enables aan@k of banding and smearing artifacts within smooth
image regions. A locally adaptive trade-off between th@@oletric and spatial stages of the cost function, re-
sults in local dominance of one of these two parts. As a regulie optimization process, separation image
Sis generated, containing the chosen printable coloranbamations for all image pixels. This image is then
further processed (ink limited and halftoned) to contrel phinter and, eventually, to generate the spectral print.

In order to test the proposed SSGMS method, 11 spectral snagee used: A cutout of the METACOW im-
age FJO4, 8 natural images taken from the Foster datab&eNF06g, and two paintings. According to the
experiments conducted based on the spectral images useskhration images generated by applying the pro-
posed SSGMS method led to almost artifact-free spectrabdejtions for natural scenes and paintings, and
mild artifacts for the completely noise-free and artifiNlETACOW image FJO4.

In order to answer the last three research questions defirgettionl.2, which are related to the second focused
topic (see Chaptefsand6), three printing strategies were proposed. Using theseipgi strategies, controlling
and printing gloss effects locally in a wide range of glossi@a, independent of the amount of ink deposited, is
feasible. This helps to avoid gloss-related artifacts sastjioss-differentiabndbronzing

We studied the relationship between measured gloss vaheegisually perceived gloss magnitudes of colored
and flat samples printed using the aforementioned printiiadegjies, by conducting three psychophysical exper-
iments. Understanding this relationship is important fataining a perceptually-meaningful gloss reproduction.
As a result of these experiments, we found that this relatigncan be explained byRower functioraccording

to Stevens’ Power Layconsidering almost the entire gloss range.

Moreover, we conducted another psychophysical experimertrder to investigate the interrelation between
perceived surface gloss and texture, using 2.5D sampletegdrin two texture types and different variations in

gloss and texture levels. According to the results of thigeeiment, texture type and texture elevation influence
perceived gloss level slightly. No noticeable influence vfted gloss on perceived texture level was found,
indicating texture constancy regardless of different gllesels.
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8.1. Contribution

Since the research conducted in this dissertation is cereida joint work between six junior and senior re-
searchers (see Tab#el), here | summarize my main contributions to the two focusgucs: 1. Spectral repro-
duction (specifically spectral gamut mapping), 2. Sped@tss) printing.

First Topic

As previously mentioned, we proposed an approach calledVBS[®U154 for the purpose of spectral gamut
mapping and separation. For developing this method, | céedpall of the printable colorant combinations
(printer colorant spac®) together with their corresponding colorimetric valuesdth considered application-

dependent illuminants. This data enables rapid deterinmaf the parameric setsg) via quick access to the

lists of colorimetric values during the program runtime.

| came up with the idea of initializing the separation im&yevhich enabled us to consider a complete 3
spatial window of pre-processed neighbors of each imaga pix(except the bordering pixels). This makes it
possible to avoid the smearing artifacts associated walStBMS FU13 method.

I implemented the colorimetric and spatial stages of thé fuosction related to the proposed SSGMBJ154
approach, in C++.

| tested the proposed SSGMSU 154 approach, the SGMSU13 method (the initial version of SSGMS), and
also the PMSGMUIB11] gamut mapping strategy using 11 spectral images, and ceaplae results obtained

in terms of visible artifacts and preservation of metamedges. In order to compute the colorimetric inaccuracy
as well as the increased computational time imposed by tit@gasptage of the cost function used in the SSGMS
method, | specifically compared this method to the PMSGM @gqdn and evaluated the results obtained consid-
ering two illuminants: CIED65 and CIEA.

| presented a simple strategy for generating artificialatrgo find printable metamers using any printing sys-
tem. Using the results achieved, | generated and printectrgpp@rint samples using two printing systems: HP
Designjet 23100 and Canon iPF6450.

Second Topic

In the scope of spectral (gloss) reproduction as the seas®hrch topic of this dissertation, | printed the color-
samples varying in gloss levels by thMarnish Halftoning(VH) strategy during my secondment at Océ Print
Logic Technologies SA., Creteil, France, using an Océ Ariz480 GT printer.

I measured the color and gloss values of all samples prinitidhfferent printing strategiesViICMY , WWCMY
andVH.

| designed the (rank order and gloss scaling) psychophysigeeriments conducted in order to investigate the
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relationship between measured gloss values and percdvesigagnitudes using color-printed samples used in
this dissertation.

For conducting the gloss scaling psychophysical expetispeeference samples of equidistant steps in terms of
visual gloss perception were required. Thus, | chose tlezeate samples from the NCS Gloss Scale product.

The data points obtained as the result of gloss measuremethiserceptual gloss scales given by the observers,
had to be fitted via different functions in order to investegthe relationship between gloss measurements and
visual gloss perception. Therefore, | chose the fitting fioms listed in tables.9.

| extracted the required data from the psychophysical éxy@ts conducted and gloss measurements, to com-
pute e.g. Coefficients of DeterminatioR?6) and Spearman’s Rank Correlation CoefficieSRCGS).

From the conducted experiments and computations, | madénifleevaluations and conclusions in terms of
the gloss measurement-perception relationship conegléne samples used, the effect of varnish on color, the
influence of gloss on perceived color, etc.

Junior or Senior Researcher [ Affiliation |

Sepideh Samadzadegan Technische Universitat Darmstadt, Germany.

Océ Print Logic Technologies SA., Creteil, France.

Institut Mines-Télécom Télécom ParisTech, CNRS LTCI Rdfiance.

VoxVil AB, Ornskéldsvik, Sweden.

Technische Universitat Darmstadt, Germany (previous aftih.

Dr. Philipp Urban Fraunhofer Institute for Computer Graphics Research IGDpi3tadt, Germany.
Technische Universitat Darmstadt, Germany (previous dftiha.

Dr. Maria V. Ortiz Segovia Océ Print Logic Technologies SA., Creteil, France.

Dr. Hans Brettel Institut Mines-Télécom Télécom ParisTech, CNRS LTCI Rdfiance.

Teun Baar

Jana Blahova

Table 8.1.: Junior and senior researchers contributecetoebearch carried out in this dissertation.

8.2. Outlook

In order to expand the research conducted in this dissamtgtiotential future research is summarized here as
outlooks, separately for each topic.

First Topic

As mentioned in Sectiod.2.3.3 the weighting parameters of the proposed SSGBIS154 method were ad-
justed suboptimally by inspecting the generated separatiages and the printouts using a cutout of the META-
COW [FJ04 image visually. To improve this method, these parameteosilsl be adjusted optimally using a
more comprehensive strategy.

Using a method (e.g. based on edge detection) that enalel&&BMS approach to decide upon the necessity
of the segmentation process and also the required numbéustérs for each rendered image (under a specific
illuminant) automatically is considered to be another esien to the research conducted.

As mentioned in Sectiod.2.2.2 in the SSGMS approach, a small amount of noise added to thgeimendered

for the first illuminant prior to gamut mapping, may improve ffinal result. To improve this method, one could
come up with a strategy (e.g. based on the image spatialdreigs) that enables the SSGMS approach to decide
upon the necessity of the noise addition part and the amduntti®e required, automatically.
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Note that the research conducted is based on academicearguits. For industrial applications, developing
methods for performance-optimized spectral gamut mapguiagseparation, including spectral lookup tables for
spectral profiles, is required.

Second Topic

As mentioned in Section6.2.1.1and 6.2.1.2 the samples printed using thMCMY , WWCMY , and VH
printing strategies may suffer from banding and orange ad#hcts. Investigating other printing strategies or
improving those proposed, so that they lead to printoute wibre homogeneous appearance, is therefore sug-
gested as an extension to the second research topic in$kirtdition.

For printing local gloss effects, we presented a colorgfosdel in Sectiol.1.3containing two printing modes:

MCMY andWWCMY . Using these printing modes, printing gloss values in tingesof approximately 0.70 to

18.10 GU is possible. Embedding tharnish Halftoning(VH) printing strategy in this model leads to printing
local gloss effects in a wider range of gloss values, rougioiyn 13.10 to 89.50 GU.

According to the experiments conducted, we realized thdase glossiness has little influence on perceived
color; however, even this small influence cannot be neglefctecritical printing applications where very accu-
rate color and gloss reproduction is desirable. For thesesganvestigating the interaction between color and
gloss for developing color-gloss gamut mapping algorithisieequired.

Based on the related research conducted on gloss perceibtgooolors and textures of objects influence their

perceived glossiness and vice versa. Since most of thediestuse display-based computer simulated objects,
investigating the interactions, instrumental and penecgptelationships between color, gloss, and texture using
real color-, gloss-, and texture-variant 2.5D/3D printscyducting appropriate psychophysical experiments is
considered another interesting extension to the researatucted in this dissertation.
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